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Porous SiCOH materials integration for integrated circuits faces serious challenges such as
roughening during the etch process. In this study, atomic force microscopy is used to investigate the
kinetics of SiCOH materials roughening when they are etched in fluorocarbon plasmas. We show
that the root mean square roughness and the correlation length linearly increase with the etched
depth, after an initiation period. We propose that: (1) during the first few seconds of the etch process,
the surface of porous SICOH materials gets denser. (2) Cracks are formed, leading to the formation
of deep and narrow pits. (3) Plasma radicals diffuse through those pits and the pore network and
modify the porous material at the bottom of the pits. (4) The difference in material density and
composition between the surface and the bottom of the pits leads to a difference in etch rate and an
amplification of the roughness. In addition to this intrinsic roughening mechanism, the presence of
a metallic mask (titanium nitride) can lead to an extrinsic roughening mechanism, such as

micromasking caused by metallic particles originating form the titanium nitride mask.
© 2010 American Institute of Physics. [doi:10.1063/1.3446820]

I. INTRODUCTION

The most serious challenges in semiconductor manufac-
turing are to produce low cost integrated circuits with in-
creasing integration densities and to develop high perfor-
mance devices. An important problem that we are facing
today is that electrical signal propagation through metal in-
terconnects is delayed by the resistance (R) in the metal lines
and the capacitance (C) between adjacent metal lines. One of
the ways to decrease the RC product and thus the runtime
delay is to use low dielectric constant materials such as po-
rous SiCOH. However, the use of porous SiCOH implicates
several serious issues since one of the main integration dif-
ficulties of such materials is their sensitivity to plasma pro-
cesses leading to  material modifications'™  and
roughening.5 -8 After the patterning of dual damascene struc-
tures, the modification and roughening of the sidewalls and
bottom of the trenches induce severe electrical and reliability
issues.”

In particular, the roughness on the sidewalls or bottom in
the range of a few nanometers can lead to

(1) non conformal barrier deposition which can induce cop-
per diffusion, '’

(2) achange in barrier and copper microstructure which can
increase the copper 1resistivity,”’12

(3) a variability of critical dimension along the lines which
can induce both a change in interline capacity and cop-
per line resistivity.wf15

In this work, we investigate the roughening of porous
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SiCOH when exposed to fluorocarbon based plasmas using
atomic force microscopy (AFM) measurements. This study is
mainly devoted to the understanding of the roughening
mechanism on blanket wafers which is similar to the rough-
ness at the bottom of the trenches. The effect of a metallic
mask on the roughening of porous SiCOH is also addressed.

Il. EXPERIMENTAL SETUP
A. Materials

The investigated coupons (25 cm?) are prepared from
300 mm diameter silicon wafers coated with three different
dielectric low-k materials deposited by plasma enhanced
chemical vapor deposition (PECVD): (1) a porous SiCOH
with 28% of porosity, (2) a porous SICOH with 25% of
porosity, and (3) a dense SICOH with 8% intrinsic porosity.
SiCOH materials are also called SiOCH in the literature.
More details about the low-k materials are given in Table I.

B. Etching chambers

The etching experiments are mainly performed in an
eMax™ etching chamber dedicated for oxide etching. The
eMax™ etcher from Applied Materials generates capaci-

TABLE 1. Characteristics of the dielectric materials.

Deposition  Porosity Density Dielectric
Material method (%) (g cm™) constant
Porous SiCOH (28%) PECVD 28 1 2.35
Porous SiCOH (25%) PECVD 25 1.1 2.5
Dense SiCOH PECVD 8 1.3 2.9

© 2010 American Institute of Physics
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tively coupled plasmas. A 200 mm diameter carrier wafer sits
on the powered electrode supplied by a rf generator operated
at 13.56 MHz. This MERIE (magnetically enhanced reactive
ion etching) reactor is surrounded by four electromagnets
which produce a rotating magnetic field (0.5 Hz and 0 to 200
Gauss) leading to an increase in plasma density. For all etch
processes, the magnetic field is kept constant at 20 G. The
wafers are clamped using an electrostatic chuck and the tem-
perature of the wafer is kept at 15 °C by means of a helium
backside temperature regulation at 14 Torr. Studies in this
chamber are performed using coupons of the wafers of inter-
est, patched on 200 mm carrier silicon wafers coated with
thermal oxide. The 25 cm? coupon is thermally connected to
the temperature regulation using Fomblin™ vacuum grease
between the carrier wafer and the coupon.

