PROCESS OF CONTROLLI NG GRAIN GROMH I N METAL FI LMS TECHNI CAL FI ELD The
present invention relates, in general, to the process of making tmfmjﬁﬂjnf
depositions on a substrate and, nore specifically, to a process for ”
controlling the grain structure growth of a thin metal filmafter having
been ‘deposited on a substrate. BACKGROUND OF THE I NVENTION A | arge variety
of thin films are used in the fabricatlion of very | arge scale integrated
circuit devices. These films may be thermally grown or deposited on a
substrate. The thin filns may be nmetals, sem conductors, or insulators.
There are several techniques for depositing filnms on a substrate. One such
techni que may be perforned in a vacuum chanber and is known as physi cal
vapor deposition or sputtering. Another technique may be perforned in a
bath and i s knowRRGEERS @R rGANTROLAGNG | GRAIN IGROWAHt ANt MEPAR tIFLM$eposi t ed
copper filns have a characteristic as-deposited mcrostructure which
changes as a function of tinme at roomtenperature. This phenonenon has been
docunented by J.W Patten et al. in "Room Tenperature Recrystallization in
Thick Bias Sputtered Copper Deposits,” Journal of Applied Physics, vol. 42,
No. 11, pages 4371-77 (Cctober 197¥80HNICAL FIELD :

The present invention relates, in general, to the
process of making thin film depositions on a substrate and,
more specifically, to a process for controlling the grain
structure growth of a thin metal film after having been
deposited on a substrate.

BACKGROUND OF THE INVENTION

A large variety of thin films are used in the
fabrication of very large scale integrated circuit devices.
These films may be thermally grown or deposited on a '
substrate. The thin films may be metals, semiconductors, or
insulators.

There are several techniques for depositing films
on a substrate. One such technique may be performed in a
vacuum chamber and is known as physical vapor deposition or
.sputtering. Another technique may be performed in a bath
and is known as electroplating.

It is known that sputter deposited copper films
have a characteristic as-deposited microstructure which
changes as a function of time at room temperature. This
phenomenon has been documented by J.W. Patten et al. in
YRoom Temperature Recrystallization in Thick Bias Sputtered
Copper Deposits,” Journal of Applied Physics, vol. 42, No.
11, pages 4371-77 (October 1971).
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2 Wrk has shown that, for electroplated copper, the as-plated copper
fine-grained mcrostructure, with an average crystallite size of |ess than

100 nanonet ers.

has a

Verification of this mcrostructure in the as-plated film

has been established using Back-Scattered Kikuchi Diffraction (BKD). Wen

stored at roomtenperature,
-mcrostructure for a period of 8-10 hofrs;

i ncubation period. After the incubation period, grain growm h has been

observed for the next 10-20 hours,
apparent steady-state having an equilibriumstructure.
advant age of the fine-grained mcrostructure of copper,

process steps nust be carried out within 20 hours after coppe
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Diffraction ({BKD). When stored at room temperature, no
change has been observed in the fine-grained microstructure
for a period of 8~10 hours; this time period is known as the
incubation period. After the incubation period, grain
growth has been observed for the next 10-20 hours, with the
microstructure then reaching an apparent steady-state having
an equilibrium structure. l

In order to take advantage of the fine-grained
microstructure of copper, certain critical process steps
must be carried out within 20 hours after copper
electroplating. This requirement is difficult to meet in a
manufacturing environment in which, for example, the as-
deposited substrate may sit on a shelf over the weekend.

It is also known that grain growth in the
microstructure of copper may be accomplished within the
space of several minutes by heating the copper at a high
temperature. Heating a metal to change its microstructure
is an established metallurgical practice. It has been
believed, however, that for a metal such as bulk copper, a
relatively high temperature of at least 350°C is required to
obtain any appreciable change in its microstructure. This
has been documented in “Metals Handbook,” Vol. 4, pages 719-

28 (9th ed., American Society for Metals, Metals Park, Ohio,
1981).

