PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6

HO1L 21/3065 Al

(11) International Publication Number:

(43) International Publication Date:

WO 99/21217

29 April 1999 (29.04.99)

(21) International Application Number: PCT/BE98/00159

(22) International Filing Date: 22 October 1998 (22.10.98)

(30) Priority Data:
60/063,487 22 October 1997 (22.10.97) Us
60/074,524 12 February 1998 (12.02.98) uUs
98870111.6 18 May 1998 (18.05.98) EP

(71) Applicant (for all designated States except US): INTERUNI-
VERSITAIR  MICRO-ELEKTRONICA  CENTRUM
[BE/BE]; Vereniging Zonder Winstbejag, Kapeldreef 75,
B-3001 Heverlee (BE).

(72) Inventors; and

(75) Inventors/Applicants (for US only): VANHAELEMEERSCH,
Serge [BE/BE]; Kapelberg 56, B-3001 Leuven (BE). RO-
DIONOVICH BAKLANOV, Mikhail [RU/BE]; R. Vander-
vaerenlaan 16/8, B-3000 Leuven (BE).

(74) Agents: VAN MALDEREN, Joélle et al.; Office Van Malderen,
Place Reine Fabiola 6/1, B-1083 Brussels (BE).

(81) Designated States: JP, US, European patent (AT, BE, CH, CY,
DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT,
SE).

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(54) Title: ANISOTROPIC ETCHING OF ORGANIC-CONTAINING INSULATING LAYERS

(57) Abstract

A method for anisotropic plasma etching of organic—containing insulating layers is disclosed. According to this method at least
one opening is created in an organic—containing insulating layer formed on a substrate. These openings are created substantially without
depositing etch residues by plasma etching said insulating layer in a reaction chamber containing a gaseous mixture which is composed such
that the plasma etching is highly anisotropic. Examples of such gaseous mixtures are a gaseous mixture comprising a fluorine~containing
gas and an inert gas, or a gaseous mixture comprising an oxygen—containing gas and an inert gas, or a gaseous mixture comprising HBr
and an additive. The plasma etching of the organic—containing insulating layer can be performed using a patterned bilayer as an etch mask,
said bilayer comprising a hard mask layer, being formed on said organic—containing insulating layer, and a resist layer being formed on

said hard mask layer.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ]
BR
BY
CA
CF
CG
CH
CI
CM
CN
Cu
Ccz
DE
DK
EE

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cate d’Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES

FI

FR
GA
GB
GE
GH
GN
GR

KR
KZ
LC
LI

LK
LR

FOR THE PURPOSES OF INFORMATION ONLY

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Italy

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
™D
TG
TJ
™
TR
TT
UA
UG
us
Uz
VN
YU
W

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




10

15

20

25

30

35

WO 99/21217 PCT/BE98/00159

ANISOTROPIC ETCHING OF ORGANIC-CONTAINING INSULATING LAYERS

FIELD OF THE INVENTION

The present invention is related to the process of semiconductor device fabrication. More in
particular, methods including tools and chemistries for anisotropic dry etching of low k
polymers are disclosed. These etching processes can be used for definition of via holes and

trenches in different interconnect architectures.

BACKGROUND OF THE INVENTION

The ongoing focus on miniaturisation and the increasing complexity and speed
requirements of integrated circuits demand for a continuous higher density integration. To
achieve this, there is an ongoing downscaling of the dimensions of the active devices as
well as of the structures interconnecting these devices. These interconnect structures can
comprise multiple metal levels which are, dependent on the aimed interconnect pattern,
either separated one from another by means of interlevel insulating layers or connected one
to the other by means of a conductive connection through the insulating layer. Intra-level
insulating layers are used to provide isolation within a metal level. Besides this downscaling
of the dimensions, additional measures are required to be able to meet the stringent speed
specifications like e.g. the signal delay. Conventionally the metal levels are Aluminum
layers while the insulating layers are oxide layers. In order to reduce the signal delay one
can choose a metal layer with a higher conductivity compared to Aluminum, e.g. a Cu-
containing metal layer, and/or choose insulating layers with a lower dielectric constant

compared to oxide layers.

This demand for insulating layers with a low dielectric constant has lead to an
intensified search for new low K materials to be used as insulating layers. A low
¢ material, a low K material and a material with a low permittivity are all alternative
expressions for a material with a low dielectric constant, at least for the purposes of this
disclosure. The most desirable material should have a low K value, low mechanical stress,
high thermal stability and low moisture absorption. Furthermore, the desired material
should be selected based on the compatibility with state-of-the-art semiconductor processing
steps and tools. Among these new materials are the organic spin-on materials, having a K
value in the range from 2.5 to 3, the porous polymers, and the inorganic low-K materials as

e.g. xerogels having a K value typically lower than 1.5. The organic materials are of
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particular interest because they feature simplified processing, excellent gap-fill and

planarization.

