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Abstract. A gas phase kinetic model combined to a 3D atomic etching model have been developed to study
the etching process of InP under Cl2-Ar ICP plasma discharge. A gas phase global kinetic model is used
to calculate the reactive particle fluxes implied in the etching mechanisms. The 3D atomic InP etching
model is based on the Monte Carlo kinetic approach where the plasma surface interactions are described
in the probability way. The coupling between the plasma chemistry model and the surface etching model
is an interesting approach to predict the etched surface properties in terms of the etch rate, the surface
roughness and surface steochiometry as a function of the operating conditions. A satisfactory agreement
is obtained by comparing the experimental and the simulation results concerning the evolution of the
main plasma discharge parameters such as the electron density and temperature versus the ICP source
power for a surface recombination coefficient of atomic chlorine fixed at γCl = 0.04. On the other hand,
simulation results show the effect of the operating conditions on the etched surface roughness and the etch
rate evolutions with time in the early stage. Moreover, the simulation results show the correlation between
the decrease of the ion to chlorine flux ratio and the decrease of the RRMS as a function of the pressure.

1 Introduction

Nowadays, plasma process represents one of the keys for
the integration enhancement of electronic and optical de-
vices. Indeed, it is now possible with plasma etching pro-
cess using high density plasma reactors such as Inductive
Coupled Plasma (ICP) to transfer nanometer scale pat-
terns from the mask to the substrate [1–5]. The success of
the high aspect ratio pattern transfer without geometri-
cal defects [6–9] (bowing, undercut, trenching,...) is tribu-
tary of a good understanding of the physical and chemical
mechanisms of the plasma discharge and the surface ki-
netic processes. Some attempts of Si and III-V pattern
transfer development like photonic crystals, deep trenches
or mesa structures are achieved by plasma etching [10–16].
For this type of devices, dry etching based on the plasma
discharge is developed by using a variety of gases like
Cl2 [13–15], SiCl4 [10,16], etc. Experimental studies con-
cerning the chloride plasma discharges have been carried
out to investigate the electrical and kinetic properties of
mentioned plasma discharges [17–23]. Modelling of plasma
discharge in different degrees of complexity, specially, for
the chloride precursors have been developed by using dif-
ferent approaches [9,24–28] such as fluid model, Particle
In Cell or global model to model the electro-magnetic phe-
nomena transport of charged species in different types of
reactors.
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Some atomic approaches of surface kinetic model have
been developed to study the plasma surface interaction
phenomena for etching processes. The first one concerns
the molecular dynamics which is based on the solving of
the equation of motion for a system of interacting par-
ticles. Newton’s equations of motion are integrated nu-
merically to compute the atom’s trajectory [29,30]. Such
method is developed to compare physical sputtering and
chemical sputtering for the silicon etching by fluoride
precursors [29]. The accurate information obtained with
this method is conditioned by the good knowledge of the
interaction potential functions. This method is applied
for small etched surfaces because of the time consum-
ing. The second method is based on the Monte Carlo ki-
netic method [31] where the initial etched material is rep-
resented in 3D layer. Such method allows to easily take
into account of several adsorbed precursors impinging on
the substrate surface and site identities during the etching
process. The Monte Carlo method was already applied to
the InP etching by CH4-H2 plasma [31]. It allowed to show
the role of both the chemisorption probabilities of CH3

and H and the surface migration process on the phospho-
rus depletion in the shallow layers [31].

In this study, we have developed a kinetic model based
on the global approach in which the densities of neutral
and charged species produced in plasma are assumed spa-
tially uniform [26–28]. Its advantage is to give approx-
imate information about the reactive species transport
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with a reasonable simulation time. This model is ap-
plied to the Inductive Coupled Plasma (ICP) discharge
of Cl2/Ar. The model consists in the calculation of the
densities of species from a set of mass balance equations
describing the major gas-phase processes. The gas phase
kinetic model is connected to 3D etching model in order to
predict the etched InP material properties as a function
of the operating conditions. 3D Monte Carlo method is
applied to follow the properties of the etched InP surface
evolution with time.