Some additional experiments are also performed in a
Kiyo™ chamber from LAM Research Corporation. This
chamber generates high density transformer coupled plasmas
(TCP) using a source frequency of 13.56 MHz. The 300 mm
diameter wafer sits on an electrode powered independently at
13.56 MHz to control the ion energy. Studies in this chamber
are performed on the full wafers of interest.

C. AFM measurements

AFM measurements are performed at ambient atmo-
sphere with a Nanoscope III multimode microscope from
Digital Instruments. To minimize the interaction between the
tip and the sample, tapping mode was preferred to the con-
tact mode. In the tapping mode AFM,'® a cantilever oscil-
lates with the probing tip close to its free resonance fre-
quency (with a given amplitude). The interaction between
the sample and the probe gives rise to a shift in the probe
vibration amplitude measured in a free oscillation, i.e., with
the probe far away from the sample. The vertical displace-
ment (height) needed to keep the set amplitude provides in-
formation about the topography of the sample. Data are ac-
quired for a scanned area of 1 X1 um? having 512X 512
data points. The silicon tips have a curvature radius of about
10 nm which provides a lateral resolution in the range of 10
nm. The tapping frequency is 5% lower than the resonance
one (about 235 kHz) and the free-air amplitude is chosen
between 10 and 13 nm. The ratio between the amplitude
setpoint Ay, and the free amplitude A, is taken in soft-
tapping conditions (A,,/A;=0.85) to prevent damaging the
silicon tips.

After removing the slope and curvature of the image,
two parameters are measured to describe the roughness: the
root mean square (RMS) roughness o and the correlation
length & The RMS roughness describes the vertical extent of
the roughness and is given by the standard deviation of the
height distribution Z as follows:

a=([Z(r) - u)"?,

where r=(x,y) is the coordinate of a point on the surface and
Z is the height. u is the mean value of the height, z, across all
in-plane coordinates (x,y).

In order to be accurate in the roughness estimation, mea-
surements are performed at five different locations using four
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FIG. 1. Standard deviation as a function of the RMS roughness measured
with four different samples.

reference samples with different surface roughness ranging
from 1 to 10 nm. The standard deviation o was measured for
each sample and was found to be similar (&=0.2 nm) for all
samples, except for the sample with the lowest surface
roughness (¢<<0.1 nm), as shown in Fig. 1. Based on these
results, we can assume that the resolution of our surface
roughness measurement is about 0.2 nm. Since the roughness
measurement is also linked to the tip-surface convolution, we
checked that no major variation in the tip occurred after each
image. This was achieved by means of a reference sample
which has a surface roughness of about 5 nm. This reference
sample is also used to check the tip shape and to change the
tip as soon as it gets eroded.

The correlation length & represents the lateral extent of
the roughness. In most cases, some processes such as deposit
growth, ion sputtering, or plasma etching are expected to
create a self-affine fractal surface. ¢ is defined as the upper
limit of the observation scale where the surface exhibits a
self-affine property. Over this scale, the surface can be con-
sidered as flat. One can extract the & value from the averaged

power spectral density (PSD) given by:
2
. r=(xy),
Ik|=k

ff —ler( )_

where k is the spatial frequency. Specifically, the PSD gives
the spatial frequency distribution of the surface roughness as
shown in Fig. 2. The correlation length is defined by the
length of the PSD saturation frequency which is obtained by
fitting the experimental log-log PSD graph. In this work, the
correlation length is simply determined by taking the inter-
section between the PSD saturation line and high frequency
line from the PSD graph. The accuracy is estimated to be
20%.

PSD(k) = —<

D. Surface analyses techniques

The surface composition of porous SiCOH materials af-
ter plasma exposure is investigated by means of x-ray pho-
toelectron spectroscopy (XPS). XPS analyses are carried out
on coupons of 300 mm diameter wafers patched on 200 mm
carrier wafers. The spectra are collected with a Fisons sur-
face systems ESCALAB 220i operating with an Al K, x-ray
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FIG. 2. (Color online) Determination of the correlation length by taking
from the log-log PSD graph the intersection between the PSD saturation line
and the high frequency line.