Nowadays, there are two major ways of fabricating interconnect structures. In the
conventional way as a start a conductive layer, e.g. a metal layer, is formed on an
insulating layer (or on the substrate) and patterned thereafter usually by means of reactive
ion etching (RIE). Another way is the damascene technology. In the damascene technology,
first an insulating layer is deposited and patterned and thereafter a metal layer is deposited
to fill the openings, eventually followed by a planarization step to remove the metal excess.
The damascene technology has the additional advantage that the difficult metal RIE step is
avoided. Damascene processing reduces the problem to dry etching of an insulating layer or
a stack of insulating layers. This technique allows to build up horizontal metal patterns as
well as vertical metal connections in the surrounding insulating layers. These vertical metal
connections are required in order to be able to provide a conductive connection between
two horizontal metal patterns being processed in different metal levels. To provide such a
connection, usually first openings have to be formed in the insulating layer or in the stack
of insulating layers between two different metal levels and filled thereafter with a
conductive material. Examples of such openings are via holes or contact holes or trenches.
To meet the high density integration requirements, the diameter of these openings is
continuously decreasing, while at the same time the aspect ratio of these openings is
increasing. Due to the small diameter and the high aspect ratios, the creation of these
openings, especially the lithographic steps and the etchings steps involved, is a critical
process. Therefore, etching of polymers used as insulating layers requires highly

anisotropic etching capabilities.

US patent 5,269,879 is related to the etching of silicon oxide, silicon nitride or
oxynitride layers in order to create a via hole extending through such a layer to an
underlying electrically conductive layer. Particularly plasma etching is disclosed in an
ambient including a fluorine-containing gas, a small amount of a passivating gas, i.e.
nitrogen, and eventually an inert gas. This passivating gas is added to the plasma to prevent

the sputtering of the underlying electrically conductive layer.

US patent 5,176,790 is related to the etching of mainly silicon oxide, silicon nitride
or oxynitride layers in order to create a via hole extending through such a layer to an
underlying electrically conductive layer. Particularly plasma etching is disclosed in an
ambient including a fluorine-containing gas, a nitrogen-containing gas, and eventually an

inert gas. This nitrogen-containing gas is added to the plasma to prevent the sputtering of
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the underlying electrically conductive layer. However the amount of nitrogen-containing
gas in the ambient is limited. This amount ranges from 1 volume part of nitrogen-
containing gas per 2 volume parts of fluorine-containing gas to 1 volume part of nitrogen-

containing gas per 15 volume parts of fluorine-containing gas.
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SUMMARY OF THE INVENTION

Etching of insulating layers in semiconductor processing requires highly anisotropic
etching capabilities in order to be able to create sub 0.5 pm openings such as via holes,
trenches and contact holes. A method is disclosed for forming at least one opening in an
organic-containing insulating layer formed on a substrate. Preferably, this organic-
containing insulating layer comprises at least one unsaturated carbon bond. Examples of
organic-containing insulating layer comprising at least one unsaturated carbon bond are
organic-containing insulating layers comprising at least one phenyl group. Typical examples
are the benzocyclobutarenes, poly arylene ether, aromatic hydrocarbon, and polyimides.
These openings are created substantially without depositing etch residues on the exposed
layers by plasma etching said insulating layer in a reaction chamber containing a gaseous
mixture, said gaseous mixture comprising a fluorine-containing gas and an inert gas.
Substantially without etch residues means that a limited amount of etch residues can be
formed on the exposed layers but that their composition is such that they can easily be
removed selective to the organic-containing insulating layer after the openings have been
created in subsequent etch or cleaning steps and that they do not affect the anisotropy of the
plasma etching. While the plasma etching proceeds, the process conditions are such that the
side walls of the openings are fluorinated which advantageously affects the anisotropy of
said plasma etching. To obtain anisotropic plasma etching, preferably the spontaneous
etching is negligible, while the etch reaction is effectively stimulated by ion bombardment.
In other words, the lateral etch rate should be negligible small compared to the vertical etch
rate. Particularly by exposing the side walls of the openings to the fluorine-containing

gaseous mixture, the chemical composition of the organic-containing insulating layer at the

- side walls of the openings is modified. This modification results in an increase of the

chemical resistance of the fluorinated part of the organic-containing insulating layer, i.e. at
the side walls of the openings thereby enhancing the anisotropy of the plasma etching.
Plasma etching includes plasma-assisted dry etching as well as reactive ion etching (RIE).
The plasma etching of the organic-containing insulating layer can be performed using a
patterned bilayer as an etch mask, said bilayer comprising a resist hard mask layer, being
formed on said organic-containing insulating layer, and a resist layer being formed on said
resist hard mask layer. Particularly, said resist hard mask layer is a silicon oxide, or a
silicon nitride, or a silicon oxynitride layer, or a silicon carbide layer, or a silicon
oxycarbide layer. For the purpose of this disclosure a resist hard mask layer is a layer
being used as an etch mask layer or an etch stop layer to selectively remove a resist layer.
The plasma etching is preferably but not necessarily selective to said resist hard mask layer.

The process conditions are such that a highly anisotropic plasma etch is performed
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featuring substantially no undercut of the hard mask layer and substantially with the

conservation of the original hard mask profile.

In an embodiment of the invention, the openings created in the organic-containing
insulating layers comprise at least one via hole, said via hole extending through said
insulating layer to an underlying conductive layer or a barrier layer. The plasma etching
method of the present invention is selective to this underlying layer. In other words excess
removal of this underlying layer is prevented. This underlying conductive and/or barrier
layer can be a layer of Ti, TiN ,Ta, TaN, Co, silicon nitride, silicon carbide, silicon

oxycarbide, Pt, W, Al, Cu or an alloy of Al or Cu, or any other low resistivity material.

