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(1)  Field of the Invention

Vv

N

The present invention relates to the field of fabricating

semiconductor devices, and more particularly to anisotropically etching metal

films formed on a semiconductor substrate of an integrated circuit for the

fabrication of interconnects.

2 Prior Art

In the manufacture of integrated circuits, it is often desired to

etch certain areas of a metal film deposited on a semiconductor substrate to

form metal interconnects between semiconductor devices. It is also desired to

form metal interconnects having high aspect ratios for increasing the

performance characteristics of the interconnects and for maximizing the

device density of the integrated circuit. In the prior arf, this has been

accomplished through reactive ion etching of aluminum films wherein the

ion-assisted etch process produces an anisotropic etch of the aluminum film

to obtain the well-defined, high aspect ratios currently required in many of

todays applications.

However, due to the increased speed and current density

requirements for devices reaching submicron dimensions, the use of

aluminum interconnects have become increasingly marginal. This is because

the relatively high resistivity of aluminum as a metal, as seen in Table I

shown below, hinders the performance and relizbility of inlerconnects made

from aluminum. This problem is particularly acute in current ultra-large

scale integration (ULSI) devices which have relatively high aspect ratios of 2-

3:1 or more. In addition, the present method for etching aluminum
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interconnects also involves several drawbacks, including the formation of a
native oxide on the aluminum film that is difficult to remove, the use of
chlorine-based gasses that are either carcinogenic or highly toxié, and the
formation of reactive compounds that degrade the pumping fluids used in

the etch process.

" TABLE I |
RESISTIVITY OF METALS DEISIREABLE FOR USE IN INTERCONNECTS
(in pQ-cm)
Silver : 1.6
Copper - 1.7
Gold - | 2.4
Aluminum | 2.65

Due to the marginal performance and reliability of aluminum
interconnects, some prior'art methods have attempted to use copper instead"
of aluminuni films since copper films .provide a substantially lower
resistivity and higher electromigration resistance. However, several
problems in the formation of copper interconnects ha.ve rendered the prior
art use of copper ineffective for interconnect applications. One of the |
problems with copper has been the difficulty in patterning the copper film.
Although this problém was somewhat resolved through the use of selective
deposition techniques, i.e. selective CVD or electrolysis plating, such

techniques canrot be used in production because the presence of small defects

or particulate contamination results in the loss of selectivity or the growth of

large precipitates. For this reason, integrated circuit manufacturers have
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been trying to develop etching techniques for copper films that result in

highly anisotropic and very selective etches.

Recently, it has been found that the anisotropic etching of coppei'
using a chlorine-based gas chemistry in a reactive ion etch process can be
achieved at submicron dimension‘é using elevated temperatures, i.e. around ,
250 to 300 °C. Although the anisotropic etching of copper is a major break
through, the high temperature requifement poses severe difficulties for
plasma etch equipment manufacturers as well as process engineers in trying
__ to develop a manufacturable etcher and process. This is because the volatile
‘compound, copper chloride, produced in the high terﬁperature etch process
condenses on cold surfaces, thereby crea'ting the problem of copper chloride
deposition in the vacuum lines, in. the pumps and even on the unheated
walls of the etch chamber. In additioﬁ, the high temperature requirement
further prevénts the use of a suitable masking material since most masks
cannot withstand temperatures above approximately 120°C.

Although the prior art methods for etching interconnects have
found some success with the anisotropic etching of aluminum and copper, it
is widelv recognized that a method which permits the anisotropic etching of
other highly conductive metals such as silver, gold and molybdenum would
- also be of greaf importance and utility. | _

| Accordingly, it is an objéct of the present invention to prcvide.a
'method for anisotropically etching a variety of metal films to obtain metal
interconnects having very high aspect ratios and minimal undercutting,.

It is a further object of the present invention to provide a
method for anisotropically etching highly coﬁductive metal films to form

 ULSI interconnects having a very low resistivity and high electromigration
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resistance in order to obtain ULSI interconnects that meet the increased speed

. and current density requirements.
It is another object of the invention to provide a method for
anisotropically etching silver, copper, gold, aluminum and molybdenum

films at low temperatures for interconnect applications.
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SUMMARY OF THE INVENTION

The present invention discloses a method for anisotropically
etching metal interconnects, espécially ULSI interconnects, having high
aspect ratios. A metal film is.first deposited on the appropriate layer of a
semiconductor substrate by techniques well-known in the art. A mask layer is
deposited over the metal film with openings defined in the mask layer for
patterning of the metal film.

| Ions are then driven into an exposed region of the metal film to
anisotropically form a converted layef oi the metal film comprising
compounds of the metal. “The introduction of the ions into the metal film
can be performed by conventional methods, such as through the use of a
reactive ion etch system or an ion implaritation system, or by any other
method which anisotropically forms the converted layer.

If a reactive ion etch systém is utilized, thé gasses used in the
| system are chosen in accordance with the metal compourds to be formed
‘rather than a volatile species used for etching. If an ion implanter is utilized;
an implant barrier may be formed beneath the metal film in order to prevent
the ions from being implanted into the underlying layers, which barrier may
also be used as a diffusion barrier. Furthermiore, a thermal treatment step . |
may be implemented after ion implantation so as to ensure that the ions
" have thoroughly diffused into the exposed region and have completely
reacted with the metal atoms to form the metal compounds.

The mask layer is then removed by conventional means to leave
behind the metal film having a converted layer of metal compounds. Finally,

the metal compounds are selectively removed by a suitable removal means
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chosen for its properties in removing the metal compounds without causing

significant etchir{g or degradatidn of the metal film itself.

In this manner, metal 'intercon_nects-carg be formed withbut
directly etching the metal film itself. with a volatile specieé of the metal,
thereby avoiding isotropic etching which results in undercutting and further
avoiding the problematic high temperature requirement of the prior art
methods. In addition, a wide variety of metals can now be utilized in the -

* fabrication of interconnects, especially ULSI interconnects, so as to achieve

interconnects having higher electromigration resistance and lower resistivity.
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The objects, features and advantages of the present invention
will become apparent from the following detailed description of the preferred

embodiment in which:

. Figures 1A to 1D are cross-sectional views of a semiconductor
substrate with a metal interconnect being formed thereon according to the

general method of the present invention.

Figures 2A to 2B are cross-sectional views of a semiconductor
substrate with a metal interconnect being formed thereon according to the-

preferred embodiment of the present invention.

