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Abstract

The purpose of this work is the study of oxygen atoms recombination on type n or p oxide semiconductors with various gap energies. The
oxygen atoms are produced by a non-equilibrium low pressure RF plasma tubular reactor. The pressure is between 100 and 200 Pa. The relative
oxygen atom concentration and the recombination coefficignvére measured by actinometric optical emission spectroscopy (AOCES). A
plot of they coefficient versus T/ allows the determination of the activation energy recombination. The results for p-type semiconductors
show an increase of the activation energy with the gap energy. The recombination coefficient increases as gap energy decreases. In the cas
of n-type semiconductors, the activation energy depends on the number of active sites. Hence, the recombination of oxygen atoms depends
on the electronic properties of the oxide semiconductors. The simulation of recombination of oxygen atoms on the oxide semiconductors was
performed with a kinetic model of 18 reaction including three gas—surface reactions, using the Ch@urface code. The calculated values
of the recombination coefficient show a good agreement with the experimental results in the temperature range of 300-900 K and give a good
prediction up to 1200 K.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction out that the n-type semiconductors as 5ionO, WQ; and
Fe0O3 have lower catalycity than p-type semiconductors as
When atoms strike the surface of a material they may re- CozO4, Ag20 and CuQ@. Moreover, the lower the energy
combine to form molecules. The ratio of recombined atoms gap of forbidden band, the higher the catalycity is.

over the number of the atoms striking the surfagec@ef- In this paper new experimental results onz®g and
ficient) depends on the nature and the temperature of theCVD-SIiC are compared to our previous experimental results
material. on CoO, MnO, PbO, SiD3, WO3, BaTiOs, TiO,, CaTiO;,

The energy released during atom recombination is sharedAl 03 and SiC/SiQ [11-13]in the temperature range from
between the resulting molecules and the surface. The shar300 to 773 K. Also, we present models for the prediction of
ing of this energy 8 coefficient) depends on the nature of the catalycity of the semiconductors, in the case Eley—Rideal
the material and the process of recombination (Eley—Rideal mechanism, as well as the formation and recombination of
or Langmuir-Hinshelwood) through the residence time of oxygen atoms using Chemi&n The principle of recombi-
the atoms in the surface and the activation energy. How- nation coefficient measurement and the actinometric method
ever, as oxygen atoms have very high sticking coefficients, is described irSection 2 The experimental set-up used for
an oxide layer is formed in the surface in a few millisec- these measurements is describefiéction 3Section 4con-
onds, leading to the modification of the nature of the surface tains the results and their interpretation whileSaction 5
and its propertie§1—8]. This process is very important for  the prediction of the catalycity of the semiconductors is
the design of catalysts on material supporting high thermal presented. The model for the simulation of oxygen atoms
constraintg9]. In previous workg10-12] it was pointed recombination on silica using ChemRinis presented in

Section 6 Finally, Section 7is a brief conclusion on the

* Corresponding author. fitting of the model and the experimental results.
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2. Recombination coefficient Putting,
measur ement—actinometric method
Cah?

Considering the recombination of oxygen atoms on a sur- '© = 2mmok ©)
face as a first order kinetics, the flux of recombined atoms
N is: the relation (8) becomes:
N = kw[o]g (1) TO Ea
where [O} is the concentration of oxygen atoms in gas V= ?exp<—ﬁ_> (10)

phase (atoms ) andk, is defined as the constant factor
by which the gas-phase density of atoms at the surface musiso, if the recombination coefficientis known at different
be multiplied to obtain the surface rate of conversion of temperatures, the activation energy of the process and the

atoms into molecules per unit area and unit time (Ms  number of the active sites can be deduced by plottingT(
The catalytic behaviour of a gas—surface system may beyersus 1T.