In another embodiment of the invention, the plasma etching method removes the
resist layer during the creation of the openings in the organic-containing insulating layers.
However in this case, the resist hard mask layer has to be a hard mask layer. For the
purpose of this disclosure, a hard mask layer is defined as a layer which can be etched
selective to the underlying layer, i.e. the organic-containing insulating layer. By doing so, a
resist strip after the openings have been created is avoided. Therefore the thickness of the
resist layer has to be chosen in accordance with the precise etch conditions and the
thickness of the insulating layer. Particularly, this is important when the organic containing
insulating layers are silicon-free layers because these silicon-free layers are very sensitive

for subsequent etch steps or cleaning steps.

Yet in another embodiment of the invention, the plasma etching method only partly
removes the resist layer during the creation of the openings in the organic-containing
insulating layers. The thickness of the resist layer is chosen in accordance with the precise
etch conditions and the thickness of the organic-containing insulating layer and such that
there is still some resist left-over when the openings are created. Afterwards the resist left-
over is removed e.g. using a solvent stripper, or an oxygen-containing plasma, or a
combination thereof. Particularly this oxygen-containing plasma can be an oxygen plasma.
This resist removal can be done substantially without consequences for the side walls of the
organic-containing insulating layer at the openings provided that said polymer layer is not
too sensitive for said oxygen-containing plasma. A typical example of such a layer which is
not too sensitive for an oxygen-containing plasma is a layer selected from the group of the

benzocyclobutarenes.

In a further embodiment of the invention, the gaseous mixture in the reaction

chamber further comprises an oxygen-containing gas. Examples of such an oxygen-
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containing gas are 02, CO, CO2 and SOz, but the invention is not limited hereto. By the

addition of a small amount of oxygen to the gaseous mixture, the etch rate is increased.

In still a further embodiment of the invention, a method is disclosed for forming at
least one opening in an organic-containing insulating layer formed on a substrate. These
openings are created substantially without depositing etch residues by plasma etching said
insulating layer in a reaction chamber containing a gaseous mixture, said gaseous mixture

comprising a fluorine-containing gas. So no inert gas is present in said gaseous mixture.

In a second aspect of the present invention, a method is disclosed for forming at
least one opening in an organic-containing insulating layer formed on a substrate. These
openings are created by plasma etching said insulating layer in a reaction chamber
containing a gaseous mixture, said gaseous mixture comprising a oxygen-containing gas
and an inert gas. The ratio between said oxygen-containing gas and said inert gas in said
gaseous mixture is chosen such that the spontaneous etch rate is substantially zero. So the
use of fluorine is avoided which can be beneficial for the further processing because
amongst others, fluorine is known to stimulate corrosion, e.g. especially for Cu this can be

an issue.

The plasma etching of the organic-containing insulating layer, according to the
present invention, can be performed using a patterned bilayer as an etch mask, said bilayer
comprising a hard mask layer, being formed on said organic-containing insulating layer,
and a resist layer being formed on said hard mask layer. The plasma etching method has a
high selectivity to the hard mask layer formed on the polymer layer. The plasma etch
process creates openings in the organic-containing insulating layer and simultaneously
selectively removes the resist layer thereby avoiding a resist strip after etching. Preferably,
this organic-containing insulating layer is an organic polymer layer with a low K value.

Particularly, this organic-containing insulating layer can be a silicon-free polymer layer.

In an embodiment of the invention the oxygen-containing gas in the gaseous
mixture is O2 and the inert gas in the gaseous mixture is nitrogen. The ratio of the amount
of nitrogen in said gaseous mixture to the amount of oxygen in said gaseous mixture is
preferably in the range from about 10:1 to about 2:1, or from about 30:1 to about 1:1, or
from about 50:1 to about 1:1.

In another embodiment of the invention a two-step anisotropic etch process is

disclosed, wherein in a first step a first part of an opening is created by means of
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anisotropic plasma etching using a gaseous mixture comprising a fluorine-containing gas
and an inert gas, while in a second step the second part of said opening is etched by means
of anisotropic plasma etching using a gaseous mixture comprising an oxygen-containing gas
and an inert gas to thereby complete said opening and simultaneously selectively remove

the resist.

In a third aspect of the present invention, a method is disclosed for forming at least
one opening in an organic-containing insulating layer formed on a substrate. These
openings are created by plasma etching said insulating layer in a reaction chamber
containing a gaseous mixture, said gaseous mixture comprising HBr and an additive, said
additive passivating the exposed parts of the insulating layer, i.e. the side walls. Typical
examples of such an additive are an inert gas, like N2, Ar, He, Xe, Krypton or an oxygen-
containing gas, like O2, CO, COz, N20, NO2, SOz, but the invention is not limited hereto.
Preferably, this organic-containing insulating layer is an organic polymer layer with a low

K value.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 represents afterglow etch rates of planar SiLK (2) and BCB (1) layers for different
NF3/0: flow ratios.

Figure 2 represents, according to an embodiment of the invention, the etch rate of BCB
(Cyclotene 5021TM) in a plasma ambient comprising a mixture of NF3, O and He versus
the percentage of NF3. The total gas flow was 115 sccm, whereas the pressure in the
chamber was 1.30 Torr. The He flow was kept constant and equal to 65 sccm. The flows
of NF3 and O were chosen complementary and were varied between 0 and 50 sccm,
whereby the sum of the NF3 flow and the O2 flow was kept constant and equal to 50 sccm.
The percentage of NF3 in the figure is the relative amount of NF3 compared to the amount

of NF3 and O7 without taking into account He.