Figures 3A to 3D are cross-sectional views of a semiconductor
substrate with a metal interconnect being formed thereon according to an -

alternate embodiment of the present invention.

Figures 4A and 4B are cross-sectional views of a semiconductor
substrate showing the formation of multiple-layer interconnects according to

an alternate embodiment of the present invention.

Figures 5A and 5B are cross-sectional views of a semiconductor
substrate showing the formation of multiple-layer interconnects according to

an alternate embodiment of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

A method for anisotropically etching metal interconnects is
described. In the following description, numerous details such as specific
materials, structures, gas mixtures and etching parameters are set forth in
order to provide a more complete understanding of the present invention.
However, it is understood by those skilled in the art that the present
invention can be practiced without these specific details. In other instances,
well-known elements, devices, solvents and the like are not set forth in
detall in order to avoid unnecessarily obscuring the present invention.

In the fabrication of metal interconnects accordmg to the present -
invention, as shown in Fig. 1, a metal film 3 is deposited on a silicon dioxide
layer 14 of a substrate 1 during the fabrication of a semiconductor device By
techniques well-known in the art, such as CVD, sputter depositioh or
electrolysis deposition. FolloWing the deposition of the metal film 3,. a mask
layer 4 is formed thereon for patterning the metal film 3 before the formation
of the metal compounds to be etched. As shown in Fig. 1, oper't‘ing.s are
* defined in the mask layer 4 using well-known photolithographid methods in
order to define an exposed regioﬁ 6 of the metal film 3 to be etched. The mask
layer 4 may take the form of either a photoresist or a hard mask, with the'
hard mask formed from a material selected from the group of dielectric films,
metal films, and tightly bonded metal oxide films. The selection of a suitable
material for the mask layer 4 will depend upon the specific process utilized
for convertihg_ the exposed region & and the removal means _subsequently
used to remove the converted layer 7 as will be described below. If a hard ~
mask is selected for the mask layer 4, a photoresist layer 5 may be formed

thereon for patterning of the hard mask.
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As shown in Figs. 1A to 1C, the exposed region 6 is
anisotropically .converted into a converted layer 7 of metal compounds 8 of a
type that can be removed without affecting the metal film 3 itself. This
conversion step is performed by driving ions 9 into the exposed region 6 of
the metal film 3. by techniques well-known in the art, including plasma
etching and ion implantation, although other processes which anisotropically
form the converted layer 7 may be used as well.

According to the preferred embodiment of the present
invention, as shown in Figs. 2A to 2C, the first technique used to
anisotropically form the converted layer 7 is based on the same principles as
plasma etching wherein an ionic plasm.'a 10 in conjunction with an electric
potential is used to drive the ions 9 into the exposed region 6 of the metal
film 3. However, unlike the ty.piéa] plasma etch process, the gasses chosen to
form the plasma 10 in the present invention are selected in accordance with
the metal compounds 8 to ;be formed rather than a volatile spedies used for
etching. Hence, the same plasma etch system can be used to both form the
| compounds 8 within the exposed region and then subsequently remove the
converted layer 7 from the metal film 3. In the preferred embodiment, an IPC
Branson reactive ion etch system is used to form the converted layer 7.
However, as will be obvious to one skilled in the art, the conversion process
is not limited to this specific type of system. Any plasma etch system utilizing
an electric potential for driving the ions 9 into the metal film 3 will achieve
approximately the same results as long as the dosage of driven ions 9 is large
enough to convert a substantial portion of the exposed region é.

In an alternate embodiment of the present invention, as shown
in Figs. 3A to 3D, a sec.ond technique that can be utilized for conversion of the

exposed region 6 is that of ion implantation where a beam of ions 12 is
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focused on the substrite 1 to directionally implant the ions 9 into the metal

film 3. In the present invention, a high-current Extrion implanter
rﬁanufactured by Varian Associates-Extrion is used for implanting the ions 9
into the metal film 3, although the particular ion implantation system used
need not be limited to an implanter of this type. Similarly, a medium-current
or a high-energy implanter can be used in the present invention depending
upon the density of the metal film 3, the type of jons 9 to be implanted and
the volume of the metal film 3 to be implanted.

An important consideration in the use of an ion implantation
- system is the possible use ofa implant barrier 11 beneath the metal film 3 for
protection of the underlying layers 13 from the ion implants 9. This implant
barrier 11 may also be used as a diffusion barrier du_fing the actual conversion
of the exposed region 6 to preven.t diffusion of the metal film 3 into the
underiying layers 13. During ion implantation, the profile of the implants 9
exhibits an implant tail that may reach beyond the metal film 3 and into the
underlying layers 13. In order to avoid charging and/or conversion of the
underlying layers 13 into an unstable material, the implant barrier 11'is placed
beneath the metal film 3 for absorption and neutralization of the ion
implants 9. Th15 implant barrier 11 should be formed from a rﬁaterial that is
electrically and chemically stable with respect to the ion implants 9. for
example, if oxygen ions were implanted into the metal film 3, a silicon oxide
layer could be used to receive the implant tail so as to prevent any ionic
contamination of the underlying layers 13. |

As shown in Figs. 3B and 3C, after tiw exposed region 6 of the
metal film 3 is thoroughly saturated with the ions 9, the mask layer 5 can |
then be removed by dissolution in a solvent or by other techniques well-

known in the art. Following the removal of the mask layer 5, the substrate 1
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may be thermally treated or annealed to assist in the reaction of the ions 9

with the metal atoms to form the metal compounds 8. ‘Thermal treatment of
the converted layer 7 is normally not required unless the ions 9 are driven
into the metal film 3 at a relatively low temperature and the compounds 8 to
be formed require more energy than that present. In addition, the mask layer
5 need not always be removed before applying thermal treatment (unless of
course a photoresist layer is used) since, in some instances, it can be reinoved
simultaneously with the converted layer 7 itself.