expressed in terms of recombination probabijitydefined The recombination coefficients are determined using the
as the ratidlux of atoms recombined on the surfétuex of actinometric optical emission spectroscopy(AOHS5].
atoms impinging on the surface N/Z. In this non-perturbing in-situ method, a small amount of
In a purely diffusion regime the flux of atoms impinging  non-reactive gas (e.g. argon) allows the emission intensities
a surface is: to be correlated with relative ground state concentrations.
KT In our case, the ground state of O atoms concentration has
Z =[O]g > (2) been monitored with optical emission from O (844.6 nm)
Mo and Ar (811.5 nm). The ratiy/I or obtained by actinometry
wheremg is the mass of an oxygen atom (kg) afche IS related to the concentration ratio ly/Iar = k(O)/(Ar)
surface temperature (K). [16], and it can be used as a tracer for atomic oxygen
Combining (1) and (2), the recombination coefficignt£ concentration.
N/Z) becomes The validity of the actinometry method has been verified
by titration of the atomic oxygen with nitric oxide. As the
v = kw 2mo 3) number of O atoms hitting the surface is derived from kinetic
KT theory, the assumption is made that the regime is purely
known as thédertzKnudserrelation. The reaction constant  diffusional without any convection. That means that AOES is
ky can be written a§l4]: valid at low pressures (100-200 Pa). Under these conditions,
KT 1 £ the recombination coefficient, can be calculated from the
kyw = Ca— —2— exp<__a) (4) atomic oxygen concentration profile along the reactor:
h faFy RT
where E, is the activation energy for the recombination ) = —4DV(o/In)x (11)
(Imol1), C, the concentration of oxygen atoms adsorbed c(=Vo/Ip):L + (Io/Ipn)o)

on the active sites (atomst) andf*, fa, Fg are partition
functions of the activated complex, the activated species andwhereD is the binary diffusion coefficient (fs~1), L the

the gas-phase atoms, respectively. width of the boundary layer (m)y(Io/lar), the axial gra-
As [14] dient of concentration ratio andd/lar)o the steady state
1 ratio.
—=1 (5)
fa
and 3. Experimental set-up
P 2rmokT 3/2 ©)
9 h? The experimental set-up consists of a plasma tubular re-

actor, supplied with a control and acquisition devieg( 1).

thus , All experiments are performed at 110 Pa pressure, with a
ke = C h exp _Ea 7) flow of 400 sccm air (W/O5), and 25 sccm argon (about 5%
W & (2nmo)32(kT)1/2 RT of the total gas flow). The plasma is created by a 13.56 MHz

generator. The discharge is pulsed 2s “on” and 5s “off” in

order to avoid the heating of the surface by the plasma itself.
The emission spectroscopy signal is transmitted via an opti-
Cah? Ea cal fibre and analysed by a monochromator with an optical
anokTe <_ ﬁ) (8) multichannel analyser (OMA) detector.

By replacing (7) into (3), a relation betwegrand the acti-
vation energyE, of the recombination is obtained:
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Fig. 1. Experimental set-up for the recombination coefficient measurement in pulsed discharge.

4. Determination of recombination coefficient y and material influences strongly the heterogeneous recombina-
activation energy Eg tion of the oxygen atoms. In the case of n-type semiconduc-
tors, the activation energy can be correlated to the number
The recombination coefficient of atomic oxygen on each of active sited11] (Table 1.
sample has been measured in a temperature range from 300 It was shown that the behaviour of p- or n-type oxide
to 923 K. The gap energy of the materials has been deter-semiconductors is due to the adsorbed oxygen on the ma-
mined by optical reflection measuremefitg] (Table ). terial [11,12,18] Indeed for some samples a break of the
For all the samples, an increasing of the recombination slope is observedg. 2). For example, in the case of WO
coefficient with their surface temperature can be noted. this change of slope occurs at about 600 K. At low temper-
The results for p-type semiconductors show an increaseature (300-600 K), the activation energy of the reaction can
of the activation energy with the energy gap increase. More- be estimated at (8 + 0.7) kJmolX. From 600 to 900K,
over, the lower the gap energy of the oxide is, the higher the the activation energy is equal to (82+ 2) kJ motL. This
recombination coefficient is. The electronic properties of the difference between the activation energies can be explained

Table 1
Determination of the recombination coefficients of atomic oxygen on semiconductors and ceramic materials. Evolution with the surface temperature.
Recombination activation energy of semiconductors

