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Abstract

A model explaining and predicting generation of a temporal electric potential during
nitridation of a single metal pellet has been developed. The model takes into account the
kinetics of defects formation and assumes that the rate of the chemical reaction can be
described by the shrinking-core process.

The model simulations have shown that the time scale of the generated electric potential
depends on both the initial nitride shell thickness and heat removal from the particle surface.
At thin initial shell and low rate of heat removal the maximum of the surface electric potential
is attained before the temperature and surface nitrogen concentration have reached their
maximums but after the maximum of nitridation has appeared. At thick initial shell and/or
high rates of heat removal from the particle surface the potential maximum is observed much
later: after the maximum temperature has been achieved.

In contrast to oxidation the nitrogen adsorption rate constants (the activation energy and
pre-exponent) have a negligible effect on the surface potential form and amplitude. At the
ignition limit the rate of nitridation is proportional to the power of —1/2 for the ambient
nitrogen pressure in the proposed scheme of defects formation. Metal vacancies and electron
holes are the main charged defects in nitrides during nitrogen combustion. The nitride
formation is limited by transfer of metal vacancies in nitride.

Introduction

In recent years a growing need has appeared for high power electronic devices capable of
operation at high temperatures and caustic environments. This led to renewed efforts directed towards
I11-V nitrides research.

The kinetics of the high-temperature Ti, Zr, Nb and Ta nitridation at the early combustion stages
was studied in details [1-3]. It was revealed [3] that the rate of the TaN film growth was proportional
to the power of —1/2 for nitrogen pressure. Therefore the authors concluded that neutral nitrogen
vacancies were mainly responsible for mass transfer during high-temperature tantalum nitridation. The
same mechanism of nitrogen diffusion is implied for other metals [4,5]. Nevertheless, there are data
contradicting the conclusion [3]. The data on the defects and transport properties of nitrides [6] show

that nitrogen diffusion and nitride formation are limited by transfer of metal vacancies in nitride.



These vacancies are usually charged negatively. Moreover, like in oxygen [7,8] the self-generation of
a transient electric voltage was observed during the Ti combustion in nitrogen [9,10]. One cannot
explain this voltage taking into account only the neutral vacancies.

We present a paper suggesting a mechanism of defects formation in nitrides through metal
vacancies. Using this mechanism in model [11,12] we have succeeded in explanation of the electrical
field generation during the high-temperature nitridation of metal particles [9,10] and implicitly
confirm data [6]. The discrepancy with the conclusion [3] is discussed.

Governing equations

We consider the high-temperature nitridation of a spherical metal particle of radius R,. Since
the Pilling-Bedworth (nitride to metal density) ratio is very close to unity [13,14] the particle radius is
supposed to be a constant during the reaction. Assume also that absorbed nitrogen diffuses through the
nitride layer in the form of neutral interstitial atoms and reacts with metal at the metal-nitride interface
(Fig. 1). Dependent on the particle temperature and ambient nitrogen pressure the electrons and/or
electron holes may provide the nitride conductivity. For example, increasing the nitrogen flux leads to
transition from strongly conductive to a semi-insulating state in GaN [15] (Fig. 2). Strong n-type
conductivity with high concentrations of free electrons is replaced by phonon-assisted hopping among
the localized defects in this case (Table 1). We assume that the rate of metal nitridation is very fast
relative to the metal cation (vacancy) diffusion rate so that the nitride shell growth can be described by
the shell progressive model [16]. The ambient gaseous nitrogen is adsorbed on the pellet surface via

the reversible reaction
~N,(9) N (1)
2
Interstitial metal cations and metal vacancies are formed in the nitride lattice by the reactions
Me* Ve + Me” : (2)

Simultaneously, electron-hole pairs are generated via thermal ionization



nil e +h” : (3)
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Different diffusion rates of charge carriers (Me",e™ and V,,,,h") produce an electric charge in the

nitride shell. The metal cations and electrons are consumed or produced by a reaction at the metal core

(radius R, ):

Me* +e” + N MeN 4)

In the case of low defect concentrations (lower than the equilibrium ones), this reaction generates
metal cations, electrons and interstitial nitrogen atoms. Vice versa, the metal nitride, vacancies and
electron holes are formed.