With respect to the use of a thermal treatment step in using the
reactive ion etch technique shown in Figs. 2A to 2C, the conversion of the
exposed region 6 is pefforméd at elevated temperatureé in the plasma etch
system so- that the formation of the compounds 8 occurs almost
simultaneously with the introducfion of the ions 9 into the metal film 3.
Hence, the preferred embodiment may be practiced without a thermal
‘treatment step unless higher temperatures are required to form the specific
compounds 8. With regard to the ion implantation process, ion implantation
is s_dmetimes performed at lower témperatures than the typical etch processes.
Therefore, thermal treatment may also be used during or. after implantation
of the ions 9 in order to diffuse the implanted ions 9 throughout the exposed -
region 6 and ensure thorough conversion of the metal film 3. Obviously, the
use and duration of the thermal treatment step is dependent upon several
parametérs, including the type of ions 9 to be implanted, tﬁe type of metal
receiving the implant and the volume of metal to be converted.

The metal compounds & thus formed are then seiectively |
removed through the use of a removal means which includes but is not
limited to the application of a wet or dry solvent,'evaporation and water

solubilizationi. It is noted that in practice, it may be desireable to follow the



-12-
initial removal of the converted _layer 7, as described above, with a short dry

etch in order to clean out any remaining residue left from the initial removal
process. |

As previously mentioned, the removal means must be chosen
in accordance with the specific metal compounds 8 formed so that no
substanhal degradation of the metal film 3 or other structures of the substrate
1 results. If a liquid is used for the removal of the converted layer 7, the
resulting etch is anisotropic rather than isotropic as would be the case in the
prior art processes. This results from the fact that the converted layer 7 is

formed by use of an anisotropic conversion process wherein the metal -
compounds 8 are selectively formed only within the exposed region 6 by
directional driving of the ions 9 into the metal film 3.

In selecting the appropriate ions 9 and removal means to use in
anisotropically etching a particular metal film 3, the general approach is to
select ions 9 which form co.'mpounds,8 of the metal that can be removed from
the metal film 3 thhout substantxal etching or degradation of the metal film
3 itself. Hence, the f1rst step is to determine what removal means cause
significant etching or degradation of the metal film 3 (so that these can later
be avoided). The next step is to define a group compounds of the metal that
can be readily formed through either of the above-described conversion
processes. The last step then involves selecting those compounds out of the
group that can be readily removed by removal means other than those that
significantly etch or degrade the metal.

For example, with.reference to Table II shown below, if copper is

. chosen as the metal film 3, the solvents which rﬁust be avoided are HNO3
and H3504 since they are known to significantly etch copper. With the use of

a chemistry handbook, the copper compounds § that are readily etchable with
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etchants other than those noted above have been listed in column 2. The
corresponding etchants for thoée compounds 8 are then lsted in column 4.
Therefore, with fhe copper compounds 8 having been selected, the type of
ions 9 to be implanted to obtain those compounds then become apparent, as
shown in column 1.

In addition to using the above-described processes to form single
layer metal interconnects, the same processes may be used to form multi-layer
interconnects having la'yérs formed from different metal films 15 and 16 as
shown in Figs. 4 and 5. With reference to Figs. 4A and 4B, the lower and
upper layers 15 and 16 of such an interconnect rﬁay be ccaverted in one step
(Fig. 4A) and thereafter etched simultaneously with an appropriate removal
means to form the simple bi-pla;nar'structure shown in Fig. 4B.

Alternatively, the conversion (Fig. 5A) and/or removal of the converted layer
7 of each metal film 15 and 16 can be performed separately to form multi-layer
interconnects having a plufality of shapes and dimensiors as shown in Fig.
5B. )

For purposes of explanation, an example of the present
invention according to éach of the above-described conversion processes will

be described below.

EXAMPLE]

In the first case, shown in Fig. 2, a reactive ion etch system is
utilized to drive oxygen ions 9 into a copper film 3 to form copper oxide
c-om-pounds 8. Because copper does not readily adhere 1o silicon dioxide, an
adhesion layer 2 is first deposited on the silicon dioxide laver 14 of the
substrate 1. .The adhesion layer 2 may include but is not I'mited to Ta, Mo or

TiN formed by sputterihg deposition. The copper film 3 is then deposited on
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the adhesion layer 2 through sputtering deposition techniques well-known in
the art. A hard mask layer 4 comprised of silicon nitride is next deposited on
top of the copper: film 3 followed by a photoresist layer 5 for patterning of the
hard mask layer 4. The exposed portion of the hard mask 4 is then etched to
reveal the exposed region of the metol film. In the'example given, the use of
the hard mask layer in combination with the photoresist layer is necessitated
due to the fact that the photoresist'5 will etch away during the conversion
step when exposed to the oxygen plasma created in the reactor cﬁamber. :
Hence, the hard mask layer 4 is needed to prevent driving the oxygen ions 9 »
into unwanted areas of the copper film 3 as the photoresist layer 5 is etched.

Next, the conversion step is performed in an IPC Bx;anson
reactive ion system, wherein an oxygen gas is introduced into a pressure
controlled system. Formation of the plasma 10, shown in Fig. 2B, takes place
at an RF power of approximately 1000 watts and a pressure of 1.5 Torr. Once
the plasma 10 is created, anisotropic formation of copper oxide occurs as a
result of the electric field lines between the plasma 10 and the copper film 3
which drive the oxygen ions 9 into the copper perpendicular to the surface of
the film 3. | |

After converoior_l of the exposed region 6 into the copper oxide .
compounds 8, the cofnpounds 8 are removed from the metal film 3 using a
wet clean of (NH4)Cl. As mentioned above, this solvent is chosen for its
ability to remove the copper oxide compounds 8 without any deleterious
effect of the copper film 3 itself. Finally, the hard mask 4' is removed by
~ techniques well-known in the art, such as by reactivé ion etching with a
chlorine-oxygen (CHF3 / O2) chemiustry in order to obtain the final result

shown in Fig. 2C.
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An advantage of this new method over the prior art method of

etching copper is that the ULSI interconnect is anisotropically formed in a
conventional reactive ion etch system without the usual high temperature
requirement. Therefore, the present invention avoids the formation of the
undesired copper chloride compounds which eliminates the problem of

copper chloride condensation and particle formation.