Several semiconductor manufacturers are replacing
the current aluminum interconnect metallization with copper

It has



bel i eved, however, that for a netal such as bul k copper, a relatively high
tenperature of at least 350[err]Cis required to obtain any appreciable
change in its mcrostructure. This has been docunented in "Metals
Handbook," Vol . 4, pages 719- 28 (9th ed., Anerican Society for Mtals,
Metal s Park, Chio, 1981). Several sem cgnductor nanufacturers are replacing
the current alunmi numinterconnect netal Fizati on w th-capper 2 W []ng,
because copper offers superior electrical conductiViTHys SHEERHaStBREN Erati on
performance. Several deposition techniques are pogsi bl eﬁtpwetgf t hese
being electroplating. Electroplating has advant agés—Tt—has—exece--e1
trench fill properties and produces a copper filmwth near zero residual
stress. Electroplated copper interconnects may be used in nulti-chip

modul es for botiFifcuwePearYse | SRRAGH ofAersi gpreriamedecssionl In the nore
conpl ex structadreictawlityphgd | @L&i'&o@lflgr&tibﬂ@éﬂbxﬁaabéqw S@ibx:lg}he
fabrication of r . I n e grain
structure of t %I%‘glveyg %ggrﬁéfgféssscarr% p@g%lgfgmr{ﬁ of %P gééc%%ipeq has a
fine-grai ned MigdFOPIetine; thedomlagiresias saq"ﬁn&agﬁﬁé)tht haF ace. |f

t he pl ated copperellantatrench fill properties and produces a copper film

with near zero residual stress.

Electroplated copper interconnects may be used in
multi-chip modules for both power distribution and signal
transmission. In the more complex structures, multiple
levels of wiring may be required. The fabrication of these
wiring levels is well known in the ért. The grain
structure of the plated copper is critical. If the plated
copper has a fine-grained microstructure, the etching
results in a smooth surface. 1I1If the plated copper has a
large-grained microstructure, however, the etching results
in a rough surface. The rough surface has a disadvantage
because such a surface precludes an accurate measure of the
thickness of the polyimide layer which is deposited over the
wiring.

The deficiencies of the conventional processes
used to deposit thin metal films on a substrate show that a
need still exists for a process which can control the grain
structure growth of a thin metal film after the film has
been deposited on a substrate.

SUMMARY OF THE INVENTION

To meet this and other needs, and in view of its
purposes, the present invention provides a process of
depositing thin metal films having different microstructures
onto a substrate. The process controls grain growth in the
microstructures and, in one embodiment, includes the

This Sheet Has Been R
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| ar ge-grai ned m crostructure, however, the etching results in a rough
surface. The rough surface has a di sadvant age because such a surface
‘precludes an accurate neasure of the thickness of the polyinmide | ayer which
is deposited over the wiring. The deficiencies of the conventi onal
processes used to deposit thin netal f4lnms on a substrate show that a need
- still exists for a process which can control the grain structure growh of
athin netal filmafter the filmhas been deposi feg-on—a- Tate. SUWARY
OF THE | NVENTI ON An aspect of the present inventi Jﬁiﬁaﬁﬁﬁhg,@bg%ﬁ‘o ess of
depositing thin netal films having different mcfostrutiti#€§Dont o
substrate. The process controls grain growh in the mcrostructures and
includes the follow ng steps: -4 - (a) a netal filmis deposited
onto the sub&PtLP®ind Ft&P%:a fil m having a fine- grained microstructure of
an average crystallite size less than 0. 1 mcrons, the nmetal film sel ected

froma group consisting,of ,cARPEY . £ GG gf’ag%p?(g)(k)i’%ér rfé%?(’)cﬁh@ésuf:sti@@ met al

filmis heated in a tenperature range ) f Teast Tive
mnutes, to EBnYRFT & He i A8Y PRSI feld N GrasPra i e S Eacs g st At e,

| arge-grai ned mcrostructure of an average crystallite size greater than 1
mcron. It is to be unggrstaadnthai MHAL sEhRehPLEIN NP YaRREALhEeSCTiption

and the follown dfet al | .ed description are e,xer‘rBI_ ary, but "are not
restrictive,ra?g & i%ﬂuﬁﬂﬁ Sn_for at least five minutles, to convert the

fine-grained microstructure into a stable, large-grained

microstructure.

In another embodiment, the metal film is frozen,
after the step (a) of depositing, at a temperature not
greater than -20°C, wherein the fine-grained microstructure
is stabilized without grain growth for the entire freezing
period.

It is to be'understood that both the foregoing
general description and the following detailed description

are exemplary, but are not restrictive, of the invention.

