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For the next technological generations of integrated circuits, the traditional challenges faced by etch plas-
mas (profile control, selectivity, critical dimensions, uniformity, defects, ...) become more and more dif-
ficult, intensified by the use of new materials, the limitations of lithography, and the recent introduction
of new device structures and integration schemes. Particularly in the field of the interconnect fabrication,
where dual-damascene patterning is performed by etching trenches and vias in porous low-k dielectrics,
the main challenges are in controlling the profile of the etched structures, minimizing plasma-induced
damage, and controlling the impact of various types of etch stops and hard mask materials. Metallic hard
masks can help thanks to their high selectivity toward low-k materials, and by avoiding low-k exposure
to potentially degrading ashing plasmas. In this paper, we will present some key issues related to the pat-
terning of narrow porous SiOCH trenches with a metallic (TiN) hard mask. Narrow trenches (down to 40
nm width) can be opened into TiN with a critical dimensions bias (around 10 nm) attributed to carbon
and silicon containing deposits on the photoresist and TiN sidewalls during the etching. Porous SiOCH
etching using a TiN hard mask instead of the conventional SiO, hard mask may lead to severe profile dis-
tortions, attributed to TiFy compounds which settle on the trenches sidewalls. A chuck temperature of
60 °C and fluorine-rich plasmas are required to minimize those distortions. An etching process leading
to almost straight porous SiOCH profiles presenting a slight bow has been developed. However a wiggling
phenomenon has been evidenced for the etching of narrow and deep trenches. This phenomenon is
attributed to the highly compressive residual stress in the TiN hard mask, which is released when the

dielectric is not mechanically strong enough to withstand it.

1. Introduction

In CMOS technologies, the race towards lower dimensions and
better performances leads to the use of copper/ultra low-k inter-
connects. The ITRS predicts an interconnect pitch of 90 nm with
an effective dielectric permittivity between 2.5 and 2.8 for the first
level of metal for the 45 nm node targeted in 2008. Such an effec-
tive dielectric constant can be achieved with the integration of a
porous dielectric material. Some difficult challenges need to be
overcome with the porous dielectric materials. Etching, ashing
and cleaning processes of these porous materials in narrow struc-
tures are very challenging because they change the material prop-
erties, which impacts the electrical and reliability performances
[1]. For the integration of porous SiOCH in dual damascene archi-
tectures, a dual hard mask strategy has been developed to prevent
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a direct exposure of the dielectric material to ashing plasmas [2].
Among the different integration schemes, it is already anticipated
that conventional inorganic hard masks (such as SiO, and SiC) can-
not be implemented in the next IC generations because of their
poor etching resistance to fluorocarbon-based plasmas which leads
to a low selectivity and a significant faceting [3]. New hard masks
such as metallic and organic materials are currently investigated as
potential candidates to replace the conventional SiO, and SiC
inorganic hard masks. Metallic and organic materials (TiN, TaN,
carbon-rich layers,...) have a different chemical nature than
dielectric materials and therefore exhibit better hard mask capabil-
ities than conventional hard masks [4].

This study is devoted to the etching of narrow porous SiOCH
trenches using a TiN hard mask. The experimental work consists
in studying the etch profiles of narrow porous SiOCH trenches as
a function of the etch chemistry and plasma conditions. The main
goals are to determine the most important critical dimension is-
sues (profile distortion, hard mask faceting, ...) and to control
the profile of narrow porous SiOCH trenches.
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2. Experimental setup

200 mm silicon wafers have been used during this study. They
were coated with two different low-k materials: (1) a porous
SiOCH (300 nm thick deposited by spin coating) and (2) a dense
SiOCH (800 nm thick deposited by PECVD). The porous SiOCH
exhibits a dielectric constant of 2.3 with a porosity of about 45%.
The dielectric constant of the dense SiOCH is 2.9. Rigorously speak-
ing, the dense material also exhibits some micro porosity, esti-
mated to be about 8% [5]. However, the SiOCH deposited by
PECVD will be considered as a dense SiOCH material in this work.
More details on these materials can be found in previous papers
[6,7] and in Table 1.

The patterning of SiOCH trenches has been performed with a
dual hard mask strategy using a metallic hard mask. The stack
investigated is the following: a SiO, (TEOS) capping layer of
40 nm which is coated on the low-k material before the deposition
of 45 nm thick TiN (PVD deposition). The wafers are patterned
either with an electron beam lithography to get aggressive trench
dimensions down to 50 nm width or with a specific 248 nm lithog-
raphy for chemical topography analyses [8].

Etching experiments are performed in a Tokyo Electron Limited
DRM™ chamber for the etching of the dielectrics layers (SiO, and
SiOCH) and in an Applied Materials DPS™ chamber for the etching
of the TiN hard mask. The schematics of the DRM™ and DPS™
reactors have been previously described elsewhere [9,10]. The
etching platform, on which the DPS™ chamber is mounted, is con-
nected to an X-ray photoelectron spectroscopy (XPS) surface anal-
ysis system (customized 2201 system from VG scientific) via a
transfer chamber.