XAMP .I

In the second case, shown in Fig. 3, an ion implantation system
is utilized to implant chlorine ions 9 into a copper film 3 to form copper
chloride compounds 8. To prevent_confamination of the layers 13 underlying
the copper film 3 resulting from the implar{tatiqn of chlorine ions 9 beyond
the film 3, an implant barrier layef 11 of Mol)}bdenum is first deposited on the
substrate 1. After the copper film 3 is deposited as described above, a mask
layer 5, comprising a photoresist in this case, is formed thereon and
lithographicall}' developed for patterning of the copper film 3. The
- conversion step is then performed using a high-current Extrion implanter
with an accelleration poténtial of approximately 50-250 Kev to implant a large
dose (1018/cm?2) of the chlorine ions 9 into the copper film 3 at an angle of
approximately 90° to the surface of the copper film 3. _

If the -1mp1ant is performed at a lower temperature than that
required to react the chlorine ions 9 with the copper atoms, the substrate 1 is
then heéated to assist in the reaction. Once copper chloride compounds 8 are
formed throughout the exposed region 6 of the metal film 3, the converted
layer 7 can be removed by either evaporating the compounds 8 in a ligand
ambient at a temperature of 100°C or by using a wet clean comprised of

(NHy)CL
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In addition to the foregoing examples, the the following tables

are provided to illustrate more clearly the various combinations of metals,

ions, metal compounds and removal means that can be selected to form the

metal interconnects as described above. However, it is noted that the

combinations which may properly be used in the method of the present

inventionare not limited to the particular metals, ions, metal compounds

and removal means listed below.

TABLE II

SILVER COMBINATIONS

SILVER-BASED

IONS COMPOUNDS SYMBOLS ETCHANTS

Carbon Silver acclyhde AgaCe acid, alcohol
Arscnic/oxygen Silver grthoarsenate Ag3AsOg4 NH;OH'. acetic acid
Arsenic/oxygen Silver orthoarscnite Ag3AsOs acetic acid, NH4OH
Nitrogen Silver azide AgN; NHiOH
Carbon/hydrogern/ Silver benzoate AgCiH:0q 0.017 alcohn!
oxygea _
Boron/oxygen Silver tetraborate Ag2B407.2H20 H20; acid

| Brominc/oxygen Silver bromaic AgﬁrO;; NH.-;,OH
Bromine Silver bromide Bromyrite; AgBr NaCl sol; NH4OH
Carbon/oxygen Silver carbonate AgaCO3 NH4OH, Na35203
Chlorinc/oxygen Silver chlorate AgCIO3 aleohol
Chlorinc/oxygen Silver perchloruie AsCl04 H20:; alcohol; 101 toluene; 523

_ benzene

Chilorine Silver chlaride Nat. cerargyrite. AéCl NH4OH, Na25S203
Chromium/oxygen Silver chromate AgaCrO: NHsOH
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.Chromium/oxygen Sitver dichromate Y
Carbon/hydrogen/ Silver citrate
oxygen :
Qxygmlcarbon/ Silver cyanate
nitrogen
Carbon/nitrogen Silver gyanide
Ironfcarbon/nitrogen Silver ferricyanide
Gallium/fluorine Silver fluogallate
Fluorine Silver Fluoride
Fluorine Silver dﬂ@d&
Fluorine Silver (di-)fluoride
Silicon/fluorine Silver fluositicate
Carbon/nitrogen/oxygen Silver fulminate
. Todine/oxygen Silver ioda_lz
lodine/oxygen Silver periodate
fodine Silver iodide (o)
JTodine/mercury Silver iodomercurate (&)
Todine/mercury Silver iodomercurate (8)
Céwwhydmgcﬂ | Sitver laurau;.
oxygen
Cafben[hyc‘-;oger.’ Silver lcmﬁi‘.atc
oxygen
Mangancsc/oxy 22n Silver permanganate
Carbon/hydrogen/ Silver myristate
oxygen
Nitrogen/oxygen Silver nitrate _
Nitrogen/oxygen Silver nitritc
Platin urfg‘:;iaa'og_cr:/ Sitver nitroplatinite
oxygen
Iron/nitrogen/oxygen/ | Silver nitroprusside
carbon :
Carborforygin Silver oxaluie

AgaCr07

AgiCgHsO7

AgOCN

AgCN

Ag3Fe(CN)g

‘Ag3[GaFs].10H20

AgF

AgFa

AgiF

A g28iFg.4H20
AgaCaN202
AglOs

AglO4

Nat. iodyrite. Agl
Ag2Hgl4
AgaHgly
AgCiaH2:02

AgCei703

AgMnOy4

AgC14H2702

AgNO3
AgNO2

Aga(PUNGki

Aga[FeNO(CIN)s]

H20; acid, NH4OH
H0; NH4OH, Naz5;03

H20; NH40H

NH,OH, Na35203
NH40H, (NH4)2CO3
H0

NH40H

H.0

H,0

H20; NH4OH
NH40H, KI

H,0

Na25203, KI; NH4OH
KI _

K

0.00725 alcohol; 0.008!S ether
H :O.

alcohot

0.00623 alcohol; 0.00715 ether

ether, glycerin

acetic acid, NH4OH
H20

NH4OH |

NE:QH. zcid
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Oxygen
Oxygen

Carbon/hydroger/
oxygen

Phosphorous/oxygen
Phosphorous/oxygen
Phosphorous/oxygen

Carbon/hydrogen/
oxygen

Selenium

Carborvhydrogen/
" oxygen

Sulfur/oxygen
Sulfur
Sulfur/foxygen

Carbon/hydrogen/
oxygen '

Helium/tellurium/
oxygen :

Tellurium
Tellurizm/oxygen
-Sulfur/carhan/oxyecn
. Sulfur/foxygen

Tungsten/oxygen

Silver ox i&e

] Silver peroxide

Silver palmitate

Silver metaphosphate
Silver orthophosphate
Silver pyrophosphate

Silver salicylate

Silver selenide

Silver stearate

Silver sulfate .