source (hv=1486.6 eV) and an electron energy analyzer op-
erating in a constant pass energy mode of 20 eV. Chemical
compositions are derived from the respective areas of the
different XPS spectra. Spectral decomposition is performed
to extract the Si 2p, O 1s, C 1Is, N ls, and F 1s peak in-
tensities. Individual line shapes are simulated with the com-
bination of Lorentzian and Gaussian functions. The back-
ground subtraction is performed by using a Shirley function.
After XPS analysis, the integrated intensities are divided by
the theoretical Scofield cross section'’ (C 1s:1; O 15:2.93;
Si 2p:0.82; F 15:4.43; N 1s:1.8). The sum of the concen-
tration of the different elements present on the analyzed sur-
face is equal to 100%. The hydrogen content is not taken into
account in this calculation since hydrogen cannot be detected
by XPS. More details of the experimental characterization
conditions can be found elsewhere.”'®

lll. EXPERIMENTAL RESULTS

The surface roughening of porous SiCOH is investigated
in fluorocarbon based plasmas. The etching experiments are
performed in the eMax™ chamber using coupons of SiICOH
wafers stuck on a 200 mm diameter silicon dioxide carrier
wafer.

Figure 3 shows the RMS roughness and correlation
length as a function of the etched depth for a p-SiCOH film
(25% of porosity) etched in a CF,/Ar plasma. The RMS
roughness presents an initiation period during the first
etched 95 nm, followed by a linear increase with a rate of
4%+/-0.8 (4 nm of RMS roughness is measured when 100
nm of porous SiCOH is etched). The RMS roughness goes
from 0.5 to more than 12 nm for an etched depth close to 400
nm. The correlation length also presents a linear increase
with the etched depth, indicating a lateral extension of the
roughness as visible on the top view SEM pictures of Fig. 4.

The effect of the porosity on the surface roughening in
fluorocarbon based plasmas is studied by comparing the be-
havior of a dense SiCOH and two porous SiCOH with two
different porosities (25% and 28%). The Fig. 5 shows that
the surface of the dense material remains smooth with a
RMS roughness of 0.5 nm when exposed to a CF,/Ar
plasma. On the contrary, porous SiCOH materials show an
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FIG. 3. (Color online) RMS roughness (a) and correlation length (b) as a
function of the etched depth of porous SiCOH (25%) using a CF,/Ar
plasma.

increase in the RMS roughness with the etch time which is
more pronounced for the porous material with the 28% po-
rosity. Increasing the porosity from 25% to 28% leads to an
increase in the RMS roughness of around 2 nm for a given
etched depth. The porous material with the highest porosity
(28%) presents no significant initiation period and a slope
close to 3.5%+/-0.7 in the linear regime.

The impact of the etch chemistry on the porous SiICOH
roughening is investigated in Fig. 6 by comparing the RMS
roughness induced by two different fluorocarbon based etch
chemistries (more or less polymerizing). Going to a more
polymerizing process (from CF,/Ar to CF,/Ar/CH,F,), a
slow down of the roughening is clearly observed with an
increase in the initiation period (from 95 to 160 nm), and a
decrease in the roughening rate (from 4% to 2%) in the linear
regime. The roughness evolution when the material is ex-
posed to a pure argon plasma is also reported in this figure.
In this later case, no roughening of the material is observed.

The results show that the surface roughening of SICOH
films in fluorocarbon based plasmas depends on the etched
depth, the porosity, and the plasma chemistry. The RMS
roughness presents an initiation period followed by a linear
increase with the etched depth. The correlation length in-
creases with the etched depth, indicating a lateral extension
of the roughness. The RMS roughness is more pronounced
on more porous materials, and with less polymerizing pro-
cess conditions.

IV. DISCUSSION

The evolution of the roughness during plasma etch pro-
cesses has already been studied.>”®!*% Plasma processes
are usually known to smooth the etched surface. The isotro-
pic component of the etch process,w’20 as well as the shad-
owing effect®®?’ and the preferential sputtering of the mate-
rial for off-normal ions®**?’ contribute to this effect during
plasma etch processes.

Nevertheless, several groups have reported that the sur-
faces could also be roughened when exposed to plasma etch
processes.zsﬁ(m3 Several explanations such as preferential
etching by re-emitted sp<3(:if:530’31 or ion induced defects™
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FIG. 4. (Color online) Tilted SEM pictures, AFM top
down pictures, and AFM cross sections for different
porous SiCOH (25%) etched depths in a CFE,/Ar
plasma.