The TiN hard mask opening is carried out in the DPS™ plasma
etcher at a cathode temperature of 50 °C. Before each process, a
cleaning process (a Cl, plasma followed by a SFs /| O, plasma)
and a conditioning process are performed on a blanket silicon
wafer in order to get reproducible etching conditions from wafer
to wafer [11]. After TiN opening, the remaining photoresist is re-
moved in an oxygen-based plasma. Then the etching of the dielec-
tric layers (SiO, and low-k material) is done in the DRM™ plasma
etcher. A cleaning (O, plasma) and a conditioning process on a
blanket silicon wafer are also performed prior to each dielectric
etch process.

After etching in the DPS™ plasma reactor, wafers can be trans-
ferred under vacuum into the XPS analysis chamber, where the
surface composition of the etched material can be analysed quasi

Table 1
Parameters used to estimate the flow of fluorine consumption during porous SiOCH,
dense SiOCH and Si etching with the baseline process

Parameter Unit Common Porous Dense Si
SiOCH SiOCH

Density g.cm 0.9 13 2.33

Etched depth cm 23x107° 3x107° 2x107°

Etching time s 60 90 30

%Si % 24 16 100

%0 % 11 22 0

%C % 30 14 0

%H % 34 48 0

Surface cm? 314

Volume cm? 42000

Open ratio 0.8

mg; amu 28

mg amu 16

mc amu 12

my amu 1

Scavenging rate of cm 3s! 1.1x 10" 15x10™ 6x 10"
fluorine

Estimated fluorine sccm 10 14 56
flow

in situ. Chemical topography analyses by XPS are performed to
determine the surface composition of the trench sidewalls. The
XPS apparatus uses a non monochromatized X-ray source consist-
ing of a water-cooled standard twin-anode, or a monochromatized
X-ray source. A constant dwelling time of 100 ms and pass energy
of 20 eV are chosen. The surface analysed is about 1 mm in diameter.
The chemical concentration of the elements present at the surface of
the material is extracted from their core level energy regions. Peaks
areas are determined after a spectral deconvolution based on aniter-
ative numerical fitting procedure. Individual line shapes are simu-
lated with the combination of Lorentzian and Gaussian functions.
A Shirley function is used to perform background subtraction. Each
element concentration is obtained by dividing the peak area by the
corresponding Scofield cross section (Fl1s: 4.43, Si2p: 0.87, Ols:
2.93, Ti2p: 7.91, N1s: 1.8, Cls: 1) [12]. The total concentration of
all elements detected on the surface is equal to 100%. Absolute quan-
titative concentrations have to be taken with great care, since with
metallic layers, and in particular Ti, ill-defined satellites can be in-
cluded in the metallic element background [4,13-15]. However,
using exactly the same fitting procedure for the Ti2p line shape,
the evolution of the concentration of each element can be considered
as the relative evolution of the composition of the analysed surface
as a function of the etch chemistry [4].

The principle of the chemical-topography analysis technique
using XPS is described in greater details elsewhere [8,16]. A reti-
cule for optical lithography has been especially designed to per-
form chemical topography analysis. Each die consists of different
zones: regular arrays of trenches, patterned mask zones and unpat-
terned zones. The area of each zone is at least 9 mm?. By moving
the wafer in the x, y and z directions in the XPS analysis chamber,
the X-ray beam can then be focused on one individual zone, the
resulting signal being the average signal of many identical dielec-
tric trenches and lines in the case of a zone of regular arrays. When
we analyse an array zone in the perpendicular mode (i.e. the detec-
tor axis is perpendicular with the trenches direction), this average
signal originates from the top of the dielectric and part of the
trenches sidewall (Fig. 1). The dimensions of the trenches and
the spaces between trenches are different from zone to zone. As
we only want to study the sidewalls of the trenches (and not the
bottom), we have to choose an array which enables us to select
the desired portion of the trenches sidewalls only [8,16]. Fig. 1
shows that with a 45° electron analyser, the portion of the trenches
sidewalls analysed equals the width of the trench. Since in our con-
ditions the trench depth is around 335 nm after the etching pro-
cess (250 nm of ULK +40 nm of SiO, + 45 nm of TiN), the trench
width must not exceed this value if we want to analyse the trench
sidewalls only. Two different arrays zones are well adapted for our
experiments. In the first array, the dielectric line width is 300 nm
and trench width is 300 nm. In the second array, the dielectric line
width is 300 nm and the trench width is 200 nm.