Silver sulfide

Silver sulfite

Silver d-tartrate

-18-~

Silver orthotellurate, tetra-H

Silver Le_llur.idc
Silver tellurite
Silver thicoyanate
Silver thiosulfate

Silver tungstate

Ag0
A_gzoz (or AgO)
AgCi6H3102

AgPO3
Ag3PO4
Ag4P207

AgC7Hs03 -

AgaSe

AgCygH3502

Ag2504

Nat. argentitc. Ag2S

| AgaSO3

AgaC4H4O0g
AgaHyTeOg

Nat. Hessite, AgaTe
AgaTeOs

AnSCN

AgaS203

Ag2WO4

acid, NH4OH, alcohol
NH4OH
0.00713 ether; 0.00625 alcohol

NH40H '

acid, NH4OH, NH;

acid, NH4OH, acetic acid

H;0, alcohol

NH,OH

0.00623 alcohol; 0.00623 ether
acid, NH4OH

acid

acid, NH40H

- | acid, NFH4OH

NH40H

H70: Na28203, NHsOH
NH4OH
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 TABLE III

COPPER COMBINATIONS

COPPER-BASED

JIONS COMPQUNDS L SYMBOLS ETCHANTS
Carbon Copper acetylide CuC, H20, acid, KCN
Arsenic Copper arsenide - CusAsy acid, NH4OH
Nitrogen Copper azide Cu(N3)2 - acid '
Bromine Copper bromide CuBr (or CuzBra) H,0, HBr, HCI, NH4OH, acetone
CuBr; H;0, alcahol, acetone, NH3, pyridine
Carbon/Oxygen Coppeé carbonate CuaCoz acid, NH40H
Chlorine/Oxygen Copper perchlorate Cu(CiO:s)2 H;0
Chlorine Copper chloride CuCl (or CuzCla); HCI, NH40H, ether
CuCl, alcohol, MeOH, acetone
Carbor/Nitrogen Copper cyanide CuCn; HCI, KCN, NH4OH
Cu(CN)2 acid, atkali, KCN, pyridine
Fluorine | Copper flucride CuF (or CuzFa); -HCl, HF
CuFy H70, mincral acid
Todide Capper iodine Nat. marshite. Cul (or | HCI, Ki. KCN, NH3 |
R Ciizlp)
Oxygen/Nitrogen Copper hydroxide Cu(OH)> acid, NH:OH, KON
Nitrogen Copper nitride CusN | B,0, acid
Oxygen Copper oxide Nat. cuprite. Cu20; HCl, NH:Cl, NH4OH
T Nat. tenorite, CuO acid, NH4Cl, KCN, NH4F
Oxygen Copper peroxide CuQyH0 - aid -
Oxygen Copper suboxide Cuq0O acid
Sclenium Copper sclenide’ CusSe; HCl
' CuSe HCI, NH:0H
Sulfur/Oxygen Copper sulfaie CuzS04 1 HC, NH;3
Sulfur Copper sulfide Nat. chalcocite, CuS; | NH4OH
Nat. covellite, CuS KCN, HCI
Tellurium Copper telluride CuyTe Br+H20
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Tellurium/Oxygen Copper t.clluﬁt; CuTeQOs HCl -
Sulfur/Carbon/Nitrogen | Copper thiocyanate CuSCN; NH40OH, acetic acid-
. Cu(SCN)2 acid, NHsOH
TABLE 1V
GOLD COMBINATIONS
- GOLD-BASED :
_ IONS COMPOUE_DS S‘gv—tBOLS ETCHANTS

Bromine Gold bromide AuBr acid; NaCN

Aubrs H:0; cther, alcohol
Chlorine Gold chioride AuCl HCI, HBr

AuCl3 or AuClg H20:; alcohol, ether, NH3
Carbon/nitrogen Gold cyanide AuCN NH4OH

Cyanoauric acid. H20: alcohol, ether

Au(CN)3.3H0 0or )

HAu(CNg).3H,0
Todine Gold iodide Aul H0: KI

AUL H0; iodides
Hydrogen/oxygen/ Gold nitrate, hydrogen Nitratoauric acid. | H-0; HNO3
nitrogen : AuH@NO3)4.3H20 or

H[AuMNO3)4].3H20
Oxygen Gold oxide Am0Os3 HC], concentrated FNO3, NaCN

: Auz02.XH20 B NaCN, concentrated HNO;

Sulfur AuzS3 Nay$

Gold sulfide
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TABLE V

ALUMINUM COMBINATIONS

ALUMINUM-BASED.

TONS COMPQUNDS SYMBOLS ETCHANTS

Carbon/hydrogen/ Aluminum triacetate Al(C3H302)3 H0

oxygen .

Carbon/hydrogen/ Aluminum acetylacetonatle AKCsH702)3 alcohol; ether, benzene

oxygen :

Arsenic/oxygen Aluminum orthoarsenate AlAsQ4.8H20 aé'd

Boron Aluminum Boride AlBjy HNO3

Brominc/oxygen Aluminum bromate Al(BrO3)3.9H20 Hy0; acid

" Bromine . _Aluminum bromide AlBr; (or Al3Brs) H20; alcohol, acetone, CSp
__Bromine Aluminum hexabramide £IBr3.6H20 H-0; alcohal, acid, CS3-

hydrate

Bromine Aluminum pentabromide AlBr;.iSHzO H20:; alcohol
decylhydrae : :

Carbon/hydrogen/ Aluminum tertbutoxide Al(C4H20)3 organic solvents

oxygen ,

Carbon Aluminum carbide Al4Cs H70; acid

Chlorinc/oxygen | Aluminum chlerute Al(CIO3)3.6H20 H20

Chlorine/oxygen Aluminum perchlorate Al(Cl104)3.6H20. o H20

Chlorine Aluminum chicsii. AlCH; (or AlzCle) H20; 100123 alcohol; 0.072-3

' : chloroform; CCly, ether

Chlorine Aluminum hexazhlosiie AlCl1.6H20 H20; 50 alcohol; cther
hydrate

Chlorine/nitrogen/ Aluminum hcxammine AlCl3.6NH;3 H0

hydrogen :

" Carbon/hydrogen/ Aluminum dicthylmalonaie | AKC7H1104)3 organic solvents

oxygen : derivative

Carbon/hydrogen/ Aluminum cthoxide AlC2H;50)2 H,0

oxygen

Carbon/hydrogen/ Aluminum Al(C4Hg03)3 H20: ligroin

oxygen a-cthylaccwoacetate derivative

ron;carbon/niirogen Alu:minum férrocy;midc Alg[Fe(CN}pi3.17H20 | H0; acid
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Fluorine Aluminum ﬂuoddc.
Fluorine Aluminum monofluoride
‘| hydrate _

Oxygen/hydrogen Aluminum hydroxide
Todine Aluminum iodide

Iodine Aluminum hexaiodide

hydrate

Carbon/hydrogen/ Aluminum isopropoxide
oxygen

Carbon/hydrogen/ Aluminum lactate

oxygen

Nitrogen/oxygen Aluminum nitrate
Nitrdgen Aluminum nitride
Hydrogenfoxygen Aluminum oleate (com™)
Carbon/oxygen Aluminum oxalate
Oxygen Aluminum oxide