We assume that the temperature within the particle is uniform but different from the ambient gas, and
that neither melting nor phase transformations occur. The reaction network (1)-(4) postulates the
nitridation Kinetics with defects and accounts for the information [3,6] about their charge and mobility.

The reaction rates satisfy the following relations:
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The lattice metal concentration, [Mex] , may be assumed to be a constant [17]. In addition, we assume

that the concentrations of electrons (e~ ) and electron holes (h™) attain a quasi-steady state, i.e.,

W. =0, i=2 3. 9)



The nitrogen concentration near the pellet surface, [szg J satisfies the relation

W, = kc ([N 2,9 ]OC - [N 2,9 ])' (10)

where K, is the mass transfer coefficient and [Nz’g]w is the ambient concentration of gaseous

nitrogen.

In accordance with equations (5)-(10) the electrochemical equilibrium concentrations of reactions (1)-

(4) at the reference temperature T chosen as the temperature rise due to nitridation

(T* = (_ AH )/(pcondc)) are
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Using relations (11)-(14) one can calculate the critical value of [MeNVT providing close

concentrations of the charge carriers (K, (T ) )/kf2 (T : ) ~ kS(T " )/kf3 (T ’ ))

[MeN, ] = (:22((;)) r ‘ ((T:))J( : : (TT**)J (N, T )™ (15)
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At high nitrogen pressures this value is extremely large, therefore, the metal vacancies (V,,) and

electron holes (h™) are the main contributors to electrical charge transport in nitrides, i.e.

Vo] >>[Me ] and [h*] >>[e ] at [MeN, ] << [MeN, ] . (16)



Alternatively, the interstitial metal cations (Me") and electrons (e~ ) are mainly generated and are

responsible for voltage formation at low nitrogen pressures:
Me | >> N, ] and [e [ >>[h'] at [MeN,] >>[MeN,] . @7)
It is well known that sufficiently high gas pressures are necessary to ignite small metal particles in
nitrogen. Correspondingly, we consider here operation conditions (16). At intermediate nitrogen
concentrations when [MeNV ] ~ [MeNV ]Z one has to account for all four charge carriers (metal
cations, vacancies, electron holes and electrons).
Solving equations. (5), (10)-(13) we get
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where
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It predicts that no nitrogen adsorption occurs (y —>l) either at low-temperatures (A - 0) or when
the surface concentration of interstitial nitrogen atoms tends to the equilibrium values
(z—>1z,,2, = 7). According to (19) the difference in the activation energies of the adsorption and

desorption rate constants determines the behavior of the surface nitrogen concentration at the later

stages of combustion, when this concentration tends to equilibrium and the temperature drops. For



v, <y, the concentration drops with decreasing the temperature (& <1) and vice versa for

VY1271

The steady-state non-dimensional boundary conditions on the particle surface are

(Ven), =0, (V.p),, =0 at £=1, (20)
ﬂz-(vgz)gzlzl—y at £=1, (21)
where

e (22)

E=r/R,, n

The electric potential distribution satisfies the Poisson equation:

A*-A¢-n+p=0, (23)

1/2
KT,
where p=eplkT*, A= 02 12 1 . (24)
4z-e* R, [h+] N,

The distributions of charge carriers and a neutral defect within the nitride shell satisfy the

transient diffusion equations,
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where r=t-D,/R*, D_=D_/D,,D,=D,/D, . (28)

The Poisson-Nernst-Planck equations [18-20] are the steady-state version of (23)-(26). In contrast to
the oxidation model [12] diffusion of neutral interstitial nitrogen atoms is additionally considered.

