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a b s t r a c t

This work proposes an extended model that describes the propagation of damage in porous low-k mate-
rial exposed to a plasma. Recent work has indicated that recombination and diffusion play a more dom-
inant role than VUV light [1–5] in oxygen plasma induced damage. Especially at low depths, the radical
concentration is determined by the number of radicals that disappear back into the plasma while the final
depth of damage is defined by recombination of oxygen atoms. A logarithmic equation has been proposed
to describe the behavior as a function of time. In this work this equation is extended to take diffusion into
account, next to recombination. The results are in agreement with experimental data and one-dimen-
sional random walk theory calculations.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Scaling in semiconductor industry continues at the pace de-
scribed in the ITRS roadmap. As a consequence, low capacitive
materials, so called low-k materials, have been introduced to re-
duce cross line talking between the interconnecting Cu lines. Dur-
ing integration, these materials are exposed to plasmas. Such
exposure can lead to a degradation of the low capacitive property,
which is commonly denoted by the term ‘plasma damage’. Plasma
damage is characterized by the removal of hydrophobic carbon–
hydrogen groups and absorption of water, resulting in a high k va-
lue. Next to VUV light, the diffusion and recombination of radicals
entering the porous low-k material are assumed to be the main
causes for plasma damage. Recent research has shown that the
importance of diffusion and recombination by oxygen atoms in
porous SiOC materials [2] can contribute more to plasma damage
than the VUV interaction. In certain oxygen plasma-damaged por-
ous SiOCH samples [1], the observed depth of damage has been ex-
plained to be recombination-limited and to be corresponding to a
logarithmic equation [1,6]:

xðtÞ ¼ A1 � lnðt=A2 þ 1Þ ð1Þ

The empirically observed Eq. (1) describes the position x(t) of a
steep damaged/undamaged interface that penetrates into the sam-
ple with time t. The speed of penetration is proportional to the

amount of radicals at this interface. A1 is the distance over which
the concentration of radicals is dropped by a factor 1/e through
recombination inside the damaged layer. The recombination goes
proportional with the local radical concentration following a Lang-
muir–Hinshelwood based surface mediated recombination
scheme. Secondly, in time frame A2 the concentration of radicals
at the penetrating damaged/undamaged interface is dropped by a
factor of 2.

Nevertheless diffusion is expected to also play a role [4]. There-
fore in the first part of this paper, certain aspects of diffusion will
be addressed by random walk calculations while in the second part
a model is set up taking into account recombination and diffusion.
Finally, in the third part we will show that the model agrees
with the random walk calculations and experimental data from
literature.

2. Random walk calculations

Eq. (1) has been experimentally observed and explained in Refs.
[1,6] and implies that the oxygen radical concentration drops
exponentially inside the damaged material. It describes the exper-
imental data more accurately than a diffusion based Deal Grove
type model. The exponential drop of the oxygen radical concentra-
tion is explained as radicals recombining into oxygen molecules
through Langmuir–Hinshelwood surface reactions inside the
damaged layer. Finally, the exponential drop of the radical concen-
tration is confirmed by random walk calculations. The one-
dimensional random walk model consists of setting the interface
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with the pristine interface at depth N and simulating a random
walk of oxygen radicals from the surface of the damaged layer to
the interface with the pristine layer. The radicals have an equal
probability of walking in both directions along a one-dimensional
axis: they can walk back into the plasma and disappear, or arrive
at the pristine material and react or recombine into an oxygen mol-
ecule with a recombination probability c. At small N, the radical
concentration drops faster before arriving in the exponential range,
see Fig. 1. The reason is explained in Fig. 2.

Fig. 2 shows the mechanism by which the radicals are con-
sumed for an arbitrary recombination value of 0.0001. For any po-
sition of the pristine interface N, most of the radicals walk back
into the plasma. However, from a certain depth onwards this value
remains constant and recombination determines the number of
radicals that arrive at the pristine material and react. From this
point of view, Eq. (1) which is solely based on recombination
should only be applied for larger N where recombination is domi-
nant. For small N and relatively short times, a diffusion type of
mechanism, the walk-back into the plasma dominates the number
of radicals that reach the pristine material. Nevertheless Eq. (1)
accurately fits the data in experiments [6] indicating that only
large times are probed during experiments. The random walk cal-
culations are done assuming sufficiently fast diffusion so a radical
ends up either at the interface, or walks back into the plasma or
recombines. Even in these conditions the calculations show that
for short times a diffusive component needs to be taken into ac-
count that counts for the walk back into plasma. Finally, setting

c = 0 in the random walk calculations allows to calculate the oxy-
gen radical concentration profile solely determined by walk back
into plasma and reaction with the pristine material. From this con-
centration profile a qualitative damage depth–time relationship
can be established, Fig. 3, taking, e.g., a consumption of 10 radi-
cals/step for converting pristine into damaged material. A common
condition of 1000 radicals arriving/second at the surface is used as
a starting-point.