Gap energyEgap (€V) Recombination Recombination Activation energy, Active sites,C, Activation energy, Active sites,Cy
(semiconductor type) coefficient,y coefficient,y Ea (kJmot 1) (atoms nT2) Ea (kJmol 1) (atoms nT2)
(£20%) 300K  (£20%) (£15%) 300K  (£15%) 300K (£15%) 773K (£15%) 773K
CoO 0.8 (p) 29x 1073 34 x 1073 (473K) 4.1 2.3x 102 4.1 2.3x 107
MnO 1.3 (p) 17x 1073 25 x 1073 (473K) 5.9 2.8x 107 5.9 2.8x 107
PbO 2.3 (p) 13x 1073 18 x 1073 (473K) 6.4 3.0x 107 6.4 3.0x 107
ShOs3 4.2 (p) 8.2x 1073 21 x 1073 (473K) 9.9 6.3x 102 9.9 6.3x 102
Fe304 0.4 (n) 15x 1073 28 x 1073 (873K) 6.9 3.3x 10%° 6.9 3.3x 102
WO3 2.8 (n) 11x 1073 24 x 1073 (773K) 4.3 1.1x 1070 12.9 7.3x 102
BaTiO; 3.1 (n) 12x 1073 78 x 1073 (773K) 5.2 1.6x 1070 23.4 79x 100
TiO, 3.1 (n) 14x 1073 31 x 1073 (773K) 5.4 2.5x 102 5.4 2.5x 102
CaTiO; 3.5 (n) 13x 1073 28 x 1073 (773K) 5.8 2.0x 107 19.6 25x 1070
Al,O3 7.3 (n) 9.7x 1073 61 x 1073 (773K) 10.3 8.1x 102 10.3 8.1x 10%°
CVD-SiC 11 (n) 3x 1073 30 x 1073 (773K) 11.8 3.4x 1020 29.6 78.8x 10%°

SIiC/SIQ 11 (n) 4% 1073 9.3 x 1073 (773K) 7 1.1x 10%° 74 (973K) -
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Fig. 2. Evolution of the recombination coefficient with the surface temperature. Determination of the activation energies for a MnO; aaones:
D(0) = 50scemmint, D(N,) = 200sccmmin®, D(Ar) = 15sccmmin?, pressure= 110 Pa, power of the RE= 240W, and discharge time of
2000 ms.

as an evolution of the recombination mechanism. At low the gas phase and the formed molecule desorbs immediately
temperature, the recombination reaction is controlled by an (l1):
Eley—Rideal mechanism whereas at high temperature, by a
Langmuir—Hinshelwood mechanism. Furthermore, in a pre- () V& + €3¢ + Og égsoadg
vious work, it has been shown that the change in the reaction
mechanism is not due to the diffusion of oxygdd]. The I O

+ 0, 80,5+ VE + 65
same behaviour has been observed for other n-type semi< ) g+ Oaas~ Oz BC
conductors as Sig) BaTiOz and CaTiQ. with

So 1 kT

kads= 15072 VTE | 2mmo (12)

5. Evaluation of the activation energies for n- and

p-type semiconductors ko = v e Edes/RT (13)
In order to show the dependence of the activation energy and,

previously on the gap energy of p-type semiconductors and ki ko —Ea/RT (14)

on the active sites concentration for the n-type ones, a model

was developed. whereSs is the sticking coefficient without adsorbed oxy-
The hypotheses of the model are: gen, [Vg]o the total density of the adsorption sites (f,

mo the mass of an oxygen atom (kg)the sum of stoichio-

under the form O metric coefficients£1 for the adsorption)y the vibration

o the recombination,take place according to the Eley—Rideal frequency of ng_s urface (s), Eq the activation energy
mechanism. of the recombination process (J M), Eqesthe des_orpuon

energy of oxygen atom (J mot), kagssthe adsorption rate

During the adsorption step, an oxygen atom is adsorbed onconstant (s1), kiesthe desorption rate constant {3, O,
ahole \b™ getting an electron from the conduction band (1). the density of adsorbed atoms (f) and Q the density of
The adsorbed atom recombines with an oxygen atom from gas-phase atoms (TA).