BRIEF DESCRIPTION OF THE DRAWING

The invention is best understood from the
following detailed description when read in connection with
the accompanying drawing. Included in the drawing are the
following figures:

FIG. 1 is an x-ray diffraction scan of an
electroplated copper film with a fine-grained
microstructure;

FIG. 2 is an x-ray diffraction scan of an
electroplated copper film with a large-grained
microstructure; and
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BRI EF DESCRI PTI ON OF THE DRAW NG The invention is best understood from the
fbllomﬁng detail ed description when read in connection with the .
acconpanying drawing. Included in the drawing are the follow ng figures:
Fig. 1:is an x-ray diffraction scan of an electroplated copper film wth a
fine- grained mcrostructure: Fig. 2 is an x-ray diffraction scan of an

el ectropl ated copper filmwith a | arge-8grained m crostructure; and 5
FIG 3 is a schematic plot of sheet resistance versus tinme for an

el ectropl ated copper filmrenoved fromthe plating bath. DETAILED
DESCRI PTI ON OF THE | NVENTI ON El ectropl ated copper filns have a _
characteristic mcrostructure when i medi ately renoved froma plating bath.
This mcrostructure is hereinafter referred to as a "Type A"
mcrostructure. The Typel% m dfost Fabematic pldtnefgsheabdresdistianar aver age
crystallite swveesob tioss tdmmnl@deB8POPEAEIS .coyplelrf FEahi fdmdfed F8om

fi ne-grained u ' > as-plated fil mhas been established using
Back-ScattereghEiE%gﬁfn#;§%¢gction (BKD). No change has been observed in

the structure for a period of 8-10 hours; this time may be ternmed the
I ncubati on DETAILED DESCRIPTION OF THE INVENTION

Electroplated copper films have a characteristic
microstructure when immediately removed from a plating bath.
This microstructure is hereinafter referred to as a “Type A"
microstructure. The Type A microstructure is fine-grained,
with an average crystallite size of less than 100
nanometers. Verification of the fiﬁe—grained structure in

the as-plated film has been established using Back-Scattered
Kikuchi Diffraction (BKD}).

No change has been observed in the structure for a
period of 8-10 houré; this time may be termed the incubation
period. After the incubation period, grain growth has been
observed for the next 10-20 hours, with the microstructure
then reaching an apparent equilibrium structure, or steady
state. This new microstructure is hereinafter referred to
as a Type B microstructure. The Type B microstructure has

large grains, with an average crystallite size greater than
1,000 nanometers.

If Type A copper is allowed to remain at room
temperature (approximately 25°C) for a period of at least 24
hours, it will be converted to Type B copper. Type B copper
can be held at room temperature for extended periods of time

(more than 30 days) without change in the microstructure.

X-ray diffraction scans of electroplated copper
films with Type A and Type B microstructures are shown in
FIG. 1 and FIG. 2, respectively. The scan in FIG. 1 was



period. After the incubation period, grain growh has been observed for the
next -10-20 hours, with the mcrostructure then reachi ng an apparent

equi i brium structure, or steady state. This new microstructure is
hereinafter referred to as a Type B mcrostructure. The Type B
mcrostructure has large grains, with gn average crystallite size greater
than 1,000 nanoneters. If Type A copper is allowed to renmain at room
tenperature (approximately 25[err]C) for a period of at |east 24 hours, it
will be converted to Type B copper. Type B copper can be held at room
tenperature for extended periods of tinme (nore than 30 days) w t hout change
in the mcrostructure. X-ray diffraction scans of electroplated copper
filme with Type A and Type B microstructures are shown in FIG 1 and FIG

2, respecti vé&FeNTRR BiRwtes afiter gegeual ofgthgkeprmrr filddt E5°B/f tRe renvoval
of the coppeplhtlingfbatht herhdd atchAgibwatiG. Bheascaském dgpBox2maasly aken

appr oxi mat el y, 435N QHE Sy aéén?avapgg%ﬂetﬁeén mattﬁga%mng qt}?et QOPEQ@ gppper flAls m

was held at roomtenperature ration of the experi nment.

shown in t he"BSglféd, 25 AP LAMRRPERBRYS Jrutdenglt bee cqﬁ’a‘?aé:&f’ﬁr Seth®y a
| ar ge coher emtxpeirfifteatt i ng domain -

As shown in the figures, a Type A microstructure
may be characterized by a large coherent diffracting domain
which produces a very broad peak in an x-ray diffraction
pattern. A Type B microstructure produces narrow peaks in
an x-ray diffraction pattern relative to a Type A
microstructure. A good reference fof x-ray diffraction
techniques used to characterize polycrystalline materials,
such as copper, is B.D. Cullity, “Elements of X-Ray
Diffraction,” pages 281-323 (2d ed., Addison-Wesley,
Reading, Massachusetts, 1978).