To characterize the surface composition of the trench sidewalls,
we have developed an experimental procedure derived from the
chemical-topography analyses described by Pargon et al [16]. In
our experimental conditions, the hard mask is a floating conductor
on an insulating material. Therefore, we cannot electrically sepa-
rate the contributions originating from the hard mask from those
originating from the trenches sidewalls. To succeed in separating
the contributions coming from the hard mask and those coming
from the trenches sidewalls, two acquisitions are made on two dif-
ferent zones present on the wafer. The first acquisition is per-
formed on a blanket hard mask zone. The second acquisition is
performed in the perpendicular mode on one of the specific array
zones to get information on the chemical composition of the
trenches sidewalls (see Fig. 1). This analysis gives access to an aver-
age surface composition, combining the signal originating from
both the top of the hard mask and a part of the trench sidewalls.
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Fig. 1. Schematic of the experimental procedure used to analyse the trenches sidewall modification after etching (a) acquisition on mask area, (b) acquisition on trenches

arrays in perpendicular mode.

If we call X the width of the line, and Y the width of the trench, the
signal of one atomic element coming from the hard mask and
the sidewall of the trenches represents X/(X +Y) and Y/(X +Y) of
the total signal coming from the patterned zone, respectively [16].

Knowing the contribution originating from the hard mask and
the X and Y parameters (measured by SEM cross-section), we can
extract the contributions originating from the trenches sidewalls
only. For each element, we have:

_X+Y X

sidewalls — Y [A]anays m[A]HM ’

Al
where [Alsidewalts, [Alarrays and [A]um represent the contribution of
the element on the sidewalls, on the arrays zone, and on the hard
mask blanket zone, respectively. In our case, we make the assump-
tion that the surface composition of the TiN recorded on a blanket
zone is very similar to this of the TiN on an array zone. This hypoth-
esis is supported by the fact that the top of the hard mask and the
blanket area are identically exposed to the plasma. We also consider
that the hard mask thickness is negligible compared to the trenches
height (less than 15%) and that the surface composition is similar on
both SiO, capping and low-k sidewalls. Furthermore, the quantita-
tive surface analysis is depending on several aspects such as the rel-
ative response of the analyser across the acceptance cone and the
angular response of the electron analyser. However, in our condi-
tions, these effects can be considered negligible compared to errors
due to the extraction method. This method is then not very accurate
in absolute value, but is satisfactory enough to give trends on the
evolution of the trench sidewalls surface composition as a function
of the etching parameters.

3. Experimental results and discussion
3.1. TiN Hard mask etch process

We have first developed a specific etching process to transfer
the resist patterns into the TiN hard mask. The process is composed
of two steps: a breakthrough (BT) to remove the TiO, overlayer and
a main etch (ME) which is highly selective with respect to the
underneath SiO, capping layer. The BT is an Ar-based plasma while
the main etch is a Cl,-based plasma. A real-time etch process con-
trol is achieved by monitoring the optical emission of Ti at 365 and
400 nm to determine the endpoint when landing on the SiO, cap-
ping layer (as shown in Fig. 2). The BT step has been optimized to
completely remove the TiO, overlayer before starting the ME. The
TiO, removal efficiency has been investigated on blanket TiN

wafers for different BT conditions (etching chemistry and plasma
parameters). Before the breakthrough, the top surface of TiN is
mainly composed of Ti (30%), O (53%) and N (9%) indicating the
presence of a TiOy layer (see Table 2). After BT with a pure Ar plas-
ma, XPS analyses show that TiO, is hardly removed since the sur-
face is composed of Ti (34%), O (45%) and N (14%). When Cl, is
added in the Ar plasma, a thin mixed TiO, [ TiCly layer is present
on the top surface of TiN (33% of Ti, 44% of N, 6% of O and 14% of
Cl). This result indicates that Cl, addition leads to the quasi re-
moval of the TiO, overlayer. Fig. 3 shows the SEM pictures of the
TiN etching profiles obtained on patterned wafers with a) a BT
using a pure Argon plasma and b) a BT with Cl, addition. In the case
of an almost complete TiO, removal (BT with Cl, addition), a good
hard mask opening step is achieved with straight etch profiles in
TiN and without visible residues on the SiO, surface underneath.
Oppositely, when TiO, is hardly removed during the BT (using a
pure Ar plasma), a lateral consumption in TiN is observed with
an important amount of Ti residues on the SiO, underneath. Those
residues are attributed to the presence of TiOy residues before the
ME which lead to micromasking during the ME. The lateral con-
sumption in TiN can be explained by non uniform etching of the
trenches due to microtrenching which is induced by the titanium
oxide overlayer. Indeed the sputtering yield of titanium oxide is
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Fig. 2. Endpoint detection of TiN etch process by optical emission spectroscopy.