Oxygen Aluminum trihydrate oxide
Carbon/hvdrogen/ Aluminemaenopziinilag
oxygen (com')

Carbon/hydrogen/ -Aluminum 1-phenol-4-
axygen/sullur sulfonate
Carbon/hydrogen/ Aluminum phenoxide
oxygen _
Phosphorous]oxygcn . Aluminum orthophosphate:
Carbon/hydrogen/ ~ | Aluminum propoxide
oxygen

Selenium Aluminum sélenidc
Oxygen/silicon - Aluminum silicate

AIF3
AlF3.312H20

Nat. fluelite. AlF5.H20
Nat. boehmite. AIO(OH)
Nat. diaspore. AIC{OH)
AlOHyy

All3 (or Alzlg)

All3.6H20
AI(C3H70)3
Al(C3Hs503)3
AI(NO3)3.9H20

AIN
Al(;8H3302)3(7)
Alx(C204)3.4H20
Yy-Alumina. Al;O3
Nat. gibbsite, hydra-
argilite. Al,03.3H20
Nat. bayerite.
Al03.3H20

AlCH)2C16H310z -

Al(CgHs5048)3

Al(CgH50)3

AIPQ4
Al(C3H70)3

AlaSe3

Nat. sillimanite,
andalusite, cyanite,
Al203.8i0;

H0
H70; acatic acid

H)O

acid

add

aid .
Hz0; alcohol, ether, CS4, NH;
H30; alcohol, CS2

H70; alcchol, benzene,
chloroform

H20

H20; 100 alcohol; acetone,
HNO3. acid

Ha0; acid,

H.0

acid

acid

acd

acid

kx-Zrocarbon

E:0; alcohol, glycerin

H30; alcohol, ether, chlomfon?n

acid, alcohol
H>0; alcohol

"1 H20; acid

HF
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Carbowhydrogen/ Aluminum tritearate Al(CigH3502)3 alcohol, benzene, turpentine
oxygen
Sulfurfoxygen Aluminum sulphate Aly(SO4)3 acid; alcohol
Sulfur Aluminum sulfide Al2S3 Ha0; acid
TABLE VI
MOLYBDENUM COMBINATIONS
MOLYBDENUM-BASED
IONS . COMPOUNDS SYMBOLS ETCHANTS
Bromine Molybdenum dibromide MoBr; (or MoBra) atkali
Bromine Molybdenum tetrabromide | MoBrd H30, alkali
Bromine Molybdenum tribromide | MoBr3 alkali, NH3
- Carbon Molybdenum monocarbide MoC HF, HCI
Carbon - Molybdenum dicarbide | MozC HF, HCI
Carbon/oxygen. Molybdenum carbonyl Mo(CO) benzene; ether
Chlorine Molybdenum dichloride MoCl3 (or MoClg) HCl, alkali, NH40H, 'alcohol.
Chlorine Molybdenum pentachloride | MoCls mincral acid, liquid, NH3, CCls,
chloroform; alcohol, ether
Chisrinc Molybdenum tetrzchloride MqC!'.; concentrated mincral acid;
: ) ) . alcohol, ether
Chlorine Molybdenum trichloride . | MoCl3 HaO
Fluorine Molybdenum hexafluoride MoFé6 H-20; NH4OH, alkali
Oxygen/hydrogen Molybdenum hydroxide Mo(OH);3 (or HCI; 30% Hz0;
M003.3H20);
MoO(OHR)3 (or acid, alkali, carbon
M0y05.3H20); . o
Mo005.2H;0 H:03, alkali, hydrogen; acid
Bromine/oxygen/ Molybdenum hydroxytetra- | Mo3Bra(OH) alkali
hydrogen dibromide .
Bromine/oxygen/ -1 Molybdenum hydroxytetra- | Mo3Bra(OH),.8H,0 HCY; alkali
hydrogen dioctabromide hydratc
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Chlorine/oxygen/
hydrogen

Iodine

Oxygen/hydrogen

Oxygen

Oxygen/bromine

Oxygcnlthorine

Oxygen/chlorine

Oxygen/chiorine

Oxygen/chlorine/
hydrogen

Oxygen/chlorine

Oxygen/chlorine

Oxygen/ydrogen/

chlorine

Oxygen/flucrine

Oxygen/fluorine
Silicon

Silicon/oxygen/
hydrogen

_ Sulfur

Sulfur

Molybdenum hydroxytetra-
dichloride

-2ba
e S

- | Molybdenum di-icdide

Molybdenum pentoxide

Molybdeaum trioxide

Molybdenum dioxydibromide

Molybdenum
oxytetrachloride

Molybdenum oxytrichloride

Molybdeaum -
dioxydichloride

Molybdenum
dioxydichloride hydrate:

Molybdcnun{
trioxyhexachloride

Molybdenum
rioxypentachloride

Molybdenum oxychloride
xid :

Molybdenum
dioxvdifluoride

Molybdenum oxytetrafluoride
Molybdenum silicids

Molybdenum pentasulfide

Molybdenum tetrasulfide

Molybdenum trisulfide

Mo3ClL(OH)2.2H2O

Moly

Mo20s;
"Molybd. blue”
Mo0205.xH20

(variations in Mo ard O)

Molybdic anhydride.

Nat. Molybdite.
MoO3

MoOgBr2
MoOCly4

MoOCl3

MaO2Clz
Mo0,Cl2.H20
MonsC l.e
Mo203Cls
MoO(OH)2Cl
MoO7F2

MoOF34

MoSi2

Mo335.3H,0

MoSq

MoS3

concentrated acid
H2O

HCl
H>0; acid, MeOH

acid, gikali. sulfur, NH;OH
H20
H20

Ha0

H20; alcohol, ether

Hz0: alcohol, .acclone, ether
H:0; ether

H;0

Hzo; alcohol, ether, acetone
H20: alcohol, McOH

H30:; alcohol, ether, CCly
HF+HNQ3

NH4OH, alkali, sulfides

alkali suifide

H70:; alkali, sutfur, concentrated
KOH

While the present invention has been described in conjunction

with the preferred embodiment and several examples, it is evident that
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numerous alternatives, depictions, variations and uses will be apparent to

those skilled in the art in light of the foregoing description. Specifically, the
metal films 3 use.d in the present invention may comprise any of a vériety of
metals or a combination thereof, while the spedfic ions 9, metal compounds 8
and removal means are not limited to any specific type as they are to be

selected in accordance with the metal compounds to be formed.
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CLAIMS:

1. In the fabrication of a semiconductor device, a method for
etching a metal film formed on a semiconductor substrate compi'ising the
steps of: | | .

| - forming'a mask on the metal film to define an exposed region of
the metal film;

converting the exposed region of the metal film into a converted
layer of the metal film, the converted layer comprising metal compounds of
the metal film; and

selectively.r removing the converted layer without substantial

etching of the metal film.