The initiation of the transformation from Type A
to Type B copper may be delayed for an extended period of
time (at least 92 hours) by placing the copper in a
controlled temperature environment at a temperature of -20°C
or lower. Moreover, the conversion from Type A to Type B
copper may be accomplished within the space of several
minutes by heating the copper at a low temperature (greater
than 60°C but less than 100°C).

This rapid conversion of plated copper film from
Type A into Type B is unexpected. As mentioned earlier, it
has been thought that a metal such as bulk copper must be
heated to at least 350°C in order to obtain any appreciable
change in its microstructure.

The inventors measured the rate of transformation
of Type A to Type B copper using in-situ, high-temperature,



whi ch produces a very broad peak in an x-ray diffraction pattern. A Type B
m crostructure produces narrow peaks in an x-ray diffraction pattern
relative to a Type A mcrostructure. A good reference for x-ray diffraction
techni-ques used to characterize polycrystalline materials, such as copper,
is B.D. Cullity, "Elements of X-Ray Diffraction," pages 281-323 (2d ed.,

- Addi son- Wesl ey, Readi ng, Massachusetts, 1978). The initiation of the
transformation from Type A to Type B copper may be del ayed for an extended
period of time (at |least 92 hours) by placing the copper in a controlled
tenperature environnent at a tenperature of -20[err]C or |ower. MNoreover,
the conversion from Type A to Type B copper nay be acconplished wthin the
space of several m putes by heatjng the copper at | ow t enper at ure

(great er thaﬁ'ﬁﬁYggﬁ’r’]uf(faﬁ'&l°l"e§§°?ﬂh‘ﬁ’%0[3&9]@5?1??}?%1?‘&6ilméoﬁ9%r si on of
pl at ed coppetifes$ntd ramphpte AhentovansfrenBtionuatxpeot debmpAgsakenei doed
earlier, it PBastb&eodduoili chhRhd pdEt deatdahpasvblda £ARPOLTYEE be
heated to attleagta§5€ie§%%p ?gogrggr(ﬁgzobtaln any appreci abl e change in
its mcrostructured e ivEhedr &Ur'%ed the rate of transformation of
Type A to Type B copper using in-situ, high-tenperature, '

Table 1
Transformation of Copper
From Type A to Type B
Storage Temperature in Time to Complete

Degrees Centigrade Transformation in Hours

25 30

40 3.5

50 1.2

60 : 0.19 "

J.W. Patten et al. teach that the resistance of
sputtered copper changes as a function of time while the
copper is held at room temperature. Thus, resistance may be
used as an alternative to x-ray diffraction as a monitor of
the copper transformation. FIG. 3 is a schematic
illustration of the variation in sheet resistance of a
blanket copper film. The plot consists of an initial high
resistance state, which corresponds to the Type A
microstructure. After a period of time, the resistance
drops until it reaches a final steady state, which
corresponds to the Type B microstructure. The time required
to reach the final steady state as well as the time before
the transformation occurs (termed the “incubation period”)
depend on factors such as the deposition technique,

thickness of the copper film, and temperature at which the



7 x-ray diffraction techniques. The table below lists the tines to conplete
the transformation at roomtenperature for plated copper which had been
heated previously at various tenperatures from25[err]C to 60[err]C Table
1 Transformation of Copper From Type A to Type B Storage Tenperature in
Time to Conpl ete Degrees Centigrade Transformation in Hours 25

-30 40 3.550 8 1.2 60

0.19 J.W Patten et al. teach that the resistance of sputtered copper
changes as a function of tinme while the copper is held at roomtenperature.
Thus, resistance may be used as an alternative to x-ray diffraction as a
noni tor of the copper transformation. FIG 3 is a schematic illustration of
the variation in sheet resistance of a bl anket copper film The pl ot

consi sts of SAPASH fidm AF gheidAideznderes st whi ch corresponds to the Type
A mcrostructure. After a period of time, the resistance drops until it

reaches a final steadxtsggtgbsfggﬂiglcggr@guyygystbougge?iyggal%opper

m crostructure.. The tine required to reach the final steady .state as well
as t he tine‘ﬁé?b?eﬁow resistance in the chip or chip carrier-when

making wires because resistance is critical to the
perfofmance of the copper wire. It may also be desirable to
plate copper with a fixed sheet resistance in order to
obtain a specific resistance for the as-plated copper film.