If c = 0, the position of the interface with the pristine material
cannot be described accurately by (1) but can be fitted easily using
the square root of time which is typical for diffusion. In summary,
even in the case that diffusion speed is not the time-limiting step it
needs to be taken into account because of the radicals that walk
back into the plasma, especially for small N and relatively short
times.

3. An integrated diffusion–recombination model

At low pressure (mT range) the mean free path of molecules is
of the order of mm and therefore there is no chance of any gas
phase interaction between radicals in the pores. The radicals per-
form a random walk independent of each other. Nevertheless,
transport of particles is concentration-dependent under these cir-
cumstances. Moreover, exactly because of the non-interacting
character there will be more particles walking from a high concen-
tration area to an area of lower concentration than in the other
direction. This type of Knudsen diffusion in porous media is de-
scribed by Mason and Malinauskas [7]. They found that the flow
is proportional to the concentration gradient similar to Fick’s first
diffusion law. However, the underlying physics is clearly different.
The model proposed here incorporates Knudsen diffusion of free
oxygen atoms into the porous material. Secondly, the oxygen
atoms can react with the carbon–hydrogen groups and remove
them. Thirdly, the oxygen atoms can recombine into oxygen mol-
ecules through Langmuir–Hinshelwood or Eley–Rideal surface
reactions.

For describing the process, three densities are considered, qf (x,
t), qa (x, t), qc(x, t), which are resp. free oxygen atoms, chemi-ad-
sorbed oxygen atoms, and carbon concentration. The Knudsen dif-
fusion of the free oxygen radicals into the porous material is
described by a diffusion constant D. Free oxygen atoms turn into
chemi-adsorbed oxygen radicals at a rate ra. Free oxygen radicals
react with bonded oxygen radicals to form O2 at a rate rfa. Thirdly,
free oxygen radicals react with carbon at a rate rfc. qf(x, t = 0) = dx,0,

Fig. 1. The amount of radicals reaching the pristine interface at position N as
function of different recombination probabilities (gamma). If the pristine interface
(N) is close to the plasma surface (at N = 0), a steep drop is observed (2) before a
constant exponential drop is observed (1).

Fig. 2. Most of the radicals walk back into the plasma. From a depth of about 50, the
amount that walks back into the plasma remains constant and the amount of
arriving radicals that arrive at the pristine interface (N) is determined by
recombination.

Fig. 3. When the recombination probability in the random walk calculations is set
to zero, Eq. (1) fails and a square root dependency of the time appears.
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qa(x, t = 0) = 0, qc(x, t = 0) = 1 are used as initial conditions at time
zero while qf(x = 0, t) = 1 is kept at all times. Following the above
reaction schemes, the differential equations are:

q
�

f
¼ D

@2

@x
qf � rfaqf qa � rfcqcqf � raqf ð2Þ

q
�

c
¼ �rfcqcqf ð3Þ

q
�

a
¼ raqf � rfaqf qa ð4Þ

The first term in Eq. (2) describes the Knudsen diffusion, the
subsequent three terms correspond to resp. the loss of free oxygen
radicals by recombination, reaction with carbon, and adsorption on
the surface. Secondly, the carbon concentration (3) can only drop
because of reaction with free oxygen radicals. Thirdly, the amount
of adsorbed oxygen radicals (4) is determined by the adsorption
and the recombination. Simulation of the differential equations
was done for arbitrary values rfc = 1, ra = 0.1, rfa= 1, D = 1.0 for times
10–2000. Most interesting is that the carbon concentration qc col-
lapses as a function of the variable x/ln(t + 2�sqrt(t)) (see Fig. 4) i.e.,
this relation is found to identify the damaged layer l(t) with x(t) in
such a way that qc(x, t) = 0.5.