In Section 2, the gas phase model is described and a
discussion of the kinetic reactions is presented. Results
from this model are given and comparisons between the
simulations and the experiments have been presented. The
3D Monte Carlo etching model is described in Section 3
and includes hypothesis justifications. The simulation re-
sults from the etching model are presented showing the
interest to couple the plasma kinetic model to the etching
model in the prediction of the etched surface properties
versus the operating conditions. Concluding remarks are
in Section 4.

2 Global kinetic model

The gas phase model is based on the time dependent res-
olution of the mass balance equations of main chemical
species existing in the reactor. Thus, the rate equation
for the primary molecules (Cl2 and Ar in our case) with
density Ni (i = Cl2 or Ar) is given as [26,27]:

dNi

dt
= x

Q

V
−

∑
l

ke1(Te)Nine +
∑

n

ken(Te)Nnne

−
∑
m

kmi(T )NiNm +
∑
lm

kml(T )NlNm +
∑

l

kslNl − Ni

τR

(1)

where the first term represents the source term in which
Q is the total flow rate, V is the reactor volume, x is the
fraction of the primary molecule (Cl2 or Ar) and τR is the
residence time of molecules in reactor. The second term
represents the loss rate of chlorine/argon by electron im-
pact in which kel is the kinetic constant of the lth reaction
by electron impact with the molecule (i). The third term
is the production rate of chlorine/argon by electron im-
pact with species (n). The fourth term is the loss rate of
chlorine/argon by reaction between (i) and (m) species.
The fifth term is the production rate of the species (i)
by reaction between (l) and (m) species, in which kml is
the kinetic constant of the reaction between (l) and (m).
The sixth term is the production rate of chlorine/Argon
on the surface due to the transformation of the species
(l) to (i). For Ar,

∑
l

kslNl = k21 [A∗
r ] + k20 [A+

r ] while for

Cl2,
∑
l

kslNl = 1
2k17 [Cl]+k19

[
Cl+2

]
(see Tab. 1). The last

term is the loss rate by pumping. T and Te are the gas and
electron temperatures respectively. For the other neutral

and ion species the balance equations are given as [26,27]:

dNj

dt
= −

∑
l

kl(Te)Njne +
∑

n

kn(Te)Nnne

−
∑
m

kmj(T )NjNm +
∑
lm

kml(T )NlNm

− ksjNj +
∑

l

kslNl − Nj

τR
(2)

ksjNj is the surface lost rate of jth species. For the neutral
species, ksj is determined as a function of the diffusion
coefficient Dj and diffusion length Λ of the jth species [27]:

ksj = γj
Dj

Λ2
(3)

γj is the recombination coefficient on the surface of the jth
species. Λ depends on the reactor geometry parameters.
For a cylindrical reactor Λ is given as [32]:

1
Λ2

=
(π

L

)2

+
(

2.405
R

)2

(4)

where L and R are the height and the radius of ICP
reactor.

For the positive ion species, ksj is given as [27]:

ksj = 2uB,j

(
R2hL + RLhR

)
/R2L (5)

where uB,j is the Bohm velocity. hL and hR are the ratio
of the wall density to the bulk average density of species j
for the walls located in the axial and the radial directions
respectively [27].

The power balance equation is added to the plasma
kinetic equation system to self-consistently evaluate the
electron temperature. It is given as [27,28]:

∂

∂t

(
3
2
qTene

)
= PRF − Pabs (6)

where PRF and Pabs are the RF power injected in the
reactor and the power absorbed by plasma respectively.
Pabs is given as [27,28]:

Pabs = Pev + Pew + Piw (7)

where Pev is the power losses for inelastic and elastic col-
lisions by electron impact and Pew and Piw are the power
losses on the surface for electron and positive ions respec-
tively. The addition of power equation to the kinetic sys-
tem allows to self-consistently calculate the electron tem-
perature and thus to deduce the chemical species densities
as a function of the injected power in the ICP reactor.