It will be understood that the time to complete
transformation of the as-deposited copper film from Type A
to Type B may be shortened dramaticaily (as shown in Table
1) and, consequently, so may be the time to decrease the
sheet resistance of the plated copper film.

A process has thus been found to produce a copper
film with a steady and stable large-grained microstructure
{Type B) which has a lower sheet resistance than the
original as-deposited copper film. A preferred process
includes rinsing the substrate immediately after copper
plating. The rinsing step is done with hot deionized water
having a temperature of at least 70°C, but not more than
100°C, for a time not less than five minutes. The preferred

_process relies on the fact that the grain growth has been

shown by the inventors to be a purely kinetic process.

This process has been verified in experiments with
good results. Wafers 100 mm in diameter with five microns
of electroplated copper film have been processed using 70°C
deionized water rinse and shown to have achieved a large-
grained equilibrium state (Type B).

Various other approaches have also been taken,
such as (1) furnace annealing after plating, and (2) plating



the transfornmati on occurs (termed the "incubation period") depend on
factors such as the deposition technique, thickness of the copper film and
tenperature at which the 8 copper filmis held after deposition. It is
desirable, of course, to use plated copper with a |low resistance in the
chip or chip carrier when nmaking wres because resistance is critical to
-the performance of the copper wire. 1t2 may al so be desirable to plate
copper with a fixed sheet resistance in order to obtain a specific
resi stance for the as-plated copper film It will be understood that the
time to conplete transformati on of the as-deposited copper filmfrom Type A
to Type B may be shortened dramatically (as shown in Table 1) and,
consequently, so may be the tine to decrease t sheet resistance..of the
pl at ed coppe?t#$¥ Add Y58 8EANG tﬁb’?sﬁﬁéﬁef o[h?‘tf’} epPBBﬁ%g“ég HF&E film
with a steadplamihgtias deear gecgess dd nifbeopre irxdunade pEPppes BYS whi ch has a
| over sheet g@sdsiANCR N3 rhBEe CihMHd1ahgdSneRORs | a6 ¢aRpeLticam A
preferred process_includes rinsing t he subitgate | e |at$L after copper
pl ating. TheTPRAEINPS 9S8t Rt o P 1851 bR 2% er*H8ving a
tenperature of at least 70[err]C, but not nore than -

The preferred process thus provides an approach by

oy =3

which the conversion of a Type A microstructure into a Type
B microstructure may be accelerated. This acceleration is
accomplished by heating the plated substrate at a
temperature below 100°C. The degree of acceleration will be
dependent on the temperature selected. For example, an
electroplated copper film, placed iﬂ a tank of deionized
water held at 70°C for at least five minutes, will convert

from a Type A microstructure to a Type B microstructure.

It-will be understood that furnace annealing may
also be a process in which the conversion of a Type A
microstructure into a Type B microstructure may be
accelerated. Again, this acceleration may be accomplished
by heating the as-plated substrate in an oven at a
temperature below 100°C. The degree of acceleration will
depend on the temperature selected. For example, an
electroplated copper film, placed in an oven held at 70°C
for at least five minutes, will convert from a Type A
microstructure to a Type B microstructure.

Furthermore, because the grain growth in a plated
metal appears to be kinetically driven, a process has been
found to slow or prevent grain growth. Stated differently,
a process has been found to slow or prevent the initiation
of the conversion of a Type A plated film. This process may
be accomplished by maintaining the as-deposited metal film
at a temperature below that of room temperature. The extent
of the delay will depend on the temperature selected. For



100[err]C, for a tine not |less than five mnutes. The preferred process
relies on the fact that the grain growth has been shown by the inventors to
be a purely kinetic process. This process has been verified in experinents
with good results. Wafers 100 mmin diameter with five mcrons of

el ectropl ated copper film have been processed using 70[err] C dei oni zed

wat er rinse and shown to have achi eved'® |arge- grained equilibriumstate
(Type B). Various other approaches have al so been taken, such as (1)
furnace annealing after plating, and (2) plating 9 other additives into
the substrate. Furnace annealing after plating has been successful. The
preferred process is superior over furnace annealing, however, in that it
can readily be iniegrated into the plating assenbly line. The preferred
process t hus®prov %Eé“%ﬁ?ﬁ%h&ﬁ&ﬁcﬁ°?§;RMﬂQE gt coMverditon 95t2% Hpe A