Figure 3 represents the change in refractive index of SiLK and BCB as a function of etch

time in a NF3 afterglow plasma.

Figure 4 represents etch rates of SiLK and BCB in RIE conditions with changing SFs/O>
gas flow ratios (0 = pure O: diluted in N2, 100 = pure SFs diluted in No).
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Figure 5 represents a SEM picture of the via holes in an organic-containing insulating layer
(7), i.e. a BCB layer, after plasma etching according to an embodiment of the invention in
an ambient comprising SFs and Na. The picture shows a SiO: layer (8), remaining resist
(9), intact Ti/TiN barrier layer (6) on a conductive AlSiCu layer (5). Layer (4) is again a
Ti/TiN barrier layer. No undercut of the SiO: layer can be detected.

Figure 6 represents a SEM picture of via holes in an organic-containing insulating layer
(7), i.e. a SILK layer, after plasma etching according to an embodiment of the invention in
an ambient comprising Oz and N2, showing intact SiO: layer (8), intact Ti/TiN barrier layer
(6) on a conductive AlSiCu layer (5). No undercut of the SiO2 layer can be detected.

Figure 7 represents a SEM picture of trenches in an organic-containing insulating layer (7),
i.e. a SILK layer, after plasma etching according to an embodiment of the invention in an
ambient comprising N2 and Oz at a ratio of 5:1, showing intact SiO: layer (8). No undercut

of the SiO: layer can be detected.

Figure 8 represents, according to an embodiment of the invention, a detailed description of
the processing steps involved to create a particular interconnect structure, i.e. a dual-

damascene structure.

Figure 9 represents a SEM picture of trenches in an organic-containing insulating layer (7),
i.e. a SILK layer, after a two-step plasma etching according to an embodiment of the

invention, showing intact SiO: layer (8). No undercut of the SiO2 layer can be detected.
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DETAILED DESCRIPTION OF THE INVENTION

In relation to the appended drawings the present invention is described in detail in
the sequel. It is apparent however that a person skilled in the art can imagine several other
equivalent embodiments or other ways of executing the present invention, the spirit and

scope of the present invention being limited only by the terms of the appended claims.

In a first aspect of the present invention, a method is disclosed for forming at least
one opening in an organic-containing insulating layer formed on a substrate. These
openings are created substantially without depositing etch residues by plasma etching said
insulating layer in a reaction chamber containing a gaseous mixture, said gaseous mixture
comprising a fluorine-containing gas and an inert gas. Preferably, this organic-containing
insulating layer comprises at least one unsaturated carbon bond. Examples of organic-
containing insulating layer comprising at least one unsaturated carbon bond are organic-
containing insulating layers comprising at least one phenyl group. Typical examples are the
benzocyclobutarenes, e.g. Cyclotene 5021T™ from Dow Chemical with chemical
formulation divinyl siloxane benzocyclobutane (BCB), poly arylene ether, e.g. FLARE™
II, aromatic hydrocarbon, e.g. SILK™. The substrate can be a partly processed or a
pristine wafer or slice of a semi-conductive material, like Si or Ga As or Ge, or an
insulating material, e.g. a glass slice, or a conductive material. Said substrate can comprise
a patterned conductive layer. Particularly, in case said substrate is a partly processed wafer
or slice; at least a part of the active and/or passive devices can already be formed and/or at

least a part of the structures interconnecting these devices can be formed.

To obtain anisotropic plasma etching, preferably the spontaneous etching is limited
or negligible, while the etch reaction is effectively stimulated by ion bombardment. In other
words, the lateral etch rate should be negligible small compared to the vertical etch rate.
Particularly by exposing the side walls of the openings, i.e. the surface of the organic-
containing insulating layer comprising at least one phenyl group at these side walls of these
openings, to the fluorine-containing gaseous mixture during the plasma etching, these side
walls are fluorinated which advantageously affects the anisotropy of said plasma etching.
By doing so, the chemical composition of the organic-containing insulating layer
comprising at least one unsaturated carbon bond is modified at the side walls of the
openings. Particularly, organic-containing insulating layers comprising phenyl groups
contain such unsaturated carbon bonds. These carbon bonds, which can be attacked by
reactive species such as atomic fluorine generated in a plasma or another ambient

comprising active fluorine. Said active fluorine can abstract hydrogen from carbon in said
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phenyl groups. Therefore, the method involves a formal replacement of hydrogen by
fluorine. Furthermore, due to the small size of the fluorine atoms, they can easily diffuse
through the insulating layer. Consequently the replacement of hydrogen by fluorine is not
limited to the surface of the layer but can extend aiso further in the layer. Fluorine is the
most electronegative and the least polarizable element on the periodic table. The
incorporation of fluorine in the insulating layer at the side walls of the openings makes the
fluorinated part of the insulating layer less polarizable leading to an increase in chemical
resistance and a decrease of the K value of said part, said part starts at a surface and
extends in the insulating layer with elapsing exposure time. So particularly, this in-situ
fluorination results in an increase of the chemical resistance of the fluorinated part of the
organic-containing insulating layer, i.e. at the side walls of the openings thereby enhancing
the anisotropy of the plasma etching. It should be clear however that during the plasma
etching the bottom side of the openings, i.e. a surface of the insulating layer at the etch
front of the opening is also exposed to the gaseous mixture comprising fluorine. But
contrary to the side walls, at the bottom side of the openings fluorination is prevented or at
least the effect of the fluorination is nullified by the ion bombardment. Plasma etching
includes plasma-assisted dry etching as well as reactive ion etching (RIE). The plasma
etching of the organic-containing insulating layer can be performed using a patterned
bilayer as an etch mask, said bilayer comprising a resist hard mask layer, being formed on
said organic-containing insulating layer, and a resist layer being formed on said hard mask
layer. Particularly, said resist hard mask layer can be a silicon oxide, or a silicon ni‘tride,
or a silicon oxynitride, or a silicon carbide, or a silicon oxycarbide. By doing so a highly
anisotropic plasma etch is performed featuring substantially no undercut of the resist hard

mask layer and with the conservation of the original resist hard mask profile.