The balance equation system is completed by the
charge neutrality equation:

ne +
∑

j

n−
j =

∑
j

n+
j (8)

where n−
j and n+

j are the negative and positive ions
respectively.
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Table 1. Kinetic reactions considered in the mass balance equations.

Electron impact reactions Reaction constants References

and volume reactions Te (eV)

k1 e + Cl2 → Cl+2 + 2e k1 = 9.21 × 10−8 exp(−12.9/Te) cm3/s [27,28,33]

k2 e + Cl2 → Cl+ + Cl + 2e k2 = 3.88 × 10−9 exp(−15.5/Te) cm3/s [27,28,33]

k3 e + Cl2 → Cl+ + Cl− + e k3 = 8.55 × 10−10 exp(−12.65/Te) cm3/s [27,28,33]

k4 e + Cl2 → 2Cl + e k4 = 3.80 × 10−8 exp(−3.824/Te) cm3/s [27,35]

k5 e + Cl2 → Cl + Cl− k5 = 3.69 × 10−10 exp(−1.68/Te
+1.457/Te2 − 0.44/Te3 + 0.0572/Te4

−0.0026/Te5) cm3/s

[27,28,33]

k6 e + Cl → Cl+ + 2e k6 = (Te/12.96)0.5 exp(−12.96/Te)
×(1.419 × 10−7 − 1.864 × 10−8 log(Te/12.96)
−5.439 × 10−8 log(Te/12.96)2

+3.306 × 10−8 log(Te/12.96)3

−3.54 × 10−9 log(Te/12.96)4

−2.915 × 10−8 log(Te/12.96)5) cm3/s

[27,34]

k7 Cl− + Cl+2 → Cl + Cl2 k7 = 5 × 10−8 cm3/s [27,36]

k8 Cl− + Cl+ → Cl + Cl k8 = 5 × 10−8 cm3/s [27,36]

k9 e + Cl− → Cl + 2e k9 = 2.63 × 10−8 exp(−5.37/Te) cm3/s [27]

k10 e + Ar → Ar+ + 2e k10 = 1.23 × 10−7 exp(−18.68/Te) cm3/s [27,40]

k11 e + Ar → Ar∗ + 2 k11 = 3.71 × 10−8 exp(−15.06/Te) cm3/s [27,41]

k12 e + Ar∗ → Ar+ + 2e k12 = 2.05 × 10−7 exp(−4.95/Te) cm3/s [27,42]

k13 e + Ar∗ → Ar + e k13 = 2.0 × 10−9 cm3/s [27,37–39]

k14 Ar∗ + Ar∗ → Ar + Ar+ k14 = 6.2 × 10−10 cm3/s [27,37–39]

k15 Ar+ + Cl− → Ar + Cl k15 = 3 × 10−8 cm3/s [27]

k16 Ar∗ + Cl2 → Ar + 2Cl k16 = 71 × 10−11 cm3/s [44,45]

Surface reactions

k17 Cl → 1/2Cl2 k17 = γCl × DCl/Λ2 s [27]

k18 Cl+ → Cl k18 = 2uB,Cl+
(
R2hL + RLhR

)
/R2L s−1 [27]

k19 Cl+2 → Cl2 k19 = 2u
B,Cl+2

(
R2hL + RLhR

)
/R2L s−1 [27]

k20 Ar+ → Ar k20 = 2uB,Ar+
(
R2hL + RLhR

)
/R2L s−1 [27]

k21 Ar∗ → Ar k21 = DAr∗/Λ2 s−1 [27]

Table 1 shows kinetic reactions taken into account
in the mass balance equations. The mass balance equa-
tions are applied to Cl2, Cl, Cl+2 , Cl+, Cl−, Ar, Ar∗ and
Ar+, which are considered as the dominant species in the
Cl2/Ar plasma. Metastable states of Cl2 and Cl are not
taken into account in the kinetic system. However, the re-
actions involving the metastable species are considered in
the power balance equation because of the significant frac-
tion of the injected power which is lost by the excitation
processes (Tab. 2).