. 2533
have been proposed. However, recent studies tend to

prove that etch induced roughness rather comes from a mi-
cromasking induced by chamber wall particles sputtered dur-
ing the etch process.

In the case of SICOH materials, etch induced roughness
has also been observed.”™ In those papers, the fluorocarbon
species deposited on the porous low-k surface are supposed
to be responsible for the material roughening. Tatsumi and
Urata™ propose that low-k materials are roughened when a
thin fluorocarbon layer (~4 nm) is deposited on the material
surface, while no fluorocarbon or thicker fluorocarbon layers

20
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164 * dense SiOCH e
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FIG. 5. (Color online) RMS roughness as a function of the etched depth for
porous SiCOH (25%), porous SiCOH (28%), and dense SiCOH using a

CF,/Ar plasma.

do not lead to roughening. Yin et al.® attribute the etch
induced roughness to a micromasking on the surface by the
fluorocarbon species deposited on the material surface. They
attribute the non uniform coverage of the surface to the pres-
ence of pores in the material. Lazzeri et al’ propose that the
larger surface of porous materials leads to an incomplete
coverage of the surface of the dielectric by the fluorocarbon
layer, compared to dense dielectrics. Due to this incomplete
coverage, plasma species can directly interact with the low-k
material, leading to harsher etch conditions and roughness.
In both cases, the models assume that the roughness is cre-

20
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164 e CF,/Ar/CHJF,
—_ * Ar
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FIG. 6. (Color online) RMS roughness as a function of the etched depth for
porous SiCOH (25%) using a CF,/Ar, a CF,/Ar/CH,F,, or a pure Ar
plasma.
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{ b) Dense sicoH

FIG. 7. Tilted (30°) SEM pictures of porous SiCOH (a) and dense SiCOH
(b) etched in a SFg plasma.

ated by an incomplete or nonhomogeneous coverage of the
porous SiCOH surface by fluorocarbon species.

Our experimental results show that the RMS roughness
of porous SiCOH increases linearly with the etched depth.
On the contrary, the dense SiCOH presents no roughening
with the same process conditions. The absence of roughness
on the dense material lets us rule out the micromasking from
chamber wall particles during the etch process as the cause
of the roughening.

In order to investigate the role of the fluorocarbon spe-
cies on the roughness formation, a dense and a porous Si-
COH (25% of porosity) film have been etched in a Kyio™
chamber using a SFq plasma. In Fig. 7, we can clearly see
that the surface of the porous SiCOH material is very rough
(8.1 nm of RMS roughness) after 270 nm of etching, while
the dense SiCOH stays smooth. In these conditions, XPS
analyzes show that the surface of the porous SiCOH is made
of 32% of Si, 48% of O, 4% of C, and 16% of F (ex situ
analysis). The carbon peak energy is centered around 286 eV,
indicating no significant fluorocarbon deposition on the po-
rous SiCOH surface. These additional experiments show that
the fluorocarbon layer formed on the porous SiCOH cannot
be directly responsible for the porous SiCOH roughening.
Thus, the porous SiCOH roughening cannot be attributed to
a micromasking by fluorocarbon species, or to any mecha-
nism involving a fluorocarbon layer.

Our experiments, as well as Lazzeri et al.,5 show that the
RMS roughness increases linearly with the etched depth.
Both data also show an increase in the roughness with the
porosity of the material. The linear behavior is remarkable
since it shows that the height of the features on the surface of
the material keeps increasing with the etched depth. Looking
at Fig. 4, we can clearly see that the features look like pits,
with a diameter which is increasing with the etched depth.
The depth of the pits increases also with the material etched
depth. It is clear that different sizes of pits are present, indi-
cating the continuous formation of pits during the etch pro-
cess (larger pits are supposed to be formed earlier). The pits
are very narrow and deep. Due to the limitation of the AFM
(diameter and height of the tip), it is assumed that the pits
extend even deeper and narrower than seeable in Fig. 4. This
means that during the etch process, pits with important as-
pect ratio (more than 10) and very small diameter (few na-
nometers) are formed. The linear increase in the pit depth
with the etched depth shows that the bottom of the pit is
etched faster than the top “flat” surface. In other words, the
etch rate of the top “flat” surface is lower than the etch rate at
the bottom of the pits.