The pressure in the reaction chamber is typically between 1 mTorr and 100 mTorr,
or between ImTorr and 300 mTorr, or between 1 mTorr and 5 Torr. The setting
temperature is typically between -10 °C and 50 °C, -30 °C and 50 °C, or -60 °C and 70
°C. This setting temperature is the temperature as set on the heating/cooling source. The
actual temperature in the reaction chamber can be higher dependent on the plasma
conditions. Typical examples of fluorine-containing gases are SFe6, or NF3, or C2Fs, or
CF4 or CHF3 or CH3F or CH2F2 or mixtures thereof. The inert gas can be helium or argon
or krypton or nitrogen or xenon or krypton. The inert gas is preferably nitrogen. More
preferably, the ratio of the amount of nitrogen in said gaseous mixture to the amount of

fluorine-containing gas in said gaseous mixture is larger than 2:1.
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In case the opening is a via hole, the plasma etching is performed until the surface
of an underlying conductive layer or an underlying barrier layer is reached while
preventing excess removal of the underlying layer. This underlying conductive and/or
barrier layer can be a layer of Ti, TiN ,Ta, TaN, Co, silicon nitride, silicon carbide,
silicon oxycarbide, Pt, W, Al, Cu or an alloy of Al or Cu, or any other low resistivity

material.

As an example, an anisotropic plasma etch process to create openings in a BCB
layer is disclosed.
Experimental conditions are:

etch tool : high density plasma reactor (TCP 9400)

gaseous mixture for the plasma etch : SFé and N2

etch conditions in chamber: 15 mTorr

TCP power : 700 watt

bottom power : 100 watt

hard mask layer is a PECVD oxide layer with a thickness of 250 nm

thickness of the resist layer (Sumitomo I-line resist): 1.2 um

thickness of BCB layer: 0.7 pm

underlying layer: TiN layer

set-point temperature : 20 °C

Under these conditions the BCB layer was etched with an etch rate of 500 nm/min,
yielding a highly anisotropic etch profile and substantially no hard mask undercut (figure
5). Furthermore the resist hard mask profile was kept intact and there was substantially no
TiN loss. When reaching the surface of the TiN layer the thickness of the remaining resist
left-overs was about 0.1 wm. These resist left-overs can be removed by a subsequent
etching step without attacking the other materials present on the wafer, particularly the
BCB. Then, eventually, a cleaning step can be performed using diluted H2S04 to remove
the residues without attacking the other materials present on the wafer. Alternatively,
instead of H2S04' EKC 265 or a combination of H2SO4 and EKC 265 can be used.

With this etch chemistry, resist hard mask undercut is prevented due to the
fluorination of at least a part of the BCB layer. This fluorination is obtained by exposure of
the side walls of the BCB layer to an ambient comprising fluorine. Said fluorination
increases the chemical and mechanical resistance of said BCB as clearly supported by

figures 1, 2 and 3.
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Figure 1 shows the etch rate of a planar BCB layer (1) and a SILK layer (2) under
afterglow conditions, i.e. without ion bombardment, in a gaseous mixture comprising a
fluorine-containing gas, being NF3, and an oxygen-containing gas, being O2. It is observed
that the etch rate in pure fluorine-containing plasma is substantially zero. It is also observed
that this exposure affects only a part of the layer, said part starting at the exposed surface
‘of the layer and extending into the layer. The thickness of said fluorinated part of the film
depends on the atomic fluorine concentration, the fluorination time, i.e. the exposure time,
and the temperature. This observation confirms the expectations because the fluorination is
a diffusion limited process. The fluorination of said part of the BCB layer, leads to a
change of refractive index and chemical composition of said fluorinated part of the BCB
layer. This is also observed for SILK films and Flare-II films. As depicted in Fig. 2, the
etch rate for etching a fluorinated BCB film (3) in a O2/NF; afterglow plasma can be
substantially lower than the etch rate for etching pristine BCB films (1), dependent on the
0:/NFs ratio. The change of the refractive index (figure 3) is also indicative for the
fluorination of the BCB layer under pure NF3 afterglow conditions. Lowering of the
refractive index results in a lowering of the K-value. From these observations in an
afterglow plasma, one can conclude that lateral etching in a plasma etch process, e.g. RIE,
can be controlled by the choice of the right process chemistry. The vertical etch rate
however will be higher in RIE as compared to afterglow because energy is still provided to
the surface by means of ion bombardment. The vertical etch rates obtained in RIE for
SFe6/N2 chemistries are shown in figure 4. From the figures, one can conclude that working
under oxygen free etch conditions allows sufficient etch rate (vertical) with substantially

zero etch rate in the lateral direction.