The differential equation system composed of equa-
tions (1), (2), (7) and (8) is resolved from initial conditions
until the steady state when Te and all species densities be-
come constant with time.

Tables 1 and 2 give the reactions taken into account
in the system for the Cl2/Ar plasma mixture. The rate
constants for electron impact are calculated knowing the
electron cross sections and assuming a Maxwellian distri-
bution of electron energy [27,28,33–45].

The results of the 0 D global plasma model have been
compared to electron density and temperature measure-
ments performed in a Sentech SI 500 ICP etch system
used to etch III-V materials, and customized to integrate
electrical and optical diagnostics [46,47]. The ICP source
consists of a planar antenna with an Al2O3 coupling win-
dow. The reactor chamber is made of un-anodised alu-
minum. The height from coupling window to electrode
surface is of ∼130 mm and the internal chamber diame-
ter is of 350 mm. A c-Al2O3 wafer was used as the (un-
biased) electrode coverplate during measurements. Details
of the experimental procedure can be found in [35]. The
RF-compensated Langmuir probe was positioned ∼35 mm
above the electrode surface [and ∼130 mm away from the
reactor center] during the measurements. The surface re-
combination coefficient of Cl atoms γCl in the reactor was
estimated using the PIF method [47] and was found to be
lie in the range of 0.03–0.05 for ICP powers in the range of
150–800 W, at 10 mT pressure. Except for the study of the
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Table 2. Kinetic reactions of excitation of both Cl2 and Cl which are added in the mass balance power equation.

Electron impact reactions Reaction constants References

and volume reactions Te (eV)

k22 e + Cl2 → Cl2(b
3Πu) + e k22 = 6.13 × 10−10 exp(2.74/Te

−6.85/Te2 + 3.69/Te3 − 0.856/Te4

+0.0711/Te5)

[27]

k23 e + Cl2 → Cl2(
1Πu) + e k23 = 3.80 × 10−8 exp(−3.824/Te) [27]

k24 e + Cl2 → Cl2(
1Πg) + e k24 = 9.74 × 10−9 exp(−10.71/Te) [27]

k25 e + Cl2 → Cl2(
1Σu) + e k25 = 2.12 × 10−9 exp(−11.16/Te) [27]

k26 e + Cl2 → Cl2 + e (momen-
tum transfert)

k26 = 4.47 × 10−7 exp(−2.17/Te
+0.362/Te2 − 0.0196/Te3)

[27]

k27 e+Cl2 → Cl2+e (vibrational
excitation)

k27 = 9.26 × 10−10 exp(5.85/Te
−4.94/Te2 + 1.716/Te3 − 0.251/Te4

+0.123/Te5)

[27]

k28 e + Cl → Cl(3D) + e k28 = 1.99 × 10−8 exp(−10.06/Te) [27,43]

k29 e + Cl → Cl(4D) + e k29 = 9.24 × 10−9 exp(−11.15/Te) [27,43]

k30 e + Cl → Cl(4P) + e k30 = 1.60 × 10−8 exp(−10.29/Te) [27]

k31 e + Cl → Cl(4S) + e k31 = 1.27 × 10−8 exp(−10.97/Te) [27,43]

k32 e + Cl → Cl(5D) + e k32 = 5.22 × 10−9 exp(−11.12/Te) [27,43]

k33 e + Cl → Cl(5P) + e k33 = 2.79 × 10−9 exp(−11.06/Te) [27]

Fig. 1. (Color online) Variation of electron density
with power for pressure ranging from 2 to 10 mTorr,
Q(Cl2/Ar) = 10:10 sccm.

effect of the γCl on the Cl2-Ar kinetic plasma properties
(Figs. 6–9), the simulations are carried out for γCl = 0.04.