e oxygen is adsorbed on the semiconductor preferentially
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Applying the steady state approximation for the adsorbed An examination of these recombination constants indicates

O4s Species, we have:

dio-
Pusd _ 0 tadvEllezlog

— kdedOgqd — ku[Ogl[O44d (15)
considering that [§] = [Vilo — Ca. [Oqd = Ca

[egc] = ncV and [Q)] = Cg. Thus, the reaction rate
constantk; becomes

ki = Vka Vo 1
= ds Ca

whereV is the volume of the treated materials()nCa the
surface density of occupied adsorption sites (siré)an
the volume density of oxygen atoms in the gas phagg, e
the electronic density in the conduction band&nandnc
the electron density in the conduction band®m

And k;; depends on the electronic density in the conduc-
tion bandng. This last parameter can be evaluatefl8]:

kdes
Ng — —

Cq (16)

the Fermi level is located out of the valence and conduc-
tion band on the impurity levels (donors or acceptors);
the behaviour of the semiconductor is controlled by the
impurities extrinsic semiconductors type or p, that
means Nq — Na| > n;.

Where Ny is the volumetric density of donor impurities
(atoms nT3), N, the volumetric density of acceptor impuri-
ties (atoms m3) andn; the electronic density of the conduc-
tion band at temperatur€ for an intrinsic semiconductor
(without impurities), defined by

n?(T) = ne(T) pu(T)

3
1 (Z_Z'ZI') (memy) /2 e~ Eaan/kD

== (17)

my is the effective mass of holes (kg) ang the effective
mass of electrons (kg).

In the case of an n-type semiconduci@’y > Nj) :
nc(T) = Ng — Na while for a p-type one isNz > Ng):

nZ()
Nd - Na

Also, the recombination constaky for n-type is given by
the following expression:

ne(T) = (18)

vilo—1 k
ki = Vkags| —2—— | (Ng — Na) — “des (19)
Ca Cyg
and for a p-type semiconductor
1% [V &lo 7kT\3 3
= o7 1) (= /2
kII 16kads< Ca ( 22 ) (mcmv)
Egap kdes
— - — 20
exp( kT ) Cy (20)

clearly that in the case of a n-type semiconductor the ac-
tivation energy is independent of the gap energy as for a
p-type semiconductor the activation energy increases with a
rise in the gap energy. Nevertheless, this model cannot ex-
plain the better catalycity of p-type semiconductor. Probably,

this is because the influence of the electrostatic repulsion in
the adsorption rate for n-type ones has not been taken into
account.

The activation energies for these two types of semicon-
ductors can be deduced from (19) and (20) by simplifying
the kgedCqy term, because the desorption is not the limiting
step for the recombination. Also between 300 and 500K,
we can consider the coverage of the surface equal to 0.5
for any material:Ca/[V{]o = 0.5 andm¢ = my = me,
the effective mass of electrons. After these simplifications,
the activation energies for n- and p-type semiconductors are
calculated from relations (21) and (22), respectively.

n-type:

kads([V§
Ea = —RTin V—adS([o olo) (v~ Ny (21)
rec
p-type:
R
k V+ 3 3
% K ads([ 0]0) ﬂ— me (22)
16 kL. 2h2 ) (Na— Ng)

The values of the parameters for the calculation of the acti-
vation energy are taken from the literatubgp, |Na — Nd|)

and experimental results. The density of donor and accep-
tor impurities in the materials and the recombination kdte
were adjusted to fit with our experimental results.

The calculated values d&; for p-type semiconductors at
300K show a good agreement with the experimental mea-
surementsKig. 3). As it was expected, these energies in-
crease with the gap energip).

In case of n-type semiconductors we observe an increase
of E5 with the density of active sites and a good agreement
with the experimental result$ig. 4). The deviation of the
SiOp value may result from the fact that SiGs obtained
by an oxidation of SiC.