m crostruct uirithrbien Bfpeh® rpovess rarctfivre anpyr bed saxtCaterlgged. 3Thi s
accelerationdg?sacconplished by heating the plated substrate at a
tenperature bel ow 100[err] C. The degree of acceleration will be dependent
on the tenperature selected. For exanple, an electroplated copper film
placed in a tank of defsmisfedenantionrd drecere[ bay |kpdmprfound sgsfuii ve

m nutes, W | knCeR¥Eptocess of fabricating electroplated copper
interconnects or wires in a substrate. As previously
mentioned, the grain structure of the plated copper is
critical during the etching process. If the plated copper
has a fine-grained microstructure, the etching results in a
smooth surface. If the plated copper has a large-grained
microstructure, however, the etching:results in a rough
surface. . The rough surface has disadvantages.

The inventors have found that the roughening of
the copper may be due to room temperature grain growth. The
grain growth may result in large grains of copper with
different crystallographic planes oriented to the surface.
These planes may etch at different rates during the etching
process, thereby resulting in rough copper. This rough
copper may also form etch pits. The etch pits may make for
an undesirable metal interface topography with any
subsequent metal layers. The etch pits may further tend to
'trap process waste and debris and thereby contaminate the
metal-to-via interface as well. This interface may open
electrically after thermal cycling, resulting in low
production yield and in-field reliability problems.

It has been observed that, if the etching is
berformed immediately after plating, the resulting copper
may have a smooth surface texture. Such a surface will
permit an accurate measure of the thickness of the polyimide
over-layer and will form a good metallurgical bond to a

connecting via. From a manufacturing vantage, however, the



froma Type A mcrostructure to a Type B mcrostructure. It wll be
under st ood that furnace annealing nay al so be a process in which the
conversion of a Type A microstructure into a Type B mcrostructure nay be
accelerated. Again, this acceleration nay be acconplished by heating the
as-plated substrate in an oven at a tepperature bel ow 100[err] C. The degree

of acceleration will depend on the tenperature selected. For exanple, an
el ectropl ated copper film placed in an oven held at 70[err]C for at | east
five mnutes, will convert froma Type A mcrostructure to a Type B

m crostructure. Furthernore, because the grain growh in a plated netal
appears to be kinetically driven, a process has been found to slow or
prevent grain growh. Stated differently, a process has been fqund to sl ow
or *pr event t RESPIPE] GETRE O (RS SEoMRRr SRR g T Ty oo Je TR Gt | m Thi s
process may beuxscoapl behan dhsatwitat nimimyn téad asddépyset ek hmeuzks filmat a

tenperature helew bkhateRénd PatHy BRPEEGLLFL fDIE reutené MinddRtdeliay W ||
depend on the_ tenperature sel ected. For 10 exanpl e, maintai ni ng copper

metal at - 20[¥PFFC RPPr delay the initiation of the conversion for a period
of at |east 30 days.

Therefore, in order to obtain uniform properties
and behavior, it is desirable to stabilize the copper
microstructure prior to subsequent process steps. The
process by which this result may be accomplished is to
refrigerate the substrate immediately after plating until
the manufacturing line is ready to etch the seed layer.

The following experiment was performed. A 5-
micron thick copper film was plated on a 100 mm Si wafer
using the tool for substrate copper plating. The wafer was
qguartered immediately after plating. One quarter was used
as a control and held at room temperature for 24 hours,
while the other three quarters were placed in a commercial
freezer and held at -20°C. The three samples placed in the
freezer were removed from the freezer at 24-hour intervals.
X-ray diffraction scans showed that the control sample had a
Type B microstructure while the three frozen samples had
Type A microstructures. No grain growth was observed in the

frozen samples. Thus, a process has been found to prevent
the initiation of conversion of a Type A microstructure
before etching by maintaining the as-deposited metal film at
a temperature below -20°C until the manufacturing or

assembly line is ready to perform the etching process.