Figure 1 shows the electron density evolution with
power for different pressure values. For different gas pres-
sures, electron density increases with power because of
the increase of the ionisation rate. At low power [ne] de-
creases with pressure. This characterises the electroneg-
ative plasma. However, over 400 W, the electron density
increases with the pressure. We can observe that the elec-
tronegativity of Cl2/Ar represented by the ratio [Cl−]/[ne]
decreases with RF power (Fig. 2). [Cl−]/[ne] is sensitive
to the pressure for Prf lower than 400 W Beyond this
value, [Cl−]/[ne] becomes less sensitive to the pressure
variations.

The variation of the electron temperature for differ-
ent values of pressure is presented in Figure 3. For the

Fig. 2. (Color online) Variation of Cl− ion to electron density
ratio with power for pressure ranging from 2 to 10 mTorr,
Q(Cl2/Ar) = 10:10 sccm.

pressure ranging from 2 to 10 mTorr, Te decreases as a
function of power for Prf < 400 W. In this power interval,
the augmentation of power has more effect in the produc-
tion of electrons by ionization processes (Fig. 1) leading
to the diminution of electron energy. However, for a high
power values one fraction of power causes the acceleration
of electrons leading to the increase of their average energy
(electron temperature).

Figure 4 shows the variation of the dissociation per-
centage of Cl2 as a function of power and pressure. It is cal-
culated as: dis(%) = xCl2N0−[Cl2]

xCl2N0
× 100, where xCl2 is the

fraction of Cl2, N0 is the initial total concentration in the
reactor which is determined as a function of the pressure p
using perfect gaz law: N0(cm−3) = 3.539×1016p (Torr). At
low power, we observe a high variation of the Cl2 dissocia-
tion rate. Over 600 W of pressure, such variation becomes
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Fig. 3. (Color online) Electron temperature variation with
power for pressure ranging from 2 to 10 mTorr, Q(Cl2/Ar) =
10:10 sccm.

Fig. 4. (Color online) Dissociation percentage of Cl2 as a func-
tion of power and pressure, Q(Cl2/Ar) = 10:10 sccm.

low. Noting that the dissociation rate of Cl2 decreases with
the pressure [48,49]. In addition to ions, determination of
atomic chlorine density as a function of the operating pa-
rameters is useful to determine the Cl flux in the etching
process. Such parameter is introduced (see below) as input
data in the etching model.

In Figure 5, we present, the variation of the chlorine
density [Cl] with power for pressure ranging from 2 to
10 mTorr. The increase of such parameter with power is
due to the increase of the dissociation rate of molecular
chlorine (Fig. 4).

In low pressure ICP, the role of the plasma surface in-
teraction is very important in the transport study of both
charged and neutral species created in the plasma. In our
0 D kinetic model, the loss term of atomic chlorine by dif-
fusion mechanism is introduced using Chantry theory [32].
This term is assumed proportional to the recombination
coefficient γCl on the surface (Eq. (3)). The impact of γCl

(reaction 17) on the transport phenomena is done in order
to understand the mechanisms of the neutral interactions
on the surface and their effects on the plasma discharge
behaviour. Figure 6 shows the effect of the variation of

Fig. 5. (Color online) Atomic chlorine density variation with
power, Q(Cl2/Ar) = 10:10 sccm.

Fig. 6. (Color online) Effect of the recombination coefficient
of chlorine on the electron density variation.

the recombination coefficient γCl on the electron density
variation for 2 and 5 mTorr of pressure, 1000 W of RF
power and 10 sccm for both Cl2 and Ar flow rates. Two
regimes can be identified: for γCl lower than 0.01, we ob-
serve a slow diminution of [ne] with γCl; from 0.01 to 1,
the diminution of [ne] with γCl becomes very fast. In the
case of the [Cl−] evolution with γCl (Fig. 7a), we observe
a fast increase of [Cl−] for γCl from 0.001 to 0.1. Beyond
0.1 a stability of [Cl−] is observed by varying γCl. On the
other hand, for γCl less than 10−2 electron density [ne] is
less sensitive to the pressure. This tendency changes when
γCl takes values up to 10−2. We can also observe that γCl

has an important effect on the electronegativity of Cl2/Ar
plasma discharge. Indeed, Figure 7b shows that in the op-
erating conditions mentioned above (PRF = 1000 W and
QCl2/Ar = 10:10 sccm), Cl2/Ar plasma is all the more elec-
tronegative than γCl is higher because of the increase of
the [Cl2] (Fig. 8) and consequently the attachment phe-
nomena leading to the augmentation of the [Cl−].