J. Appl. Phys. 108, 014906 (2010)

This observation is pretty non obvious, since it is well
known in the field of plasma etching that the etch rate usu-
ally decreases when the aspect ratio of the features to be
etched increases.”™® This so called RIE lag (reactive ion
etching lag) or aspect ratio dependant etching effect leads to
uniformity issues for contact or via etching. In our condi-
tions, we are etching pits which are comparable to few na-
nometers wide vias or contacts. No mask is used on those
pits. Since the pit depth increases with the top “flat” surface
etched depth, the etch rate is larger at the bottom of the pit,
i.e., in the features with a high aspect ratio, than on the top
“flat” surface, i.e., features with small aspect ratio. This kind
of evolution is quite unusual but has already been identified
as inverse RIE 1ag.37’38 The origin of the inverse RIE lag is
explained by the difference in neutral and ion flux reaching
the bottom of vias for different aspect ratios.””® Usually,
inverse RIE lag is observed in a quite narrow process win-
dow. In our conditions the roughness increases on a wide
range of process conditions, as soon as the material is po-
rous. Furthermore, the aspect ratio of the top flat surface is
equal to zero, while the aspect ratio of the pits is larger than
ten. No inverse RIE lag has ever been reported with such a
large range of aspect ratios, as far as we know. Thus, the
origin of the linear increase in the RMS roughness cannot be
directly attributed to geometrical factors and differences in
neutral and ions flux between the features.

Since the roughening only occurs on the porous material,
the origin of the larger etch rate at the bottom of the pits than
on the “flat” top surface must be attributed to specificities of
porous materials.

(1) It is known that the surface of porous materials gets
denser on few nanometers when it is exposed to plasma
processes.39’4o This densification is mostly attributed to
the ion bombardment on the top surface.

(2) Plasma radicals can diffuse and deeply modify the po-
rous SiCOH materials.’ The etching plasma induced ma-
terial damage is mostly a loss of carbon and fluorine
incorporation. Using attenuated total reflection infrared
spectroscopy,41 we have verified that Si—F bonds are cre-
ated in the porous SiCOH in our experiments (not pre-
sented here).

(3) Porous materials present a larger surface than dense ma-
terials. As a consequence, they are more easily chemi-
cally etched than the dense SiCOH. As an example, po-
rous SiCOH is etched by a SFg plasma even without bias
power.”

To explain the linear increase in the RMS roughness
with the etched depth, we are proposing the following
mechanism: the surface of the porous SiCOH gets denser
under ion bombardment. At the same time only few ions
reach the bottom of the pits because of electrostatic effects.”?
Thus, the material remains porous at the bottom of the pits
while the top surface becomes dense. The plasma radicals, in
particular free fluorine, diffuse through the pits and the pore
network, and modify the porous material at the bottom of the
pits, leading to fluorine rich porous silicate. This modified
porous material can be etched much faster than the denser
material on the top flat surface. Thus, the faster etch rate at
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a) Porous SICOH 0s

FIG. 8. (Color online) Surface morphology after CF,/Ar plasma exposure:
(a) Os on porous SiCOH (25%), (b) 2s on porous SiCOH (25%), (c) 4s on
porous SiCOH (25%), and (d) 2s on dense SiCOH.

the bottom of the pits compared to the top “flat” surface is
explained by a difference in material density and composi-
tion and by a high chemical etch rate at the bottom of the
pits.

For this model to be valid, pits must be present on the
surface of the material to be etched. However, looking at the
material surface before etching, a very low RMS roughness
(0.5 nm) is present, which means that the features on the
surface have a small aspect ratio and are not as deep as the
denser top surface created during the etch process. In Fig. 8,
the surface of the porous SICOH (25% of porosity) has been
observed after 2 and 4 s of plasma processes. In these pic-
tures, we can see the occurrence of cracks on the material
surface. Indeed, the denser surface created by the plasma is
assumed to present a stress, which results in cracking.43
Those cracks could then play the role of diffusion paths for
the reactive species of the plasma to reach the not as dense
material underneath. After 4 s of plasma process, we can see
that pits start to be visible where the cracks are merging. This
analysis of the first few seconds of the process highlights the
formation of features on the porous material surface, which
could result in roughening using our model. This observation
is consistent with the initiation period observed earlier. In-
deed, it takes few seconds (and so few tens nanometers with
the etch rate considered here) to create the pits, and then to
start roughening the surface of the porous material.