Table 2

Chemical composition of the top surface of TiN determined by XPS: as deposited, after
breakthrough (BT) without chlorine (4 mTorr/100 sccm Ar/1000 W of source power
and 100 W of bias power), and after breakthrough with chlorine (4 mTorr/
100 sccm Ar/20 sccm Cl,/1000 W of source power and 100 W of bias power)

Fis (%) O1s(%) Ti2p(%) Ni1s(%) Cls(%) Cl2p (%)
TiN as deposited 2 53 30 9 7 -
BT wo Cl, 3 45 34 14 3 -
BT w Cl, - 6 33 44 3 14

higher at the edges of the trench than at the center due to 1) ion
reflection from resist sidewalls to the bottom and/or 2) ion deflec-
tion from localized charging of the insulating resist [17]. Thus, the
etching process removes the titanium oxide layer faster at the
edges than at the center and consequently TiN is over exposed to
the reactive chlorine plasma at the corner. The over exposition of
TiN sidewalls can result in a lateral etching. In addition, the pres-
ence of TiOy at the center induces a lower loading of reactive chlo-
rine species during the etching process since the reactivity of TiOy
layer to chlorine plasma is low. This can lead to higher reactive
chlorine species concentration available at the corner which can
amplify the lateral consumption. These results show that the BT
has a strong impact on the TiN etch profile and that the best results
are obtained by adding Cl, in the BT chemistry (Cl,/Ar gas mix-
ture). The ME is an etch process using a Clp/Ar gas mixture with
less ionic bombardment than the BT in order to be selective with
respect to the SiO, capping layer underneath. An optimization of
the ME shows that the Cl,/Ar ratio, source and bias power control
the TiN etch rate. The source and bias power also have an impact
on the residue formation on the SiO, surface underneath. It has
been shown that higher source and bias powers lead to higher etch
rates and a lower amount of residues [18].

Critical dimension (CD) measurements show a deviation be-
tween the initial trench CD and the trench CD after TiN etching
(so called CDpjss). A CDpias of about 10 nm is measured indicating
a decrease in CD (lower trench width). A change in CD is widely ob-
served after plasma etching, and is attributed to the formation of
passivation layers on the sidewalls of the structures [8,19-21]. In
our case, the decrease in CD can be explained by the formation
of passivation layers on the photoresist and TiN sidewalls during
the etching of TiN. We have performed chemical topography anal-
ysis by XPS in order to determine the passivation layers on the
photoresist sidewalls. A first XPS analysis has been performed after
partial etching of TiN, and a second one after complete etching of

TiN with an overetch time of 20%. Since the photoresist thickness
(400 nm) is higher than the trench width (200 or 300 nm), the
XPS analyses provide only information on the passivation layer
formed on the photoresist sidewalls. Fig. 4 shows that the surface
of the sidewalls is made of 59% of C, 28% of Cl, 8% of O, 4% of N.
Based on core level spectra analyses, oxygen, nitrogen and part
of the carbon come from the photoresist itself while chlorine and
the remaining carbon originate from CH,Cl, resist-etch by-prod-
ucts. Indeed it has been shown [16,22] that in Cl,-based chemis-
tries C,H,Cl, species are formed by the chemical sputtering of the
chlorine-rich resist surfaces. Such non-volatile C,H,Cl, etch by-
products sputtered in the gas phase get redeposited on the resist
sidewalls leading to the formation of a passivation layer. After
complete etching of TiN with an overetch time of 20%, the surface
composition of the sidewalls is different and composed of 15% of C,
44% of Cl, 22% of Si and 19% of O (Fig. 4). These results indicate that
C.H,Cl, resist etch by-products are still present, but SiOxCl, com-
pounds are also detected on the trench sidewalls. SiOCl, passiv-
ation layers are known to be formed on poly-silicon gate
sidewalls when silicon is etched using chlorine/oxygen based
chemistries [8,19-21,23]. It is now well known that halogen-sili-
con (SiCly) etch by-products presenting a low volatility get rede-
posited on the feature sidewalls where they are subsequently
oxidized by the oxygen radical present in the gas mixture leading
to the formation of a SiOCl, passivation layer [19,20]. In our case,
the slight etching of the underneath SiO, during the over etch time
generates enough SiCl, species and oxygen radical into the plasma
explaining the presence of SiO.Cl, compounds on the photoresist
sidewalls.

The decrease of the trench CD during the etching of TiN can
therefore be attributed to the deposition of a CHCI-SiOCl mixed
passivation layer on the photoresist sidewalls and probably also
on the TiN sidewalls. During the etching of TiN in a Cly-based
chemistry, C,H,Cl, species come from the sputtering of the chlorine
rich resist surface while SiO.Cl, compounds originate from the
etching of the SiO, underneath.