Figure 8 presents the Cl2 density variation as a func-
tion γCl. For γCl lower than 0.2, [Cl2] increases by increas-
ing γCl. Over 0.2, a low increase of [Cl2] is observed. Not-
ing that for both pressures 2 and 5 mTorr, [Cl2] is lower
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Fig. 7. (Color online) (a), (b): [Cl−] and [Cl−]/[ne] evolutions with recombination coefficient of Cl.

Fig. 8. (Color online) Effect of the recombination coefficient
of chlorine on the molecular chlorine density variation. [Cl2]0
is the chlorine initial density when the plasma is off.

Fig. 9. (Color online) Effect of the recombination coefficient
of chlorine on the atomic chlorine density variation. [Cl2]0 is
the chlorine initial density when the plasma is off.

than that the initial Cl2 density [Cl2]0 for γCl = 0.04 be-
cause of the high Cl2 dissociation rate (Fig. 4). Further-
more, high values of atomic chlorine are observed when
γCl is less than 0.01 due to the high dissociation of Cl2.
Beyond this value; we observe a decrease of [Cl] (Fig. 9)
due to the increase of the loss term on the surface of the
Cl (reaction 17).

Figure 10 presents the comparison between the simu-
lation and the experiment concerning the electron density
and the electron temperature as a function of RF power
for 2 mTorr of pressure and QCl2/Ar = 16:4 sccm. For
electron density, a less difference is obtained between the
simulation and the experiment (Fig. 10a). For the electron
temperature, a small deviation of the simulated curve from
the experiment is observed which is still lesser than 1 eV.
However, a good tendency is obtained. The average elec-
tron density is expected to be smaller (i) due to its radial
decrease within the diffusion chamber, from the centre to
the wall, as observed in probe measurements; (ii) due to
its axial decrease, from the source to the substrate holder.

3 Etching model

The model of InP etching by Cl2/Ar plasma is based on
the Monte Carlo approach. Contrary to the molecular dy-
namic approach [29,30], the Monte Carlo kinetic approach
permits to use a large etched surface. This method is al-
ready used by representing the initial etched InP material
under a simple cubic network in which the indium and
phosphor are randomly placed [31] to respect the amor-
phous structure in the shallow layers existing near the sur-
face. The transformation from monocrystalline to amor-
phous structure in the shallow layers is mainly caused by
the ion bombardment [31].

In our new version of etching model, we consider the
realistic representation of InP etched material based on
the zinc-blende structures. Figure 11 presents the initial
etched InP where Nx, Ny and Nz represent the lattice
number along x, y and z-directions respectively.
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Fig. 10. (Color online) Comparison between the simulation and the experiment. (a) Electron density variation with power
and (b) electron temperature with power, p = 2 mTorr, QCl2/Ar = 16:4 sccm.

Fig. 11. (Color online) Initial representation of InP (zinc
blende structure).

Two reactive species are taken into account in our InP
etching model, atomic chlorine and ion. The main steps
of our etching module are summarized as follow: we start
by giving the Cl and ion fluxes which are calculated with
the global kinetic model as a function of the operating
conditions (RF power, pressure, Cl2/Ar flow rates...). By
generating a random number, we select one of the con-
sidered precursors. If the neutral species is selected (Cl in
our case) then, two random numbers are generated to se-
lect its random position (x, y). The z-position is chosen on
the non occupied plane over the InP surface. The neutral
particle is moved into the surface InP sites until encoun-
tered occupied nearest neighbour AClx sites (A = In or P
and x = 0–3) in the 1/8 of the InP lattice (sub-cub) of the
zinc blende structure. Inside this sub-cube, Cl can adsorb,
desorb or jump to one of the nearest neighbour sub-cube.
The adsorbed site AClx+1 can chemically desorb (chemical
etching). When the ion is selected, the sputtered indium
and phosphorous sites are randomly selected as a function
of their sputtering yields.