Therefore, taking diffusion into account, Eq. (1) could be ex-
tended to:

xðtÞ ¼ A1 lnðt=A2 þ
ffiffi

t
p
=A3 þ 1Þ ð5Þ

Intuitively, Eq. (5) can be explained in the following way. The
speed at which the interface propagates is proportional to the rad-
ical concentration at the interface. Given that the radicals diffuse
independently from each other, the radical concentration at the
interface at position x(t) can be written from the viewpoint of
one radical. Actually the chance that the radical arrives at position
x(t) is, because of the recombination, related to the time t* the rad-
ical needs to get to position x(t). Thus:

dx
dt
� expð�t�Þ ð6Þ

Still t* needs to be expressed as function of x(t) in order to solve
(6). A first approximation is the ballistic approximation, t* � x(t),
which says there is an effective velocity veff. Secondly, in order to
take into account the diffusion the relationship becomes:

xðtÞ ¼ veff t� �
ffiffiffiffiffiffiffiffi

Dt�
p

ð7Þ

Eq. (7) is of second order in t* and the positive solution will re-
sult in the relationship (5). For the exact relationship between the
recombination probability and the diffusion constant on the one
hand, and the fitting coefficients A1, A2, A3 on the other hand, more

calculations need to be performed. This is subject of possible future
work. In Eq. (1) A1 is the depth over which the radical concentra-
tion drops by a factor 1/e, A2 is the time it takes before the radical
concentration at the interface is halved. In Eq. (5) similar relation-
ships are expected and A3 should be related to diffusion.

4. Verification of the model with random walk calculations and
experimental data

In the chapter on random walk calculations it has been shown
that for short times the radical concentration is mainly determined
by radicals walking back into the plasma. Eq. (1) is expected to fail
in this regime since it is based upon recombination. Setting the
recombination probability c to 0.0001 and taking an arbitrary va-
lue of 10 radicals needed per step to convert the pristine material
into a damaged layer, a relationship between time and damage
depth can be established. The interface is sharply defined at posi-
tion N. A common condition of 1000 radicals arriving at the surface
every second is assumed. Fig. 5 shows the depth of damage as a
function of time under these simulation conditions. Clearly,
Eq. (1) does not fit the range below 10 s while above 10 s a good

Fig. 4. The centre of the damaged/pristine interface follows ln(t + 2�sqrt(t)).

Fig. 5. A time-damage depth relationship has been generated by random walk
calculations. Eq. (1), which is solely based on recombination, fails for short times
while Eq. (5) allows to describe the behavior from the first points onwards.

Fig. 6. Experimental data taken from literature and fitted by the two equations.
Only for plasma condition C the fit is more accurate for Eq. (5) than Eq. (1).
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correlation is found. Eq. (5) however, describes the graph down till
the first initial points.

Finally, the question remains to which extent the generated
model fits the experimental data, Fig. 6, taken from literature [3]
(replot of graph 7 in Ref. [3]). Eq. (1) has been shown to adequately
describe damage as a function of time [1,6]. The data are repeated
in Fig. 6 to show the improvement gained by Eq. (5). Only for plas-
ma condition C, an improvement is found at short times. The cor-
responding values of the fitting parameters are listed in Table 1.
The large difference in values for plasma A, B compared to C is re-
lated to the higher recombination coefficient resulting from plas-
ma A and B because of ion bombardment [3]. Similar values are
obtained for Eqs. (1) and (5) for A1 and A2. A3 is of the same order,
indicating that diffusion plays a role for small times.

5. Conclusion

In this paper the role of recombination and diffusion of radicals
inside a plasma-damaged porous SiOCH low-k layer is investigated.

It is concluded that the effect of oxygen radicals walking back into
the plasma may impact the way the damage progresses into the
material. Especially for short times, diffusion plays a role while
for longer exposure times the depth of damage is limited by the
recombination of radicals inside the damaged layer. A new model
that incorporates Knudsen diffusion is proposed and discussed. Fi-
nally, an equation that describes the time dependency of damage
propagating into the material, taken diffusion and recombination
into account is proposed and evaluated by experimental data and
random walk calculations. The exact relationship between the fit-
ting coefficients and diffusion and recombination needs further
research.
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Table 1
Values obtained for A1,2,3 by fitting the experimental data of Fig. 6 using Eqs. (1) and
(5). A2 and A3 are of the same order indicating the importance of diffusion for short
times.

A1�ln(t/A2 + 1) A1�ln(t/A2 + t0.5/A3 + 1)

A1 (nm) A2 (s) A1 (nm) A2 (s) A3 (s0.5)

Plasma A 5.4 0.24 6 0.4 0.6
Plasma B 8.2 0.15 9 0.2 0.8
Plasma C 38 5.1 46 10 6
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