6. Simulation of the oxygen atom recombination on
oxide semiconductors

In order to interpret the experimental results on a physi-
cal basis, we have developed a 18 reactions—15 species, ki-
netic model of oxygen atom recombination on oxide semi-
conductors (SiQ). The 15 gas-phase reactions are issued
from a detail gas-phase model not presented f20¢ It
provides the evolution of the majors species,(®ns, rad-
icals, atoms, etc.) occurring in an oxygen plasma. Three
surface reactions have been added to this gas-phase model
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Fig. 3. Simulation of the activation energy of the recombination of O on the p-type semiconductors reaction vs. the energy gap.
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Fig. 4. Simulation of the activation energy of the recombination of O on n-type semiconductors reaction vs. the active sites density.

-(ga.labslfsjrface reactions and reaction constants of atomic oxygen recombinationon SiO

O + Sis) — Si—Ouas (a) ka =9 x 10° exp<_4g?l_66 [24] Adsorption

O + Si-Oags — Sis) + 02 (b) kp = 6 x 108 exp _f_r_w Recombination Eley—Rideal

2Si~Qugs — 2Sis) + Oz (¢) ke =2 x 10¥%exp %) Recombination Langmuir—Hinshelwood
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(Table 3, in order to take into account the heterogeneous of the Chemkif? code. This application can be applied to
recombination of the oxygen atoms. Reaction (a) repre- gas-phase stirred reactors and to systems that include surface
sents the adsorption step, while reactions (b) and (c) rep-reactions. In addition, it allows modelling of non-thermal
resent an Eley-Rideal recombination tyjfd-23]and a  plasma reactors taking into account ion and electron con-
Langmuir—Hinshelwood recombination ty[21,22,24] re-  centrations, the electron temperature as well as the neutral
spectively. The reaction constants and activation energiesradical species concentrations. Well stirred reactors are
for the 15 gas-phase reactions are taken from Has$@0hi  characterised by constant reactor volume, mass flow rate,
and for the oxygen adsorption (a) from Uda and Ki@&8). surface area, inlet composition and temperature, as well
The simulation was performed using ChenfkiSurface.  as the power induced into the plasma for non-thermal
All calculations were made at 110 Pa, 250 W of the genera- systems. Most of the contributing parameters were deter-
tor power and in a temperature range from 300 to 1200K. mined from the literaturg21-27] and the experimental
Model parameters are: inlet flow rate, reactor volume and resylts.
geometry as well as inlet composition. Special attention has  Simulations were performed on SiQAI,O3(n) and
been given to the gas—surface reactions and the determinamnO(p). For the alumina and the manganese oxide, there
tion of their activation energie€g) and kinetic constants s a good agreement up to 500 Kig. 5. However a de-
(ka, Ko, Ke). viation is observed for temperatures greater than 500K.
The reaction constants were determined by the method of This deviation of simulated values from the experimental
parameter estimation. In the reaction scheme of gas—surfacenes is due to the fact that our model deals only with the
interaction, kinetics for the three reactions depend on Eley—Rideal mechanism. So for temperatures higher than
values of the Arrhenius parameters: the pre-exponential500K for MnO, there is probably a contribution of the
factor (A) and the activation energfe{). The more ac-  Langmuir-Hinshelwood mechanism. In the case of SiO
curate these parameters, the closer the model will bea good agreement is observed between calculated values
to reality. As the activation energy was already evalu- and experimental results of the recombination coefficients
ated, only the pre-exponential factor (A) was adjusted from 300 to 900K Fig. 6). An extrapolation of the results
to fit the recombination coefficienty] measured experi-  to higher temperature far coefficient predicts values of
mentally. from 0.037 at 900K to 0.088 at 1200 K These values are
The simulation of complete model (18 reactions, 15 in agreement with those predicted by the Deutschmann’s
species) was performed using the AURORA application model.
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Fig. 5. Comparison between experimental and calculated recombination coefficients for Bil@g: = 50 sccmmin?, D(Ny) = 200 sccmmin?,
D(Ar) = 15sccmmin?, pressure= 110 Pa, power of the RE 240 W, and discharge time of 2000 ms.
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