3.1 Precursor transport

Knowing the neutral and ion fluxes (Γion+ = ΓAr++ΓCl+2
+

ΓCl+) calculated from the global kinetic model, we define

time step Δt corresponding to average time between two
incident etchant precursors:

Δt =
1

SΓT
(9)

where ΓT is the total flux of precursors and S is the InP
etched surface. To determine which precursor j (Cl or ion)
is selected, a random number R is generated and is com-
pared to the flux fraction Xj = Γj

ΓT
. Cl is selected for

R ≤ XCl and ion for XCl < R ≤ 1.

3.2 Chlorine surface interaction

The probability of each process is defined as a function of
surface energies associated to each process by considering
Arrhenius law:

Pi,j =
exp

(
− Ei,j

KTs

)

exp
(
−Eads,j

KTs

)
+ exp

(
−Edes,j

KTs

)
+ exp

(
−Emig,j

KTs

)
(10)

where Ei,j is the surface energy associated to the process
i (i = adsorption, desorption, migration) on the jth site
(j = AClx, x = 0–2). Chemical etching process may occur
after the formation of the AClx+1 by adsorption of Cl on
AClx. The chemical etching probability is defined as:

Pchem,j = p0 exp
(
−Eetch,j

KTs

)
(11)

where Eetch,j is the desorption energy of the jth species
(j = AClx, x = 1–3), p0 is a constant and Ts is the surface
temperature.

The main difficulty to develop the plasma surface in-
teraction is the lack of data base concerning surface pa-
rameters such as adsorption and desorption energies of all
the formed sites on the etched surface. Table 3 presents the
surface kinetic of the etched InP under Cl and ion fluxes
and their associated surface energies. These are calculated
by Jenichen and Engler [50] using molecular models for lo-
cal surface structures and the density functional method.
The migration energy of Cl is assumed independent of the
AClx neighbour sites and it is estimated at 1.3 eV.
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Table 3. Surface parameters of etched InP under neutral particles (chlorine) and ions.

Neutral (Cl) InP surface interactions

Surface kinetic Adsorption Desorption Etching Migration

reactions energy (eV) energy (eV) energy (eV) energy (eV)

Cl + In → InCl 1.2 1.7 1.5 1.3

Cl + InCl → InCl2 2.8 1.7 2.79 1.3

Cl + InCl2 → InCl3 0.473 1.7 0.35 1.3

Cl + P → PCl 2. 1.7 2.48 1.3

Cl + PCl → PCl2 1.2 1.7 1.14 1.3

Cl + PCl2 → InCl3 1.2 1.7 0.057 1.3

Ion sputtering mechanisms

B (eV)−1/2 Eth (eV) α

ion + In → In 0.02 0 1

ion+ InCl → InCl 0.02 0 3

ion + InCl2 → InCl2 0.02 0 3

ion + InCl3 → InCl3 0.02 0 7

ion + P → P 0.011 0 1

ion + PCl → PCl 0.011 0 5

ion + PCl2 → InCl2 0.011 0 5

ion + PCl2 → InCl2 0.011 0 10

3.3 Ion InP sputtering model

The energetic ion transport study in InP substrate vol-
ume is very complex and requires introducing the linear
cascade regime theory [51]. It is not easy to combine our
neutral kinetic Monte Carlo approach with linear cascade
regime. Nevertheless, a semi-empirical expression giving
the sputtering yield versus the ion energy is used [52]:

Y (α, Eion) = αB
(√

Eion −
√

Eth

)
(12)

where α is the modulation coefficient associated to the site
AClx (x = 0–3). For x = 0, α = 1 while it is higher than 1
for x > 0. B is estimated using TRIM code [51] (Tab. 3).