Charge conservation at the particle surface and the metal-nitride interface is a boundary condition, i.e.,
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At thin initial nitride shells and high initial temperatures reaction (4) is strongly shifted to the nitride

formation and can be treated as an irreversible one under operating conditions (16). The atoms of

nitrogen are consumed by a very fast reaction at the shrinking metal core (metal-nitride interface), i.e.,

Z:O, at §:§Me>oy
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where ,B+:[h*]*/(52[N]*) :

When all the metal has been consumed, these boundary conditions are replaced by
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The molar consumption rate of the metal is 1/v of that of the nitrogen atoms. Thus,

d& e
dr
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The non-dimensional form of the thermal balance is:
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The terms on the RHS of (37) account for the chemical reaction, Joule dissipation, thermal convection

and radiation, respectively. Like for oxidation [12] the temperature rise by Joule dissipation is ignored

i.e., we assume H, =0 . The model consists of equations (23),(25)-(27) subject to boundary

conditions (20),(21),(31)-(35) for the defect concentrations and (29), (30) for the electric potential.

Ordinary differential equations (36) and (37) describe the changes in &,,, and @ . The initial
conditions are:
Z=n=p=¢=0, 0O=6, at =0, V¢&. (39)
Elliptic equation. (23) was treated as a parabolic one using the relaxation method [21] with a

very small time constant (£ =10~"). It was integrated simultaneously with others by the method of
finite differences. The equations were transformed into a tridiagonal set of linear algebraic equations
and were integrated using the Crank and Nicholson method [22] with a uniform finite difference grid

(up to 500 nodes). These were solved by the Thomas algorithm [23,24].

Numerical results

We used numerical simulations to study the evolution of the metal vacancies and electron
holes, temporal temperature and electric potential during the high-temperature nitridation of a single
metal particle. Assuming that the particle is initially heated to a temperature at which the intrinsic rate
of the chemical reaction greatly exceeds that of the interstitial nitrogen diffusion, we may adequately
apply the shrinking core model to description of the metal nitridation rate. We assume also that neither
melting nor a phase transformation occurs during the reaction and that a thin nitride layer is formed
before the combustion has started. Our goal is to reveal the evolution of an electric voltage during the
metal nitridation and to understand the relation between the particle temperature rise and the temporal
electric potential formation.

In this paper we consider mainly the effects of nitridation rate and heat removal. Therefore we

present here our simulations only for D®=1.81, E; =08, D, =0.1, B, =025, 8, =15,

7y,=8,7,=5,A=001, ¢,=05, 6,=0.15, H, =0.01 and | =10.1. Fig. 3a illustrates the

typical transient temperature (@), conversion degree (77) and the rate of nitridation (J7/57), actual



concentration of the surface adsorbed nitrogen (z[1]) and its deviation from the equilibrium values
(z,[1] - z[1]) as well as the surface electric potential (#[1]) during the combustion at low rate of heat

losses from the particle surface. Such conditions correspond to combustion of a single metal particle
with a thin initial nitride shell in gaseous nitrogen. In this case the characteristic time scale of the

surface electric potential is much less than those of temperature, conversion degree and concentration

of adsorbed nitrogen. The maximum of the surface electric potential (¢,[1] = —1.07) is attained

before the temperature and adsorbed nitrogen have reached their maximums but after that of the
nitridation rate. The potential vanishes with time. These results are completely similar to those for
oxygen combustion [12] and can be explained by strongly non-equilibrium concentrations of metal

vacancies and electron holes the most intensively produced during the initial nitridation stage

(z'|¢ =~ 0.05) when the nitridation rate maximum has been achieved. Next we will see that at a thin

initial nitride shell and a low rate of heat losses the vacancy and hole concentrations attain the

equilibrium values by the time at which the maximum temperature (6, =1.35) has been achieved
(r|9 ~ 2.0). Vice versa is the adsorbed nitrogen (Fig. 3a). The nitrogen concentration close to

equilibrium initially  deviates sufficiently from it at the maximum temperature

(z,[1], —z[1]|, =1.9)and only later tends to be equilibrium.

The same behavior for adsorbed nitrogen is revealed at large coefficients of heat transfer (Fig. 3b).