In order to validate our model, a porous SiCOH (25% of
porosity) wafer has been exposed to an argon plasma. In
those conditions, a similar densification and cracking of the
top surface is observed as presented in Fig. 9. However, no
pit is formed and the material stays smooth even after 250
nm is etched. Using an argon plasma, no huge chemical
modification or etching of the porous material is expected at
the bottom of the features, due to the purely physical mecha-
nism of the argon sputtering process. This confirms that the
roughening of the surface requires a chemical component for
the etch process, that could result in a faster etch rate at the
bottom of pits.

Besides, we etched a stack composed of 330 nm thick

J. Appl. Phys. 108, 014906 (2010)

a) Before etch b) After Ar only etch
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FIG. 9. Surface morphology before (a) and after (b) Ar plasma exposure of
porous SiCOH (25%).

porous SiCOH (25% of porosity) coated on the dense Si-
COH. As expected and seen in Fig. 10, the RMS roughness
and the correlation length increase while the porous SiCOH
is etched. When the interface between the porous and the
dense SiCOH is reached, a decrease in the RMS roughness is
observed, from 8.3 to 6.3 nm. This decrease is directly re-
lated to the difference in etch rate between the two materials
(1220 nm/min for the porous SICOH with 25% of porosity
and 840 nm/min for the dense SiCOH), which leads to a
transfer of the roughness in the same proportions. No varia-
tion in the correlation length is observed at the interface.
During the dense SiCOH etching, the RMS roughness hardly
evolves, while the correlation length linearly increases with a
larger slope than observed on porous SiCOH. Due to the
variation on the data points, we cannot tell if the RMS
roughness decreases or stays constant during the dense Si-
COH etching. However, it is clear that the variation is low,
and that the RMS roughness does not increase, which means
that the roughness created is not transferred during the dense
SiCOH etching. The increase in the correlation length indi-
cates that the surface tends to be smoothed by the process, as
usually seen in etch processes. This experiment lets us con-
clude that the porosity is not only necessary to initiate the
roughness, but also leads to its amplification during the di-
electric etch process. If the material is dense, no significant
densification occurs on its surface, and no significant diffu-
sion of species takes place to modify the material and am-
plify the chemical etch component. Thus, no difference in
etch rate between the “flat” surface and the bottom of the pits
is expected and the roughness does not increase in this case.

Based on all these observations, our model can be
summed up as the following: during the first few seconds of
the etch process, the surface of the porous SiCOH gets
denser and stressed. The stress in the material results in a
cracking of the surface, which creates diffusion paths for the
plasma species. At the bottom of the deepest cracks (where
the cracks are merging), the pristine material is exposed,
forming pits on the surface. The pits and the porous network
let the free fluorine from the plasma diffuse and modify the
material at the bottom of the pits, leading locally to fluorine
rich porous silica. Thus the material exposed to the plasma is
a dense SiCOH on the “flat” surface, and a fluorine rich
porous silica at the bottom of the pits. This difference in
material composition and density leads to a difference in etch
rate between the surface and the bottom of the pits. The
bottom of the pits is etched faster than the surface, leading to
an increase in the pit height (i.e., RMS roughness) with the
etched depth.
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FIG. 10. RMS roughness (a) and correlation length (b) evolution during the etching in CF,/Ar plasma of a stack made of 330 nm of porous SiCOH (25%)

on a dense SiICOH material.

During the etch process, the existing pits are transferred
and amplified, while new ones keep forming constantly fol-
lowing the same mechanism. In parallel of the roughening
mechanism, the lateral extension of the roughness (due to the
isotropic component of the etch process, the shadowing ef-
fect and the preferential sputtering of the material for off-
normal ions) leads to an increase in the correlation length.

It has to be noticed that this roughening mechanism is
expected to remain valid for other kind of porous materials.
For example, we have verified the roughening of porous sili-
con (not presented here), and porous SiO, roughening has
already been reported by Kwon et al

We have also verified that this mechanism is confirmed
in different kind of plasma chambers. Porous SiCOH etched
in MERIE, CCP, ICP and TCP industrial reactors present the
same roughening behavior (not shown here).