The present invention also provides yet another
process in which an intermediate microstructure, hereinafter
referred to as a Type C microstructure, may be obtained. It
will be understood that a Type C microstructure is one which
has a grain size greater than that of a Type A



The af orenenti oned process has been found useful in the process of
fabricating el ectroplated copper interconnects or wires in a substrate. As
previously nmentioned, the grain structure of the plated copper is critical
during the etching process. If the plated copper has a fine-grained

m crostructure, the etching results in a snoboth surface. If the plated
copper has a | arge-grained mcrostructl#e, however, the etching results in
a rough surface. The rough surface has di sadvantages. The inventors have
found that the roughening of the copper may be due to room tenperature
grain growmh. The grain growh may result in |large grains of copper with
different crystallographic planes oriented to the surface These pl anes may

etch at different rates durlng t he etchlgg E esqr Sgeby resulting in
rough copper ™M SHRE TGS copBar 1888 oo HP8FnPEIR MRS S The etch pits may

make for an mhdesstmaddteinestal i nterface topography with any subsequent
metal |ayers. The etch pits may further tend to trap process waste and

debris and thereby co nat e e netal-to-via interface a I Thi s
interface may open eIgt%fkthl?lﬁf?%ﬁrﬂqﬁﬁrﬁaﬂag % |$¥ta:ﬁ§$uﬁpln LY% | ow

producti on yeted pwrcessfi Sitgpr &l pabiNg tbrogesBl @‘Pr%s“f‘ts 1ods hBééh“@b%’é‘? ved

that, if the,gtebpegitsa PRIQr FRdni editdipleyadhiterpglal ivngoct hriresul ting
copper may have

f S [ 1
accur at e nea?u?é€%¥l?%eqF%f%fﬁégstg?iﬁ%gu r%%trua%&féqﬁf 3 perm t an

temperature-independent technlque, such as x-ray diffraction
or sheet resistance measurements. Once the desired
microstructure is reached, Step 2 may be performed. Step 2
consists of immediately reducing the temperature of the
partially transformed metal film to ‘a value no greater than
-20°C. The film may be kept in the freezer until it is
ready for the next step in the assembly line, such as
etching.

Although illustrated and described herein with
reference to certain specific embodiments, the present
invention is neverthéless not intended to be limited to the
details shown. Rather, various modifications may be made in
the details within the scope and range of equivalents of the
claims and without departing from the spirit of the
invention. It will be understood, for example, that the

lpresent invention is not limited to only copper films.
Rather, the invention may be extended to other metals beyond
copper. Room temperature grain growth has been reported in
gold films. This report suggests that one may extend the
invention to gold films and, possibly, to all Group IB
metals.

It will be further understood that the present
invention may be extended to any deposition process for
metal films. As such, the deposition may be by way of

electroplating techniques in a bath or by sputtering



over-layer and will forma good netallurgical bond to a connecting via.

* From a manuf acturing vantage, however, the et chi ng cannot be perforned
i mredi ately. A delay of 24 hours may be an absolute m ninmum and a del ay of
72 hours (over a weekend) may be required for routine manufacturing
conditions. Therefore, in order to obtqgn uni form properties and behavi or,
it is desirable to stabilize the copper mcrostructure prior to subsequent
process steps. The process by which this result may be acconplished is to
refrigerate the substrate imediately after plating until the manufacturing
line is ready to etch the seed | ayer. The foll ow ng experinment was
performed. A 5- mcron thick copper filmwas plated on a 100 nm Si waf er
usi ng the took for. substrate copper plating. The wafer was quartered

i medi ately after " plat nd aCﬁécgﬂﬁrter was used as a control and held at
roomtenperature for 24 hours, while the other three quarters were placed
in a commercial freezer and held at -20[err]C. The three sanples placed in
the freezer were renoved fromthe freezer at 24-hour intervals. X-ray
diffraction scans showed that the control sanple had a Type B

m crostructure while the three frozen sanples had Type A microstructures.
No grain growth was observed in the



frozen sanples. Thus, a process has been found to prevent the initiation of
conversion of a Type A mcrostructure before etching by maintaining the
as-dep n at a tenmperature below -20[err]C until the

manuf am Iﬂﬂumﬁm&my line is ready to performthe etching process. The
present *i nfenti oh &l sd provides yet another process in which an
internmedi ate nmicrostructure, hereinaftel*referred to | pE

m crostructure, may be obtained. It will be understocﬁ%%ﬁ‘éﬁgg@@”
m crostruct uk@aks jgne1¥hed. has a grain size greater an a Type A
12 microstructure, but less than that of a Type B mcrostructure. A Type C
m crostructure nay be obtained in a twd- step process. Step 1 of the
process consists of hedting tihwcessdépostenddraldtialg grkim agrewtherdpetheur e
bel ow 100[ er mlicreBik-8ctRpé tOf NGt hetghanend Mdposibkar ests uct ure by a
tenper at ur e- independent L ehIN QS cSHE: A did) ML getion or sheet

resi stance neasurenments. e e desrre crostrutture’is reached, Step 2
may be perforned. Step 2 consists of immediately reducing the tenperature
of the partially trans{aynegepmiidlingl hnhéan Mdamiennd gheasessidde to

-20[err] C. Thedl LMedRY REvKEPta 11 nkDGrL 1 &7 Hi S rubtulE, and

(b) heating the metal film in a temperature range
of 70-100°C for at least five minutes, wherein the fine-
grained microstructure is converted into a stable large-
grained microstructure.