3.2. Dielectric etch process

3.2.1. Effect of metallic hard mask on the dielectric etch process
Using metallic hard masks can drastically impact the character-
istics of typical dielectric etching processes. We have investigated
the influence of TiN hard mask on a standard etching process by
comparing the trench profiles of porous SIOCH masked with a con-
ventional SiO, mask and with a TiN hard mask [3]. The cross

Fig. 3. SEM pictures after hard mask opening (BT + ME + stripping) with different BT: (a) pure Ar plasma, (b) with Cl, addition in the Ar plasma.



section SEM pictures (Fig. 5) indicate that straight profiles are ob-
served in SiO, masked trenches while TiN masked trenches exhibit
severe profile distortions. The profile distortions obtained with the
TiN hard mask are explained by the presence of non uniform
deposits on the trench sidewalls. This result clearly indicates that
the metallic hard mask has a strong impact on the etching of por-
ous SiOCH dielectric features in fluorocarbon-based plasmas.

It is well known that during the etching of SiOCH-based dielec-
tric masked with photoresist or inorganic masks (SiO,, SiC) a thin
and conformal fluorocarbon layer (few nanometers) settles on
the sidewalls of the dielectric trenches [24,25]. This fluorocarbon
layer originates from fluorocarbon radicals present in the plasma
which get deposited on the dielectric sidewalls. When the dielec-
tric is patterned using a TiN hard mask, a non conformal deposit
is formed on the dielectric patterns. The deposit is preferentially
localized at the top of the patterns (Fig. 5). During the etching pro-
cess, the deposit is slowly formed as the etching proceeds and
tends to block the etching of the dielectric, leading therefore to a
strong profile distortion (Fig. 5). When plasma conditions leading
to heavy deposition are used, the trench can be entirely blocked
by the deposit which prevents the complete etching of the trench.

The chemical analysis of the deposit is difficult since chemical
topography analysis can not be performed on highly distorted pat-
terns. Thus a specific experiment (Fig. 6) has been conducted in or-
der to be able to analyse the chemical nature of the deposits
formed on the patterns sidewalls. We have analysed the deposits
formed on the sidewalls of pre-patterned structures patched on a
standard wafer during the etching process. The pre-patterned
structures are defined as follows: SiO, trenches have been etched
using a conventional SiC hard mask with the XPS reticule. After
all the etching steps (etching of SiC and SiO,), an oxygen-based
plasma has been performed to remove the remaining photoresist
and the fluorocarbon passivation layer on the SiO, trench side-
walls. SEM cross section shows that SiO, trenches are obtained
with straight profiles and free of fluorocarbon passivation layer
(Fig. 7). A coupon of this wafer with a size corresponding to several
dies is fixed on a standard patterned wafer used in this work after

the etching of TiN and ashing of the remaining photoresist. The
standard wafer with the coupon is etched with the typical fluoro-
carbon etching process used for SiOCH trenches masked with SiO,.
SEM cross section pictures of the coupon show (Fig. 7) that a huge
amount of deposits is formed on the sidewalls of SiO, trenches. In
such a configuration, chemical topography analyses by XPS are
reliable since the SiO, trench profiles are hardly distorted after
the etching process. Chemical topography analyses by XPS show
that the surface of the trench sidewalls is composed of 24% of sil-
icon and 25% of oxygen and also 11% of titanium and 39% of fluo-
rine and less than 1% of carbon. The Ti2p core level spectrum (Fig.
8) presents only two peaks at 461 and 466.8 eV which are both
attributed to TiFy bonds (Ti2p3/2 and Ti2p1/2 doublet, respectively)
[4]. The silicon and oxygen observed on the sidewalls are supposed
to originate from SiO, or eventually from a SiOF modified surface.
The XPS analyses indicate that the deposits are mainly TiF, metallic
etch by-products. In order to confirm these results, we have per-
formed another simple experiment: a coupon coated with a photo-
resist film is fixed on a standard patterned wafer used in this work
(after TiN etching and ashing of the remaining photoresist). As pre-
viously, the wafer with the coupon are etched with the standard
etching process used for SiOCH trenches masked with SiO,. XPS
analyses show the photoresist top surface is covered by TiF, com-
pounds with a very small amount of oxygen and silicon (less than
3%). Top view SEM pictures (not shown here) indicate the presence
of deposits on the photoresist surface which is well correlated with
the presence of TiFy species.

Those experiments point out that the deposits observed on the
dielectric sidewalls after the etching process are TiFy compounds.
Such TiF, species originate from the etching or sputtering of the
fluorine rich TiN surface during the fluorocarbon-based plasma
and get redeposited on the trench sidewalls.

3.2.2. Impact of plasma parameters on profile control

We have developed a baseline process in the TEL DRM™ plasma
etcher for the etching of p-SiOCH trenches masked with a TiN hard
mask. The plasma conditions are: 87 sccm of CF,; 250 sccm of

Fig. 4. Chemical composition of photoresist sidewalls determined by XPS after (a) partial TiN opening, (b) complete TiN opening with 20% over etch.
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Fig. 5. Porous SiOCH trenches etched with (a) a SiO, hard mask, (b) a TiN hard mask.
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Fig. 8. XPS spectra of Ti2p core level on the trenches arrays.