In a second aspect of the present invention, a method is disclosed for forming at
least one opening in an organic-containing insulating layer formed on a substrate. These
openings are created by plasma etching said insulating layer in a reaction chamber
containing a gaseous mixture, said gaseous mixture comprising a oxygen-containing gas
and an inert gas. Preferably, this organic-containing insulating layer is a low K polymer
layer. Particularly, this organic-containing insulating layer can be a silicon-free polymer
layer. Typical examples are poly arylene ether, i.e FLARE™ II, aromatic hydrocarbon,
i.e. SILK™. To obtain anisotropic plasma etching, preferably the spontaneous etching is
limited or negligible, while the etch reaction is effectively stimulated by ion bombardment.
In other words, the lateral etch rate should be negligible small compared to the vertical etch
rate. As can be deduced from fig. 1 the spontaneous etch rate of a planar SILK layer (2)
and a planar BCB layer (1) under afterglow conditions, i.e. without ion bombardment, in a

pure oxygen ambient is, although. below 100 nm per minute, far too high making such a
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pure oxygen ambient unsuited for anisotropic plasma etching. However, by introducing an
appropriate amount of an inert gas the spontaneous etching rate can be reduced to
substantially zero. The plasma etching of the organic-containing insulating layer, according
to the present invention, can be performed using a patterned bilayer as an etch mask, said
bilayer comprising a hard mask layer, being formed on said organic-containing insulating
layer, and a resist layer being formed on said hard mask layer. The plasma etching method
has a high selectivity to the hard mask layer formed on the polymer layer. Particularly, said
hard mask layer can be a silicon oxide, or a silicon nitride, or a silicon oxynitride, or a
silicon carbon, or a silicon oxycarbon layer. The plasma etch process creates openings in
the organic-containing insulating layer and simultaneously removes the resist layer thereby
avoiding a resist strip after etching By doing so a highly anisotropic plasma etch is
performed featuring substantially no undercut of the hard mask layer, selective to the hard
mask layer and with the conservation of the original hard mask profile. Preferably (fig.7),
the side walls of the openings are slightly positively sloped yielding a better performance

and reliability in the subsequent processing steps, as e.g. filling the opening with a metal.

The pressure in the reaction chamber is typically between 1 mTorr and 100 mTorr,
or between ImTorr and 300 mTorr, or between 1 mTorr and 5 Torr. The setting
temperature is typically between -10 °C and 50 °C, -30 °C and 50 °C, or -60 °C and 70
°C. This setting temperature is the temperature as set on the heating/cooling source. The
actual temperature in the reaction chamber can be higher dependent on the plasma
conditions. Preferably the oxygen-containing gas is O2 but the invention is not limited
hereto. The inert gas can be helium or argon or krypton or xenon or nitrogen. The inert gas
is preferably nitrogen. More preferably, the ratio of the amount of nitrogen in said gaseous
mixture to the amount of oxygen in said gaseous mixture is in the range from 10:1 to 2:1 or
from 30:1 to 1:1.

In case the opening is a via hole, the plasma etching is performed until the surface
of the underlying conductive layer or the underlying barrier layer is reached while
preventing excess removal of the underlying layer. This underlying conductive and/or
barrier layer can be a layer of Ti, TiN ,Ta, TaN, Co, silicon nitride, silicon carbide,
silicon oxycarbide, Pt, W, Al, Cu or an alloy of Al or Cu, or any other low resistivity

material.

In an embodiment of the invention, as an experimental example, an anisotropic etch
process on a silicon-free polymer layer, i.e. a SILK layer is disclosed.

Experimental conditions are:
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etch tool : high density plasma reactor (TCP 9100)

gaseous mixture for the plasma etch : O2 and N2

etch conditions in chamber: 5 mTorr

TCP power : 400 watt

bottom power : 200 watt

hard mask layer is a PECVD oxide layer with a thickness of 250 nm
thickness of the resist layer (Sumitomo I-line): 1.2 um

thickness of SILK layer: 1.1 um

underlying layer: TiN layer

set-point temperature : 20 °C

Under these conditions the SILK layer was etched with an etch rate of 500 nm/min,
yielding via holes (fig. 6) with a highly anisotropic etch profile and substantially no hard
mask undercut. Furthermore the hard mask profile was kept intact and there was
substantially no TiN loss. When reaching the surface of the TiN layer the resist layer was
totally removed. Then a cleaning step was performed using diluted H2SO4 to remove the
residues without attacking the other materials present on the wafer. Alternatively, instead of
H2SO4' EKC 265 or a combination of H2S04 and EKC 265 or an SPM solution can be

used.

In another embodiment of the invention, prior to the step of anisotropic plasma
etching of an organic-containing insulating layer in an ambient comprising an oxygen-
containing gas and an inert gas, a first part of an opening is created in said organic-
containing insulating layer by plasma etching in an ambient comprising a fluorine-
containing gas and an inert gas. In fact a two-step anisotropic etch process is disclosed (as
in fig.9) wherein in a first step a first part of an opening is created by means of anisotropic
plasma etching using a gaseous mixture comprising a fluorine-containing gas and an inert
gas, while in a second step the second part of said opening is etched by means of
anisotropic plasma etching using a gaseous mixture comprising an oxygen-containing gas
and an inert gas to thereby complete said opening and simultaneously selectively remove
the resist. The openings formed by this two-step etch process have slightly positively sloped
side walls. As an example (figure 8), a particular dual-damascene structure is described.
During the fabrication of such a structure the method of the present invention is utilised. It
should be clear however that the invention is not limited to this particular structure but the
present invention can be applied for any isolation or interconnect structure comprising
organic-containing insulating layers wherein openings have to be created. According to the

example (fig.8):
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A first dielectric layer (12), i.e. an organic polymer layer comprising phenyl
groups is formed on a substrate (11) comprising a patterned conductive layer (10). Said
conductive layer can be a single conductive layer or a combination of a conductive layer
and a barrier layer. Examples of such polymers are the benzocyclobutarenes, i.e.
benzocyclobutene (BCB) commercially available as Cyclotene 5021T™ poly arylene ether,
i.e FLARE™ II, aromatic hydrocarbon, i.e. SILK™, polyimides.