2. The method of Claim 1, wherein the mask comprises a hard
mask selected from the group consisting of dielectric films, metal films and

tightly bonded metal oxide films.

' 3. The method of Claim 1, wherein the mask comprises a

~ photoresist layer.

4. The method of Claim 1, whereih the method further

comprises the step of removing the mask after the converted layer is formed.

‘5. The method of Claim 1, wherein the steg of converting the
exposed region is performed by introducing ions into the exposed region to

form the metal compounds.
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6. The method of Claim 1, wherein the step of convertmg the
exposed region is performed by implanting i ions into the exposed region of

the metal film by an ion implantation system.

7. The method of Claim 6, wherein the method further
comprises the step of forming an implant barrier layer beneath the metal film
to prevent the ions from penetrating into layers beneath the implant barrier

layer.

8. The method of Claim 7, wherein the implant barrier
comprises a material that is électrically and chemically stable with respect to

the ions implanted.

9. The method of Claim 6, wherein the method further
comprises the step of thermally treating the semiconductor substrate after the

exposed region is converted to assist in formation of the metal -compounds.

10. The method of Claim 6, wherein the metal film comprises
copper, the ions comprisé chlorine ions and the step of removing the metal
compounds is performed by evaporating the metal compounds in a ligand

ambient.

11. The method of Claim 6, wherein the metal film comprises
copper, the ions comprise bromine ions and the step of removing the metal
compounds is performed by evaporating the metal cbmpo'unds in a ligand

ambient.



L — \\\\\\\\\\\\\\f\ﬁﬁ\eﬁiﬂ:&d

-28~

12. The method of Claim 6, wherein the step of removing the
metal compounds is performed by applying an etchant to etch the metal

compounds.

13. The method of Claim 12, wherein the metal film compi'ises
copper, the ions comprise chlorine ions and the etchant is selected from the

group consisting of HCl, NH4OH, MeOH, ether, alcohol; acetone and water.

14. The method of Claim 12, wherein the metal film comprises
copper, the ions comprise oxygen ions and the etchant is selected from the _

group consisting of HCl, NH4OH, NH4Cl, KCN, NH4F and acid.

15. The method of Claim 12, wherein the metal film comprises
éopper, the ions comprise fluorine ions and the etchant is selected from the

group consisting of HCl, HF, H,0 and mineral acid.

16. The method of Claim 12, wherein the metal film comprises
copper, the ions comprise bromine ions and the etchant is selected from the
group consisting-of HCI, NH4OH, HBr, H20, NHj, acetone, alcohol and
pyridine. |

17. The method of Claim 12, wherein the metal film comprises
copper, the ions comprise Iodine ions and the etchant is selected from the

group consisting of HC], KI, KCN and NH3.
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18. The method of Claim 12, wherein the metal film comprises

molybdenum, the ions comprise oxygen ions and the etchant is selected from

the group consisﬁng of H,O, NH,OH, acid, alkali and sulfer.

19. The method of Claim 12, wherein the metal film comprises
silver, the ions comprise fluorine ions and the etchant is selected from the

group consisting of H2O and NH4OH.

20. The method of Claim 12, wherein the metal film comprises
silver, the ions comprise oxjgen ions and the etchant is selected from the

group consisting of NH4OH, acid and alcohol.

21. The method of Claim 1 wherein the step of converting the
exposed region is performed by exposing the semiconductor substrate to a
plasma comprising ions under an electric potential to reactively form metal

compounds within the exposed regions of the metal film.

22. The method of Claim 21, wherein the step of exposing the
semiconductor substrate to a plasma is performed in a reactive ion etch

system.

23. The method of Claim 22, wherein the method further
comprises the step of heating the semiconductor substrate to at least 2002

Celsius during exposure of the integrated circuit to the plasma.

24. The method of Claim 22, wherein the metal film comprises |

copper, the plasma comprises chlorine jons and the step of removing the
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metal compounds is performed by evaporating the metal compounds in a

lig!and ambient.

25. The method of Claim 22, wherein the metal comprises
copper, the plasma comprises bromine ions and the step of removing the
metal compounds is performed by evaporating the metal compounds in a

ligand ambient.

26. The method of Claim 22, wherein the step of removing the
metal compounds is performed by applying an etchant to etch the metal

compounds.

27. The method of Claim 26, wherein the metal film comprises
copper, the ions comprise chlorine ions and the etchant is selected from the

group consisting of HCl, NH4OH, MeQOH], ether, alcohol, acetone and water.

28. The method of Claim 26 wherein the metal film compnses
copper, the ions comprxse oxygen ions and the etchant is selected from the

group consisting of HCl, NH40H, NH4Cl, KCN, NH4F and acid. -

29. The method of Claim 26, wherein the metal film comprises
copper, the ions comprise fluorine ions and the etchant is selected from the

group consisting of HCl, HF, H20 and mineral acid. -

30. The method of Claim 26, wherein the metal film comprises

copper, the ions comprise bromine ions and the etchant is selected from the
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group consisting of HCl, NH40H, HBr, H20, NHj, acetone, alcohol and
pyridine. | '

31. The method of Claim 26, wherein the metal film comprises
copper, the ions comprise iodine ions and the etchant is selected from the

group consisting of HCl, KI, KCN and NHj.

32. The method of Claim 26, wherein the metal film comprises
molybdenum, the ions comprise oxygen ions and the etchant is selected from

the group consisting of HyO, NH4OH, acid, alkali and sulfer.

33. The method of Claim 26, wherein the metal film comprises
silver, the ions comprise fluorine ions and the etchant is selected from the

group consisting of H20 and NH4OH.

34. The method of Claim 26, wherein the metal film comprises
silver, the ions comprise oxygen ions and the etchant is selected from the

group consisting of NH4OH, acid and alcohol.