Nevertheless, under these conditions the maximum temperature is sufficiently lower (6,, = 0.81) and

the nitrogen deviation from equilibrium decreases sharply (ze[1]|9 - z[1]|9 ~(0.39). The time at
which the maximum temperature is achieved decreases also (z'|9 =~ (0.51) while the rate of nitridation

as well as the surface potential at the initial combustion stage (7 < 0.15) is about equal to that at low
rates of heat removal. Due to the fact that the characteristic time of heat removal for such a particle
greatly exceeds that of the nitridation reaction, the effect of large heat transfer coefficients is observed
after the initial stage only (7 >0.15). In addition to the temperature and the adsorbed nitrogen

concentrations, the surface potential and nitridation rate change drastically during this later stage. The



potential drops to the value (¢, [1] = —4.54) exceeding those calculated both at the initial stage and

with low rates of heat removal from the particle surface. The second surface potential maximum is

attained much later than the maximum temperature has achieved and its characteristic time scale
correlates to the combustion time (r|¢ ~3.5).
To reveal the reason of the surface electric potential behavior at large coefficients of heat transfer we

consider the metal-nitride interface (Fig. 4). At the small coefficients and low rates of heat removal

from the particle surface (Fig. 4a) the vacancy and hole concentrations on the interface (n[&,,.] and

p[&yve]) distinguish noticeably each other at the initial combustion stage only (7 <0.15) and are

almost identical during the later combustion. This means that quasi-neutral equilibrium profiles of the
charge carriers are established by the end of the initial combustion stage (7 = 0.15). Correspondingly,
no electric charge and potential are generated inside the particle by that time. The interface temporal
electric potential (#[<,,.]) as well as the n[&,,.]- p[&,.] difference has only one maximum and
vanishes with increasing z . All the interstitial nitrogen arriving to the interface is consumed by the

reaction. Therefore condition z[&,,] = O holds till the metal has been completely exhausted, i.e. till
the end of the combustion time (7, = 2.44). An increase in concentration of the interface interstitial

nitrogen after that moment (z[¢,,.] = 0.4 at 7 = 4) is caused by transition to chemical equilibrium
and the particle cooling.

In the same way the interface nitrogen behaves at large coefficients of heat transfer (Fig. 4b). The only
difference is that the scale of z[£,,.] (and temperature) changes is much smaller: z[&,,.] <= 0.61. In
contrast to low rates of heat losses the interface vacancy and hole concentrations are strongly non-
equilibrium and there is a strong difference between them during all the combustion time. Therefore

the metal-nitride interface generates an electric charge and potential all the time. Moreover, the

interface carrying charge converges to the particle center hence it causes formation of the second peak

in the n[&,,.]1- pl[&y.] difference (<n[§Me]— p[ajMe]>rn ~(0.01) and the second electric potential

maximum (¢, [£.] = —4.54). This maximum appears to be much stronger than the first one and has

10



the characteristic time close to 7z, . The potential in the vicinity of the first maximum
(¢, [Eve] = —1.05) remains identical to that at low rates of heat removal till the end of the initial
combustion stage (7 < 0.15).

All the results presented in Figs. 3,4 correspond to the particle with the same thin initial nitride shell
(&5, =0.98). Therefore both the nitridation rate and electric potential during the initial combustion

stage do not change under the increase in heat removal. To prove more evidently that the potential
generation at this stage is primary related to the defect diffusion rates and the rate of nitridation, in Fig.

5 we consider the effect of the initial nitride shell thickness. The nitridation starts (Fig. 5a) with a

delay and its maximum rate is sufficiently lower [577/5r]m =0.08 and shifted to longer times
(r = 0.64) at the increased initial thickness (&3, = 0.48). The surface electric potential is generated

with the same delay (7 = 0.2) and the decreased first potential maximum (¢, [1] = —-0.87). The

adsorbed nitrogen concentration approaching the equilibrium values during the delay deviates from

them until the maximum temperature has been reached (7 = 2.34). The deviation maximum is small

(z,[1], —z[1]|, =0.018)relative to that at the thin initial nitride shell.