The effect of the plasma polymerizing rate in this model
is extremely complex and not fully determined. Indeed, fluo-
rocarbon species dump fluorocarbon polymers on the mate-
rial surface, which decreases the etch rate. Our experiments
have shown that the RMS roughness decreases by increasing
the polymerizing rate of the plasma. In our roughening
model, going to a more polymerizing plasma can have sev-
eral effects as follows:

e the deposition of fluorocarbon species can change the
surface behavior. Indeed, pits can be sealed by fluoro-
carbon species as soon as they are created, blocking
any further extent of the pit and roughening of the
surface. The surface densification and stress can also
be different depending on the plasma polymerizing

rate. Thus, more or less pits could be formed, leading
to a change in the RMS roughness. Indeed, fewer pits
are observed when a more polymerizing process is
used.

* Fluorocarbon species deposition at the bottom of the
pits can prevent material damage,3 decreasing the etch
rate. It is not sure though that much fluorocarbon pre-
cursors reach the bottom of the pits, because of the
high sticking coefficient of those species and very
small diameter of the pits.

* The change in the balance between free fluorine and
fluorocarbon species could also change the etch rate
both on the “flat” surface and at the bottom of the pits.
This could lead to a change in the etch rate ratio be-
tween the top and the bottom of the pits, leading to a
slower or faster roughening rate.

V. IMPACT OF THE INTEGRATION SCHEME

In the previous part, we have proposed an intrinsic
roughening mechanism for porous materials, based on blan-
ket wafer studies. We will now see the impact of the integra-
tion scheme on the porous SiCOH roughness.

Several integration schemes involving different masking
strategies are in competition nowadays. In particular, several
groups use titanium nitride as a hard mask for trenches
patterning.‘tsf47 To investigate the effect of the TiN hard
mask on the porous low k roughness, coupons of porous
SiCOH (25% of porosity) are patched on a TiN wafer. As
seen in Fig. 11, the roughness is much larger with a TiN
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FIG. 11. Tilted SEM picture of porous SICOH (25%) etched using a CF,/Ar
plasma in a SiO, environment (a) or a TiN environment (b).

environment than with a SiO, one. Furthermore, the rough-
ness morphology is significantly different. This kind of
roughness has already been observed at the bottom of
trenches etched in SiCOH using a TiN hard mask.”**’ XPS
analysis of the coupon surface shows 4% of titanium on the
surface. This indicates that in addition to the intrinsic rough-
ening of the porous SiCOH in fluorocarbon plasma, an ex-
trinsic roughness can originate from the micromasking of the
top surface by metallic particles coming from the TiN
etching.45

All our results show that porous materials intrinsically
get rougher when etched in fluorocarbon based plasmas.
When the material gets more porous, this phenomenon is
amplified. For the future technological generations, where
highly porous dielectrics will be required, the roughening
will become a real show stopper. Based on our model, we
can propose ways to limit the material roughening as fol-
lows:

e polymerizing plasmas are preferred.

e The trenches must be shallow enough, so that the etch-
ing is stopped before the end of the initiation period.
For example, the CF,/Ar/CH,F, process used on the
porous SiICOH (25% of porosity) creates no roughness
until 160 nm thick of dielectric is etched. This depth is
compatible with metal lines height for the current and
future technological nodes.

* Dielectric materials with better mechanical properties
(elastic modulus, hardness) are preferred to limit the
formation of cracks under plasma exposures.

e The mask should not provide particles susceptible to
create a micromasking on the dielectric surface. This
can be done by using organic masks or by tuning the
etch process conditions when using a metallic mask.®

VL. CONCLUSION

In this study, we have investigated the roughening
mechanism of SiCOH materials when they are etched in
fluorocarbon plasmas. We have shown that the RMS rough-
ness and the correlation length linearly increase with the
etched depth. We proposed a roughening mechanism to ex-
plain why the bottom of the deep and narrow features is
etched faster than the surface. During the first few seconds of
the etch process, the surface of porous SiCOH gets denser,
and cracks are formed, leading to the formation of deep and
narrow pits. Plasma radicals can diffuse into these pits, and
through the pore network, to modify the porous material at

J. Appl. Phys. 108, 014906 (2010)

the bottom of the pits. As a result, there is a difference in
material density and composition between the surface and
the bottom of the pits, leading to a difference in etch rate,
and an amplification of the RMS roughness. In parallel, iso-
tropic etching, shadowing and preferential sputtering by off-
normal ions lead to a lateral extension of the roughness. In
addition to this intrinsic roughening mechanism, we have
shown that the integration scheme can lead to an extrinsic
roughening mechanism, such as micromasking from metallic
particles originating from TiN hard mask.
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