3.4 Simulation results

One of the advantages of our etching model is to give infor-
mation about the structural properties of the etched InP
in the early stage. Figure 12 presents the etch rate evolu-
tion versus time for RF power of 1000 W, 2 mTorr of pres-
sure, 100 V of VDC , 10:10 sccm of the Cl2/Ar flow rates
and 180 ◦C of substrate temperature. The calculation of
the Cl and ion fluxes from the global kinetic model gives
ΓCl = 5×1017 cm−2 s−1 and Γion+ = 5.4×1016 cm−2 s−1.

For t < tm(tm ∼ 0.04 s), the etch rate increases with
time until it reaches a maximum value. Beyond this value,
a steady state regime is observed. The increase of the etch
rate with time for t < tm is due to the increase of the
coverage rate on the adsorbed chloride sites on the sur-
face (Fig. 13) leading to the increase of the ion neutral
synergy of etching. Beyond tm, we observe a stability of
this coverage rate (Fig. 13) leading to the stability of the
etch rate.

Figure 14 shows the variation of the roughness evo-
lution with time. Contrary to the etch rate that begins

Fig. 12. (Color online) Etching rate evolution with etch time
at the early stage.

to stabilize at t = 0.04 s, the roughness is stabilized at
0.4 s. The control of the roughness becomes an important
challenge as the miniaturization of the optoelectronic de-
vices progress. So it is important to know more about the
mechanisms of the roughness evolution versus the operat-
ing conditions.

Figure 15 presents relative RMS variation versus the
pressure for PRF = 1000 W, VDC = 100 V, QCl2/Ar =
10/10 sccm and Ts = 180 ◦C. The relative roughness is
defined as:

RRMS(%) =
RMS
tech

× 100 (13)

where tech is the InP etched thickness. Roughness and tech
are calculated at t = 0.5 s. The simulation result shows
a diminution of the RRMS with the pressure. It varies
from 12.8% for p = 2 mTorr to 4.8% for p = 10 mTorr.
This can be explained by the diminution of the ion to
chlorine flux ratio (Fig. 16). Indeed, Γion/ΓCl passes from
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Fig. 13. (Color online) Chemical composition evolution of the
etched surface versus etch time.

Fig. 14. (Color online) Variation of RMS versus etch time.

Fig. 15. (Color online) Variation of the RRMS with pressure.

Fig. 16. Ion to chlorine flux ratio versus pressure.

0.1 for 2 mTorr to 0.025 for 10 mTorr. The increase of
the ion bombardment is a source of the etched surface
roughness enhancement.

4 Conclusion

Gas phase kinetic model for Cl2-Ar ICP plasma discharge
has been developed to investigate the plasma characteris-
tics under operating conditions. The model based on the
0 D approach allows to predict average densities of species
produced in Cl2/Ar plasma discharge. Simulation results
show that the electronegativity of Cl2-Ar plasma mea-
sured by calculating [Cl−]/[ne] decreases with increasing
RF power and decreasing pressure. A minimum value of
the electron temperature is observed at 400 W. Further-
more, we have analyzed the effect of the surface recombi-
nation coefficient of atomic chlorine on the plasma neutral
and charged species transport phenomena. The simula-
tion results show that in low pressure, the surface param-
eters play an important role in the transport phenomena
of charged and neutral species created in Cl2/Ar plasma
discharge. A satisfactory agreement between the simula-
tion and the experiment concerning the electron density
and the electron temperature evolutions with power are
obtained for recombination coefficient of atomic chlorine
γCl fixed at 0.04. The later is consistent with that esti-
mated experimentally.

On the other hand, a preliminary study concerning the
impact of the operation conditions on the etched surface
properties is presented. Our attention is particularly paid
on the early stage study of the plasma surface interactions
where we showed the effect of the correlation between of
the RRMS and ion to neutral flux ratio evolutions with
pressure.

The authors thank Dr. S. Bouchoule and Dr. L. Gatilova of
LPN-CNRS for the electron density and temperature measure-
ments. Part of this work has been supported by Agence Na-
tionale de la Recherche in the frame of ANR-09-BLAN-0019
INCLINE project.
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