Argon, 120 mTorr and 400 W of source power. Contrary to the pro-
cess used in previous experiments, the substrate temperature is
fixed at 60 °C instead of 20 °C. In those conditions, straight trench

profiles are obtained with a slight bow and no deposits are ob-
served on the trench sidewalls (Fig. 9). Chemical topography anal-
yses by XPS show that the surface of the sidewalls is composed of
15% of silicon, 19% of oxygen, 17% of carbon, 49% of F and 1% of Ti.
This composition indicates a fluorine rich surface and the presence
of a fluorocarbon passivation layer on the trench sidewalls. The low
amount of Ti (within the experimental precision) confirms that no
TiN-based etch by-product are significantly deposited on the
trench sidewalls during the etching.

We have evaluated the impact of the chuck temperature on the
trench profile as shown in Fig. 9. Trench profile distortions are ob-
served (Fig. 10) at lower wafer temperature (20 °C). This strong
profile distortion is attributed to the redeposition of TiN etch by-
products on the trench sidewalls. Chemical topography analyses
by XPS have been performed on the patterned structures at 20 °C
in order to determine the surface composition of the sidewalls
(Fig. 10). A fluorocarbon passivation layer is observed with a signif-
icant amount of Ti (10%) which confirms that the deposits originate
from TiN etch by-product redeposition. On the other hand, no sig-
nificant amount of Ti was detected on the trench sidewalls with a
substrate temperature of 60°. These results show that the presence
of Ti can be strongly minimized by increasing the wafer
temperature.

We have also evaluated the impact of the plasma parameters
(etching chemistry, pressure, source power) and material properties



Fig. 9. Porous SiOCH trenches etched with the baseline process and chemical
composition of the sidewalls determined by XPS.

on the trench profiles (Fig. 11) starting from the baseline process
(87 sccm of CF4, 250 sccm of Argon,120 mTorr and 400 W of source
power and 60 °C). Lowering the pressure leads to a strong profile
distortions due to an important redeposition of TiN etch by-prod-
ucts on the trench sidewalls. With the addition of a polymerizing
gas such as CH,F,, a slight profile distortion is also evidenced
which is also attributed to Ti based etch by product redeposition.
When higher source power (800 W) is used, the trench profile is ta-
pered due to a pronounced hard mask faceting. Higher source
power leads to higher plasma dissociation and ion bombardment
conditions, which explains the hard mask faceting. This trend is
in good agreement with the results presented in a previous work
describing the hard mask faceting mechanisms [4]. The patterning
of dense SiOCH with the baseline process leads also to profile dis-
tortions attributed to TiFy species, even if this process does not lead
to profile distortions with the porous SiOCH.

All of those results show that the main critical dimension issues
for the patterning of narrow p-SiOCH trenches are:

(1) Profile distortion due to Ti-based etch by-product redeposi-
tion on the trench sidewalls which is observed at low chuck
temperature (20 °C), at low pressure (50 mTorr), with poly-
merizing etching chemistry (CH,F, addition to the CF4/Ar
gas mixture) and when dense SiOCH is etched with the base-
line process.
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Fig. 10. Porous SiOCH trenches etched with the process at 20°C and chemical
composition of the sidewalls determined by XPS.

(2) Tapered profile due to hard mask faceting at high source
power (600 W of source power).

With the baseline process, we can pattern p-SiOCH trenches
down to 60 nm width. It has to be noticed that undulation of the
dielectric lines is observed for trench dimensions lower than
100 nm when TiN is used as a hard mask (Fig. 12). This phenome-
non is discussed in details elsewhere [26].

3.2.3. Mechanisms of Ti-based etch by-product redeposition

The results presented in the previous section highlight that Ti-
based deposits are responsible for the profile distortion of p-SiOCH
trenches. The TiF, deposits originate from the etching or sputtering
of the top surface of the fluorinated TiN hard mask generated dur-
ing the exposure to the fluorocarbon plasma etch process. Temper-
ature is one of the key parameters that prevent the TiFs-based
deposits since an increase of the wafer temperature up to 60 °C
strongly minimizes the formation of TiFyx deposits on the trench
sidewalls. It has to be noticed that slight modifications of the base-
line process lead to severe profile distortions, indicating that the
process window is very narrow. Indeed, our experiments show that
a decrease in the wafer temperature and pressure or the addition of
a polymerizing gas in the etching chemistry favor the formation of
TiFx deposits on the trench sidewalls.