35. In the fabrication of a semiconductor device, a method is
.provided for etching a metal film formed on a semiconductor substrate
comprising the steps of:

forming a mask on the metal film to define an exposed region of
the metal fﬂm, |

1mp1antmg ions into the exposed region of the metal film to

form a converted layer of metal compounds within the exposed region; and -
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selectively removing the converted layer without substantial

etching of the metal film.

36. The method of Claim 35, wherein the method further
comprises the step of forming an implant barrier layer beneath the metal film
to prevenf the ions from penetrating into layers beneath the implant barrier

layer.

37. The method of Claim 36, wherein the implant barrier
comprises a material that is electrically and chemically stable with respect to.

the ions implanted.

38. The method of Claim 35, wherein the mask Comprisés a hard
mask selected from the group consisting of dielectric films, metal films and

tightly bonded metal oxide films:

39. The method of Claim 35, wherein the mask comprises a

photoresist layer.

40. The method of Claim 35, wherein the meth_od further

comprises the step of removing the mask after the converted layer is formed.

41. The method of Claim 35, wherein the method further
comprises the step of thermally treating the semiconductor substrate after the
ions are implanted into the exposed region to assist in the formation of the

metal compounds.
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42. The method of Claim 35, wherein the metal film comprises .

copper, the ions comprise chlorine ions and the step of removing the metal
compounds is performed by evaporating the metal compounds in a ligand

ambient.

43. The method of Claim 35, wherein the metal film comprises
copper, the plasma comprises bromine jons and the step of removing the
metal compounds is performed by evaporating the metal compounds in a

ligand ambient.

44, The method of Claim 35, wherein the step of removing the
converted layer is performed by applying an etchant to etch the metal

compounds.

45. The method of Claim 44, wherein the metal film comprises
copper, the ions comprise chlorine ions and the etchant is selected from the

group consistir{g of HCI, NH4OH, MeOH, ether, alcohol, acetone and water.

46. The method of Claim 44, wherein the metal film comprises
copper, the ions comprise oxygen ions and the etchant is selected from the

group consisting of HCI, NH4OH, NH4Cl, KCN, NH4F and acid.

47. The method of Claim 44, wherein the metal film comprises
| copper, the ions comprise fluorine ions and the etchant is selected from the

group consisting of HCIl, HF, H2O and mineral acid.
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48. The method of Claim 44, wherein the metal film comprises
copper, the ions comprise bromine ions and the etchant is selected from the
group consisting of HCI, N H40H, HBr, H0, NH3, acetone, alcohol and
pyridine. - |

49. The rhethod of Claim 44, wherein the metal film comprises
copper, the ions comprise iodine jons and the etchant is selected from the

group consistirig of HCl, KI, KCN and NH.

50. The method of Claim 44, wherein the metal film comprises
- molybdenum, the ions comprise oxygeh ions and the etchant is selected from

the group consisting of HaO, NH‘_;OH, acid, alkali and sulfer.

51. The method of Claim 44, wherein the metal film comprises
silver, the ions tomprise fluorine ions and the etchant is selected from the

group consisting of H20 and NH4OH.

52. The method of Claim 44, wherein the metal film comprises
silver, the ions comprise oxygen ions and the etchant is selected from the

group consisting of NH4OH, acid and alcohol.

53. In the fabrication of a semiconductor device, a method is
provided for efching a metal film formed on a semiconductor substrate
comprising the steps of:

forming a mask on the metal film to define an exposed region of

the metal film;
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exposing the semiconductor substrate to a plasma comprising

ions under an electric potential to reactively form metal compounds within
the exposed regien of the metal film; and
selectively removing the converted layer without substantial

etching of the metal film.

54. The method of Claim 53, wherein the mask comprises a hard
mask selected from the group consisting of dielectric films, metal films and

 tightly bonded metal oxide films.

55. The method of Claim 53, wherein the mask comprises a

-photoresist layer .

56. The method of Claim 53, wherein the method further

comprises the step of removing the mask after the converted layer is formed.

57. The method of Claim 53, wherein the step of exposing the
semiconductor substrate to a plasma is performed in a reactive ion etch

system.

58. The method of Claim 57, wherein the method further
comprises the step of heating the semiconductor substrate to at least 200°

Celsius during the exposure of the semiconductor substrate to the plasma.

59. The method of Claim 57, wherein the metal film comprises

copper, the plasma comprises chlorine ions and the step of rexﬁoving the
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metal compounds is performed by evaporating the metal compounds in a

ligand ambient.

60. The method of Claim 57, wherein the metal comprises
copper, the plasma comprises bromine ions and the step of removing the
metal compounds is performed by evaporating the metal compounds in a

ligand ambient.

61. The method of Claim 57, wherein the step of femoving the
converted layer is performed by applying an etchant to etch the metal

compounds.

62. The method of Claim 57, wherein the metal film comprises
copper, the ions comprise chlorine ions and the etchant is selected from the

group consisting of HCl, NH4OH, MeOH, ether, alcohol, acetone and water.

63. The method of Claim 57, wherein the metal film comprises
copper, the ions comprise oxygen ions and the etchant is selected from the

group consisting of HC], NH4OH, NH4C], KCN, NH4F and ;cid.

64. The method of Claim 57, wherein the metal film comprises
copper, the ions comprise fluorine ions and the etchant is selected from the

group consisting of HCl, HF, H2O and mineral acid.

65. The method of Claim 57, wherein the metal film comprises

copper, the ions comprise bromine ions and the etchant is selected from the
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group consisting of HCI, NH4OH, HBr, H2O, NHj, acetone, alcohol and
- pyridine.

66. The method of Claim 57, wherein the. metal film comprises
copper, the ions comprise iodine ions and the etchant is selected from the

group consisting of HCl, KI, KCN and NHz.

_ 67. The method of Claim 57, wherein the metal film comprises
molybdenum, the jons comprise oxygen ions and the etchant is selected from

the group consisting of HoO, NH4OH, acid, alkali and sulfer.

68. The method of Claim 57, wherein the metal film comprises
silver, the ions comprise fluorine ions and the etchant is selected from the

group consisting of H0 and NH4OH.

69. The method of Claim 57, wherein the metal film comprises
silver, the ions comprise o;cygen_ions and the etchént is selected from the
‘group consisting of NH4OH, acid and alcohol.

70. In the fabrication of a semiconductor device, a method

" for etching a metal film formed on a semiconductor substrate, substantially
" as herebefore described with reference to the accompanying drawings.