A first hard mask layer (13), e.g. a silicon oxide or a silicon nitride or a silicon
oxynitride layer or a SiC layer, is formed on this organic polymer film. Then a patterned
resist layer (14) is formed thereon (fig.8,step a)). Further, said first hard mask layer is
patterned (fig.6,step b)) using said patterned resist layer as a mask and said second resist
layer is removed.

A second dielectric layer, i.e. an organic-containing insulating layer comprising at
least one phenyl group (15), is formed (step c)) on the patterned first hard mask layer. A
patterned bilayer (16) is formed (step d)) on said second dielectric layer. This bilayer
comprises a second hard mask layer, being formed on said second dielectric layer, and a
second resist layer being formed on said second hard mask layer.

The first and the second dielectric layer can be etched by means of the anisotropic
plasma etching method of the present invention. There are at least two possibilities.

As a first possibility, a first part of the openings can be formed by plasma etching
said second dielectric layer in a gaseous mixture comprising a fluorine containing gas and
an inert gas using the patterned bilayer as an etch mask which can result in the formation of
a first part of a trench and a first part of a via hole. In such case, the first hard mask layer
not necessarily functions as an etch stop layer. The thickness of the second resist layer is
chosen in accordance with the etch time such that when this first timed etch is stopped there
is still some resist left and said first hard mask layer is not yet reached. Thereafter the etch
in said second dielectric layer is continued by plasma etching in a gaseous mixture
comprising an oxygen-containing gas and an inert gas. This second etch is selective to said
first and said second hard mask layer thereby preventing the extension from the trench in
the first dielectric layer (step €)). The first dielectric layer is then etched in a gaseous
mixture comprising an oxygen-containing gas and an inert gas using the patterned first hard
mask layer as a mask to form a via hole i.e. exposing the surface of the underlying
conductive layer (step €)).

As a second possibility, the openings can be formed by plasma etching said second
dielectric layer in a gaseous mixture comprising an oxygen-containing gas and an inert gas
using the patterned bi'layer as an etch mask. This etch is selective to said first and said
second hard mask layer thereby preventing the extension from the trench in the first

dielectric layer (step e)). The first dielectric layer is then etched in a gaseous mixture
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comprising an oxygen-containing gas and an inert gas using the patterned first hard mask
layer as a mask to form a via hole i.e. exposing the surface of the underlying conductive
layer (step e)). The etching of the first and second dielectric layer can be performed using a
single etch step or two subsequent etch steps.

Both possibilities have the common advantage that the second resist layer is
completely and selectively removed.

Thereafter said second hard mask layer can be removed (as in fig. 8 step €)) or not.

A conductive layer, e.g. an alloy of or pure Al, Cu, Ag, Pt, Co, Ti, Nior Au, or a
combination of a conductive layer (18) and a barrier layer (17), like e.g. a Ti-containing
layer or a Co-containing or a Ni-containing layer or a Ta-containing layer, can be deposited
(steps f) and g)) thereby filling the via hole in the first and second dielectric layer and the

trench in the second dielectric layer.

In a third aspect of the present invention, a method is disclosed for forming at least
one opening in an organic-containing insulating layer formed on a substrate. These
openings are created by plasma etching said insulating layer in a reaction chamber
containing a gaseous mixture, said gaseous mixture comprising HBr and an additive, said
additive passivating the exposed parts of the insulating layer, i.e. the side walls. Typical
examples of such an additive are an inert gas, like N2, Ar, He, Xe, krypton or an oxygen
containing gas, like O2, CO, COz2, N20, NOz2, SOz, but the invention is not limited hereto.
In fact, a wide variety of additives can be used for increasing the etch rate and/or for
additional side wall passivation possibly resulting in positively sloped profiles. In an
embodiment of the invention, said gaseous mixture can further comprise fluorine-containing
gases in order to increase the etch rate while keeping the selectivities and profiles

substantially unchanged by balancing the gas flows.

In another embodiment of the invention, said gaseous mixture can further comprise
chlorine-containing gases in order to increase the etch rate while keeping the profiles
substantially unchanged and allowing a slight decrease of the selectivities by balancing the

gas flows.

The organic-containing insulating layer can be plasma etched using the combination
of a patterned hard mask layer and a patterned resist layer as an etch mask by means of
plasma etching. The organic-containing insulating layer can be a polymer layer, preferably
having a low permittivity. Particularly also silicon-containing polymer layers can be used.
The pressure in the chamber is typically between 1 mTorr and 50 mTorr or between 1

mTorr and 5 Torr.. By doing so a highly anisotropic etch is performed featuring
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substantially no undercut of the hard mask layer, selective to the hard mask layer and with
the conservation of the original hard mask profile. Furthermore, in case said opening is a
via hole, this highly anisotropic etch is selective to the underlying conductive layer or

barrier layer.