Previous studies on the etching of TiN in fluorocarbon-based
plasmas have shown that TiN etching is mainly driven by an ion-
assisted chemical etching mechanism, and that the etch rate is
controlled by the fluorine concentration in the plasma gas phase,
the wafer temperature, and the ion bombardment density and en-
ergy [4]. In fluorocarbon-based plasmas, the TiN top surface is
highly fluorinated with a small amount of carbon and the etch
by-products in the gas phase are mainly TiF, and CNF, [4]. Fracassi
and d’Agostino have also reported the presence of TiF; and TiF,
species on the TiN surface after exposure to CF4/O, plasmas. They
have shown that the bottleneck for TiN etching is the last step of
fluorination in which the volatile TiF; molecule is produced from
TiF3 [27]. They also reported that the probability of finding TiF, ad-
sorbed on the etched surface is dramatically reduced by increasing
the temperature [27].

Based on the knowledge on TiN etching in fluorocarbon plas-
mas, we can propose the following mechanism explaining the for-
mation of TiFy deposits on the trench sidewalls. During the etching
of p-SiOCH trenches, the surface of the TiN hard mask is fluorinated
(TiFyx like surface with a small amount of carbon). The fluorinated
TiN surface results from the synergy between the fluorine reactive
species and the ion bombardment, leading to the formation of TiFy
etch by-products in the plasma. Depending on the volatility of TiFy
species, they are either pumped out of the plasma chamber or re-
deposited on any surface exposed to the plasma (chamber walls
and wafer [11]). The volatility of TiFx compounds depends on the
wafer temperature and on the number of fluorine atoms into the
TiFx molecule. A variation in fluorine concentration or in the ion
energy flux (ion energy x ion density) can significantly change
the composition of TiFx etch products present in the gas phase
and consequently their volatility. It has to be noticed that TiFy spe-
cies can also be dissociated or recombined with reactive species
(such as fluorine atoms) in the plasma. Those reactions contribute
to the balance between volatile species (such as TiF4) and non vol-
atile species concentrations into the plasma gas phase.

Experimentally, we have shown the presence of TiF, deposits on
the trench sidewalls at a substrate temperature of 20 °C in a CF, /
Ar plasma, while no deposit is clearly evidenced on porous SiOCH
patterned structures at 60 °C. This indicates that the deposition of
Ti-based compounds can be minimized at higher substrate temper-
ature by increasing their volatility. We have also observed that TiFy
species get deposited on the trench sidewalls with the addition of
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Fig. 11. Porous SiOCH trenches etched with different plasma parameters (a) lower pressure (50 mTorr), (b) 7 sccm CH,F, addition, (c) higher source power (600 W), (d) dense

SiOCH trenches.

Fig. 12. 60 nm width porous SiOCH trenches etched with a TiN hard mask Wiggling
is not observed thanks to a specific design.

CH,F; in a CF4/Ar plasma or when dense SiOCH is etched at a sub-
strate temperature of 60 °C. This indicates a lower volatility of the
TiFx compounds which can be attributed to a change in the compo-
sition of the TiN etch by-products present in the plasma gas phase.
In both conditions, pressure and power are kept constant, so that
we can assume that the ion flux, the ion energy and the electron
temperature are similar. The change in the TiF, species composi-
tion can be explained by a variation of the fluorine concentration
in the gas phase. When the plasma is fed with CH,F, instead of
CF,, the fluorine concentration in the plasma is expected to
decrease. Indeed there are only two fluorine atoms per CH,F, mol-
ecule instead of four fluorine atoms per CF4 molecule. Furthermore,
hydrogen is known to scavenge fluorine, which also contributes to
decreasing the fluorine concentration in the plasma [28]. In our

experimental conditions, we cannot estimate accurately the fluo-
rine concentration by actinometry. However, a previous study
has clearly pointed out the decrease in fluorine concentration in
the gas phase of a CF, inductively coupled plasma when CH,F, is
added instead of CF4 [4]. In our work, the profile distortions ob-
served with CH,F, addition in the etching chemistry can then be
attributed to the decrease in fluorine concentration in the plasma
leading to a lower volatility of the TiF, compounds. It can also ex-
plain the presence of residues when the pressure (and thus the
concentration of fluorine) is decreased. When dense SiOCH dielec-
tric structures are etched in a CF4 / Ar plasma, the etching of the
material increases the loading of the fluorine atoms, generating a
decrease of the concentration of fluorine in the plasma. To confirm
this assumption, we have performed the etching of TiN masked sil-
icon trenches in order to change the fluorine concentration by
increasing even more the loading of fluorine radicals. Indeed the
fluorine concentration in the plasma is directly impacted by the
material being etched: an increase in silicon in the material will
consume more fluorine by forming volatile SiF, and SiF4 molecules.
Therefore, in our experiments more fluorine will be loaded in CF, /
Ar plasmas when going from p-SiOCH to dense SiOCH and finally to
pure silicon. As a consequence, the formation of poorly volatile TiFy
products will increase when going from p-SiOCH to dense SiOCH
and finally to bare silicon. In these experimental conditions, all
the plasma parameters are kept constant (pressure, power, gas
feed,...). Thus, in that case, we can consider that the change in
the concentration of free fluorine in the plasma is mainly attrib-
uted to the difference in loading of fluorine by the etching of the
materials. By estimating the consumption rate of fluorine by the
etching of the different materials, we have then a direct approxi-
mation of the variation of the fluorine concentration in the plasma.
We have estimated the fluorine loading during the etching of the
different materials (porous SiOCH, dense SiOCH and Si). Since sili-
con etch by-products are mainly SiF, and SiF4, we can roughly esti-
mate that the consumption of one silicon atom leads to the loading