Processes on the metal-nitride interface (Fig. 5b) start earlier and the corresponding delay for them is
shorter ( 7= 0.14 ) than for those on the particle surface. Qualitatively, the transient defect
concentrations and the interface electric potential are very similar to those at the thin initial nitride
shell and large coefficient of heat transfer (Fig. 4b). The only difference is the delay in rises of defect

concentrations and electric potential as well as a very small discrepancy between the concentrations of

metal vacancies and electron holes (<n[(§Me]— p[§,\,|e]>m ~0.003). Accordingly, both the first

(#,[Ew.1=-0.93) and second (@, [&y.]=—3) maximums of electric potential are smaller than

those at the thin initial shell and high rates of heat removal.
In contrast to oxidation [12] the activation energies of nitrogen adsorption as well as the
adsorption rate constants have a negligible effect on the surface potential form and amplitude. The

reason is that the metal-nitride interface but not the particle surface serves as the main source of

11



defects during nitridation. Therefore changes in the surface kinetics have no such effect like on
formation of oxides with a mixed electronic-ionic conductivity [12].

Fig. 6 describes the dimensionless dependence of the initial rate of nitridation on the
adsorption rate pre-exponent for two thicknesses of the initial nitride shell. One can see that this
dependence may be treated as a linear one at small values of the pre-exponent when the nitridation

proceeds at the limit of ignition. In accordance with relation (19) this means that at the limit of ignition
the rate of the nitride film growth is proportional to the power of —1/2 for the ambient nitrogen

pressure. Thus, we have numerically obtained the result similar to that observed in experiments [3]
while no neutral nitrogen vacancies have been considered. Therefore the only proportionality observed
[3] is not an experimental fact sufficient for identification of the mechanism of nitrogen diffusion in
nitrides.
Concluding remarks

Thus, the characteristic time of electric potential generated during the high-temperature nitridation
of a single metal particle strongly depends on the conditions of heat removal from the particle surface
and the initial nitride shell thickness. At thin initial shell and low rates of heat removal this time is
much shorter than those at which the temperature and the surface nitrogen concentration have reached
their maximums. At thick initial shell and/or high rates of heat removal from the particle surface
electric potential is still generated after the maximum temperature has been achieved. While the first
conditions correspond most likely to combustion of a single metal particle in gaseous nitrogen, the
second ones may be attributed to nitridation of powder samples. Unfortunately, no nitridation
experiments in powders letting the comparison of transient electric potentials for these powders and
single particles are known. Nevertheless, the results obtained in experiments on oxidation of metals
[7,8] are qualitatively in a good agreement with our conclusion.

Concentrations of the metal vacancies and electron holes produced by the reaction of nitride
formation at the metal-nitride interface determine the rate of nitridation. The larger the values of these
concentrations, the higher is the nitridation rate. An increase in the coefficients of heat transfer shifts

the concentration maximums to longer times and retards nitridation. Thicker initial nitride shells cause

12



lower defect concentrations and a delay in the concentration rises. This also increases the combustion

time.

The higher the particle temperature, the shorter is the time for the vacancy and hole concentrations
to attain the equilibrium values. At higher temperatures metal vacancies and electron holes form quasi-
neutral pairs faster and electric potential disappears in a shorter time. At sufficiently low temperatures
the hole-vacancy interaction is so weak that strong non-equilibrium concentrations of the vacancies
and holes exist till the end of nitridation and the electric potential is generated all the combustion time.
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Notation

Symbols

A - dimensionless nitrogen adsorption rate, defined by Eq. (19)

A, - dimensionless adsorption pre-exponent, defined by Eq. (19)

C - specific heat capacity, J /(kg - K)

52 - dimensionless diffusion coefficient of neutral carriers, defined by Eq. (28)
D_ - dimensionless diffusion coefficient of negative carriers, defined by Eqs. (28)
D,D° - dimensionless pre-exponents of D, and D_, respectively

D, - diffusion coefficients, m?/s

E, - activation energy, J /mole

EBk - dimensionless activation energy of 5k

e - electron/ electron charge, C

h - electron hole

H, - dimensionless Joule heating coefficient, defined by Eq. (38)

H, - dimensionless convective heat transfer coefficient, defined by Eq. (38)
H, - dimensionless radiative heat transfer coefficient, defined by Eq. (38)
AH - heat of reaction, J /m?