Particularly, towards the silicon-containing polymers, HBr will help in obtaining
higher etch rates by generating SiBr etch products which can be volatilized by means of ion
bombardment. At the same time, lateral etching will be substantially inhibited by the
formation of SixBryOz passivation layers, x, y and z being positive whole numbers.
Possibly also C can be incorporated in these passivation layers. These passivation layers are
stable as long as there is no exposure to ion bombardment. Particularly, the side walls of
the via holes and/or trenches are not exposed to such an ion bombardment. The plasma etch
process will have a very high selectivity towards hard mask materials allowing the resist to
be removed during the etch process with conservation of the hard mask thickness and
profile. As a consequence, this process will allow much thinner hard masks to be used for
the formation of via holes and/or trenches. Selectivity both to the hard mask layer and to
the underlying conductive layer can be obtained by controlling the ion energy.

Towards the silicon-free polymers, this plasma etch process will allow improved
profiles because of the limited lateral etch rate. This will allow high over-etch times
whenever needed. The plasma etch process will have a very high selectivity towards hard
mask materials allowing the resist layer to be removed during the etch process with
conservation of the hard mask thickness and profile. As a consequence, this process will
allow much thinner hard mask layers to be used for the formation of via holes and/or
trenches. Selectivity both to hard mask layer and eventually to the underlying conductive

layer can be obtained by controlling the ion energy.
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WHAT IS CLAIMED IS:

1. A method for forming at least one opening in an organic-containing insulating layer,
comprising the steps of:

creating said opening by plasma etching said insulating layer in a reaction chamber
containing a gaseous mixture, said gaseous mixture comprising a fluorine-containing gas
and an inert gas; and

controlling said plasma etching, while creating said opening, in a manner that
substantially no etch residues are deposited and that the side walls of said opening are
fluorinated during said plasma etching to thereby enhance the anisotropy of said plasma

etching.

2. A method as recited in claim 1, wherein said organic-containing insulating layer

comprises at least one unsaturated carbon bond.

3. A method as recited in claim 2, wherein said organic-containing insulating layer is
selected from a group comprising the benzocyclobutarenes, poly arylene ether, aromatic

hydrocarbon, and polyimides.

4. A method as recited in claim 1, wherein said plasma etching is performed using a
patterned bilayer as a mask, said bilayer comprising a resist hard mask layer, being formed
on said organic-containing insulating layer, and a resist layer being formed on said resist

hard mask layer.

5. A method as recited in claim 4, wherein said resist hard mask layer is a silicon oxide, or

a silicon nitride, or a silicon oxynitride, or a silicon carbide, or a silicon oxycarbide layer.

6. A method as recited in claim 1, wherein said inert gas is nitrogen and wherein the ratio
of the amount of nitrogen in said gaseous mixture to the amount of fluorine containing gas

in said gaseous mixture is larger than 2:1.

7. A method as recited in claim 1, wherein said fluorine-containing gas is SFe, or NF3, or
C2Fe6, or CF4 or CHF3 or CH3F or CH2F2 or mixtures thereof.

8. A method as recited in claim 1, wherein said opening is at least one via hole, said via
hole extending through said insulating layer to an underlying conductive layer or an

underlying barrier layer.
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9. A method as recited in claim 1, wherein said gaseous mixture further comprises an

oxygen containing gas.

10. A method for forming at least one opening in an organic-containing insulating layer
comprising the step of:

creating said opening by plasma etching said organic-containing insulating layer in
a reaction chamber containing a gaseous mixture, said gaseous mixture comprising an
oxygen-containing gas and an inert gas, said inert gas and said oxygen-containing gas being
present in said gaseous mixture at a predetermined ratio, said ratio being chosen such that

spontaneous etching is substantially avoided.

11. A method as recited in claim 10, wherein said organic-containing insulating layer is a

low K organic polymer layer.

12. A method as recited in claim 10, wherein said plasma etching is performed using a
patterned bilayer as a mask, said bilayer comprising a hard mask layer, being formed on
said organic-containing insulating layer, and a resist layer being formed on said resist hard

mask layer.

13. A method as recited in claim 12, wherein said resist layer is selectively removed from

said hard mask layer while creating said opening.

14. A method as recited in claim 10, wherein said oxygen-containing gas in said gaseous

mixture is O2 and said inert gas in said gaseous mixture is nitrogen.

15. A method as recited in claim 14, wherein said ratio of nitrogen in said gaseous mixture

to oxygen in said gaseous mixture is in the range from 5:1 to 2:1.

16. A method as recited in claim 10, wherein prior to plasma etching in said reaction
chamber containing said gaseous mixture, a first part of said opening is created by plasma
etching said insulating layer in said reaction chamber containing a first gaseous mixture,
said first gaseous mixture comprising a fluorine-containing gas and an inert gas;

controlling said plasma etching in said reaction chamber containing said first
gaseous mixture, while creating said first part of said opening, in a manner that

substantially no etch residues are deposited and that the side walls of said first part of said



WO 99/21217 PCT/BE98/00159
20

opening are fluorinated during said plasma etching to thereby enhance the anisotropy of

said plasma etching in said reaction chamber containing said first gaseous mixture.

17. A method as recited in claim 16, wherein said opening has positively sloped side walls.
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Figure 7
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