of three fluorine atoms and that each hydrogen atom in the etched
material loads one fluorine atom from the plasma. Taking into con-
sideration the amount of material etched (based on the material
density, the etched thickness and the open area on the wafer)
and the composition of the material, we can estimate the flux of
fluorine dr consumed during the etching by

p*xS*xTxd
Tx1.66 x 10724 %V« 3 %; «m;
i

dr =

(3 * %osi + Jon),

where d is the loading rate of fluorine (in cm~3 s~!), p the material

density (in g cm ), S the wafer surface (in cm?), T the open area ra-
tio of the mask, (estimated to 0.8), d the etched depth (in cm), t the
etching time (in s) and V the volume of the reactor (in cm?). %; and
m; are the atomic proportion and the mass (in amu) of element i (Si,
H, C or 0), respectively. The material composition is given by the
material supplier or estimated by XPS (considering three hydrogen
atoms per carbon atom). The material density is estimated by XRR.
(Table 1). The loading rate of fluorine (dg) corresponds to the num-
ber of free fluorine atoms consumed by the etching of the material
per second and per cubic centimeter. To facilitate the understand-
ing, this loading rate can be expressed in sccm as shown in Table
1. During the etching of Si trenches, a fluorine loading of 56 sccm
is estimated whereas a much lower fluorine loading is observed
during the etching of porous SiOCH (10 sccm) or dense SiOCH
(14 sccm). The higher loading of fluorine radicals during the etching
of Si leads to a much lower fluorine concentration in the plasma.
The SEM pictures (Fig. 13) indicate a strong profile distortion of
the Si trenches due to a huge Ti-based deposit on the sidewalls
while no profile distortion of the porous SiOCH trenches is evi-
denced. It has to be noticed that the process was not optimized to
etch silicon, and that a fluorocarbon layer is probably formed on
trenches sidewalls and contribute to the profile distortion. How-
ever, the non-conformity of the coating on the sidewalls indicates
that profile distortion is mainly attributed to TiFy species. This dif-
ference in terms of trench profile is well correlated to the amount
of fluorine in the plasma: a decrease in fluorine concentration in
the plasma gas phase during silicon etching favors the formation
of Ti-based deposit on the trench sidewalls (strong profile distortion
of silicon trenches). This behavior is also confirmed by the etching
of dense SiOCH trenches. The calculated fluorine flow loaded during
the dense SiOCH etching (14 sccm) is slightly higher than the flow
of fluorine consumed during the etching of p-SiOCH. As a conse-
quence, less free fluorine is available in the plasma, and more non
volatile TiFy species are formed during the etching of dense SiOCH,

Fig. 13. Silicon trenches etched with a TiN hard mask using the baseline etch
process.

leading to the slight profile distortion depicted in Fig. 11, while no
profile distortion is observed during p-SiOCH etching (Fig. 9). The
whole results indicate that to prevent the deposition of TiF, species,
the plasma must be rich in fluorine and the substrate temperature
must be at least 60 °C, which corresponds to conditions favoring
the etching of TiN.

4. Conclusion

In this paper, we have investigated the etching of porous SiOCH
trenches etched with a TiN hard mask. Such a hard mask presents a
slight oxidized top surface which must be removed by a chlorine
containing breakthrough plasma step. Thus, narrow trenches
(down to 40 nm width) can be opened into TiN with a slight CD
bias (around 10 nm) attributed to CH,Cl, and SiOCl, deposits
on the photoresist and TiN sidewalls during the etching.

Using TiN instead of SiO, as a hard mask leads to severe profile
distortions, attributed to poorly volatile TiF, etch by-products
which get deposited on the trench sidewalls. Such TiFy species
originate from the etching or sputtering of the fluorine-rich TiN
surface during the fluorocarbon-based plasma exposure. A high
chuck temperature (60 °C) and fluorine-rich plasma conditions
are required to limit TiF, species redeposition by increasing their
volatility. The etch process window is narrow to achieve sub-
100 nm width trenches. After optimization of the etch process
(CF4 | Ar-based plasma), we can pattern porous SiOCH trenches
down to 60 nm width. However, dielectric lines undulations (wig-
gling phenomenon) are observed for trench widths lower than
100 nm.
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