I - dimensionless maximum surface nitrogen flux, defined by Eq. (36)
k - Boltzmann constant, J /K

k; - reaction rate constants in Eqgs. (1)-(4)
k. - mass-transfer coefficient, m/s

Me" - interstitial metal cation

M,, - molecular weight, kg /mole

n - dimensionless metal vacancies concentration, defined by Eq. (22)
N - nitrogen
N, - Avogadro number
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p - dimensionless concentration of electron holes, defined by Eq. (22)
I - radial coordinate, m

R - universal gas constant, J /(K . mole)

R, - external radius of spherical pellet, m

Rye - shrinking metal core radius, m

T -temperature, K

t -time, S

W. - surface reaction rate, mole/(mzs)

1
V. - metal vacancy
y - dimensionless nitrogen concentration

Greek Symbols

a - heat transfer coefficient, J /(m2 -S- K)

B, - dimensionless nitrogen atoms molar surface flux, defined by Eq. (22)

. - dimensionless molar flux of electron holes at metal-nitride interface, defined by
Eq. (34)

7, - dimensionless adsorption activation energy, defined by Eq. (19)

¥ _, - dimensionless desorption activation energy, defined by Eq. (19)

£ - emissivity

1 - conversion

¢ - dimensionless electric potential, defined by Eq. (24)

@ - electric potential, V

A - dimensionless Debye screening length, defined by Eq. (24)
v - stoichiometric index

@ - dimensionless temperature, defined by Eqg. (19)
Peond - CONdensed phase density, kg / m?

o, - electric conductivity, 1/(Q-m)

o - Stefan-Boltzmann constant, J /(m2 .s-K 4)

7 - dimensionless time, defined by Egs. (28)

& - dimensionless radial coordinate, defined by Eq. (22)

x - dimensionless ratio of adsorption-desorption rate constants, defined by Eqg. (19)

Subscripts and Superscripts
C - metal consumption time

e - equilibrium values

g - gaseous

m - maximum values

Me - at the metal-nitride interface
0 - initial value

00 - ambient temperature

1 - surface

Eye - interface

x - lattice

* - equilibrium concentrations
— [+ - electric charge of defects
oo - ambient concentration
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N flux

He My
Sample T, (em™s7") d(pum) plQem) (em™/Vs) (em™)
5169 750°C 5.5 107 38  43x1077 13x107 1.1x10'®
5176  750°C 1.6x10'¢ 5.3 14x10! 35 1.3x 10V
5175 750°C  3.4x10'° 53 31x10°®
5069 200°C unknown 5.0 1.9x 1082

"Hopping conduction.

Table 1 Properties of GaN layers grown at different fluxes of nitrogen
including 296 K values of p, /. and n [15]
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Fig.1 Double charge layer formation during combustion of
metal particles in nitrogen
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Fig.2 Resistivity for various GaN layers [15]. The upper curves
represent samples grown with higher nitrogen fluxes (see Table 1).
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Fig. 3 Typical transient temperature (© ), conversion degree (7)),
nitridation rate ( 67) /6T ), actual (z[1]) and equilibrium (z[1]e)
concentrations of the surface adsorbed nitrogen, surface electric
potential ($¢[1]) during combustion of a metal particle in nitrogen
at low (a) and high (b) coefficient of heat transfer. 50 =0.98, AgF 10
a)H2=0.01,b)H2=1.08
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Fig. 4 Typical transient temperature (®), concentrations of the
interstitial nitrogen (z[¢Me] ), electron holes (p[¢Me] ) and metal
vacancies (n[£Me] ) as well as electric potential (P[£Me]) at the
metal-nitride interface during combustion of a metal particle in
nitrogen at low (a) and high (b) coefficient of heat transfer.
g&:o.gs, Ag 105 a) H2=0.01, b) H2 = 1.08
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Fig. 5 Nitridation of a metal particle with the thick initial nitride shell (éo =0.48
,0,0—105 H2= 0.01). Variation of the surface (a) and metal-nitride mterface (b)
values. Typical transient temperature (©), degree of conversion (7)), nitridation
rate ( 67 /6T ), concentrations of the interstitial nitrogen (z), electron holes (p)
and metal vacancies (n) as well as electric potential ( ¢ ).



1.6

0.4

4103 810

Fig. 6 Initial nitridation rate as the function of adsorption pre-exponent H2= 0.01.
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