2. . The process of claim 1 wherein step (b)
includes immérsing the metal film in a de-ionized water

solution having a temperature range of 70-100°C.

3. The process of claim 2 wherein the metal film
is one of copper and gold. '

4. The process of claim 3 wherein the depositing
step includes electroplating the metal film onto the
substrate.

5. The process of claim 1 wherein step (b)

includes placing the metal film in an oven having a
temperature range of 70-100°C.

6. The process of claim 5 wherein the metal film
is one of copper and gold.

7. The process of claim 6 wherein the depositing
step includes electroplating the metal film onto the
substrate.
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rea t he next tep in the assenbly line, such as etching. Although
'|II al l mﬂ |bed herein with reference to certain specific
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ent invention is neverthel ess
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~without departing fromthe spirit of the invention. It w T1 be under st ood,
for exanple, that the present invention is not limted to only copper

films. Rather, the ingent 'Q%Ms@eféﬁtc?d}@?x%ltﬁn@t Bﬁélﬁeéﬁdvﬁ:hb%oﬂﬂecopper-
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i nvention may be extended to any deposition process for netal filnms. As

such, the depositi onlggye nﬁ?al 1‘@¥ng£ rﬁé@eﬁt rﬁal athed LREhniguesS N bath

or by sputterlng ues rn a va
orm a film having a fine- gralned mlcrostructure, and

_ (b) storing the metal film at a temperature not
greater than -20°C, wherein the fine-grained microstructure
is stabilized without grain growth for the entire storage
period.

9. The process of claim 8 wherein the metal film
is one of copper and gold.

10. The process of claim 9 wherein the depositing
step includes electroplating the metal film onto the
substrate.

‘11, In the formation of multi-layered wiring on a
substrate, a process for controlling grain growth in the
wiring comprising the steps of:

(a) depositing a seed layer onto the substrate,

(b) depositing a metal film onto the seed layer
to form a film having a fine-grained microstructure,

(c) storing the metal film at a temperature not
greater than -20°C, and

{d) etching the metal film immediately after the
step of storing, wherein the fine-grained microstructure is
stabilized without grain growth.

12. The process of claim 11 wherein the plated
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14 What is Cained: A process for controlling grain growth in the _
m'cr-os of a thin nmetal filmdeposited onto a substrate. the process
conpri quw,,&”m[”" (a) depositing the netal filmonto the
substrate Lo lm having a fine- grained mcrostructure of an
average crystall'it& stze less than 0.11gn.crons. the metal film selected
froma group consisting of copper, gold, and silver, a o) f I
the netal filmin a tenperature rangse of 70-1 00[err] T%\S %&‘EﬁTe'éguBFE@e
mi nutes, wheféim theorfa et goapredand agaast.ruct ure i s conyert e®REPRAGER stall e
| -arge- grained mcrostructure of an average crystallite35izé greater than 1
m cron. 2. The process of claim 1 wherein step (b) includes i mrersing
the metal filmin a detdonPEdPRAFRTS i FliddA Aavihereit dlePsetre range of
70-1 00[ err]}&aysr is a Thwgir odessppér clemismthanhadfei mandreetggposhickg st ep

i ncludes electroplating the netal filmonto the substrate. 4. The
process of claim1 whergin ste b) Lncludes placing the et filmin an
oven havi ng a_tenperatil’f{ra'e rAaﬁﬁgc%?g? 2 .rog.lmg e p‘ﬁ%’%&‘slf}f m&?ai m 4
wher ei n the BepBSFEFMRtwept tblindestal ddtlmspdapPragteheomt & filmonto the
substrate. substrate, the process comprising the steps of:

(a) depositing a metal film onto the substrate to

form a film having a fine-grained microstructure,

(b) heating the metal film while monitoring the
fine-grained microstructure,

(c) stopping the step of heating when the fine-
grained microstructure changes to a second microstructure
having a second type of grain, and

(d) freezing the second microstructure at a
temperature not greater than -20°C, wherein the second
microstructure is stabilized for the entire freezing period.
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