. fge3eXU. ~6T<C 2 2 AP R 200g. PROCESS OF CONTROLLI NG GRAIN GROWTH | N METAL

FI LM5 TECHNI CAL FI ELD The present invention relates, in general, to the ,
process of making thin filmdepositions on a substrate and, m)r22 APR 2004
specifically, to a process for controlling the grain structure gromh of a .
thin metal filmafter having been deposited on a substrate. BACKGROUND OF
THE I NVENTION A large variety of thin fi 'ms are used in the fabrication of

very large scale integrated circuit~devices. These filns ma y
grown or deposited on a substrate. The thin filns may be rremwmmﬂ’m’mnmu"
sem conductors, or insulators. There are several techniques tor depositlng
films on a substrate. One such technique nay be perforned in a Véﬁé‘%hm
chanber and is know gﬁﬁghxsi cal vapor deposition or sputtering. Another
techni que may be pért dOF nCNBRALL INed GRa TR NOsWs 1§ figh p}f-ati ng. It is
known that sputter deposited copper filnms have a charact erlkgt Ef‘_MS
as-deposited microstructure which changes as a function of tin€ at room
tenperature. This phenonenon has been docunented by J.P~. Patten et al. in
"Room Tenperature Recrystallization in Thick Bias Sputtered Copper
Deposits,” Journal of Applied Physi®ssymehr, #2 o. 11, pages 4371-77

(Cct ober 1971). 2 2 AP R ZQOO-~r Z-Wﬁ‘as—s-ﬁovm that, for electroplated
¢opper, the as-plated g@_f)eger has a fine-grained mcrostructure, with an
average crystallite si Pressstt haventidmarogessr Sin?éeef [ddgation of this
m crostruct urBFITeihe faganiagednf i ﬁlﬂ@%éﬁ&%Qt?St abl i s ed{ USi g = the

en

Q

Back- Scat t er gubzd kqfetaiflg'icgﬁﬁ?zt %ﬁn (B@e@s ifﬁédg?%r% atsubssratenpaaat ur e,
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no change has Qbserved 2 i} o erastindgcityeeqf9f, @ peri od
of 8-10 hours; tﬁl_élrtei FECOBERi 88 # stikdowetas Elﬂgniméga?,iagg ﬁe{)?og.inAfter
the incubati &?pﬁéﬂit@d, ogr ai supse¥dds has been observed for THe figkt 10- 20
hours, with the mcrostructure then reaching an apparent steady-state

-having an equilibriumstructure. In order to take advantage of the

fine-grained mcrostructure SACKGRAEND arermrm mneeitigal process steps nust
be carried out within 20 hours after copper electroplating. This
requirement is difficudhtidg riie@ a rfranUJc acturing environnment in which,
for exanpl e, fEBEiéﬁgﬁpﬁ)Sj}% ed substrat 8 nt %i%iles arsheséd amereHe weekend.
It is also k@ﬁfv\n t hat grai rYed-"rYo_\bFngﬁnS@dtﬂee rﬂirnfeqstatugtél{lemp{t "d%&rier may be
acconpl i shed" WEhi &l e pace ahesqyer | g B HLES 4By heat Ing t “CEfper at a
hi gh t enper aswbstrdal i nthe (iRL2l, § 9. change I 'S m%?%%‘i‘?%cﬁ%ﬁe is an
establ i shed mes@ gl cal practice. T t"Hadpashabel | saneidiorinwewek, phat for
a netal such as bu copper, a relatively high tenperature of at [east 350C
is required to obtain any appreciable change in its mcrostructure. This
has been docunent ed i rhelet ak-a E@{‘Qb .~ Vol. 4, pages 71928 (9th ed.,
Areri can Socrety fuschtal s, Metals air%l?,Ch@’lFB?S 1581 YdepSevetaly £ilms
sem conduct qf, yanuf act urers QP8 Fuh dEchgiahe eay N pedlrdp, 04 M | Nt er connect
metal |ization W t'h “C8PPEF and is known as physical va .
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2 2 APR 2~O~r -3 wiring, because copper offers superior electrical
conductivity and el ectrom gration performance. Several depositi 022 APIR 2001'
techni ques are possi ble, one of these being electroplating. ElecTroplating
has advantages: it has excellent trench fill properties and produces a
copper filmw th near zero residual stress. Electroplated copper

i nterconnects may be used in multi-chip2nodul es for both power distribution
and signal transm ssion. In the nore conplex structures, multiple | evels of
wiring may be required. The fabrication of these wiring levels is well
known in the art. The grain structure of the plated copper is critical. If
the plated copper has a fine-grained mcrostructure, the etching-results in
a snooth surface. If the plated copper has a | argegrai ned m crostructure,
however, the etching rd&ik sha'snsaowougimts,urﬁ@c@.legggo{)%@dsurface has a

di sadvant age ‘b@t}alleaecslmfpﬁlsmhgagefpﬁgpdsr%des an . accurat e neadiiE rofthehe

t hi ckness of a@@ré@éyé 'sq:e Lllgﬁer whi ch i cfé‘ﬁgsfnliﬁﬂoﬁ)%@rfc‘tq@,vﬁrﬁthganThe
deficiencies of the co vent i o8l 8hFeces dessusbdnt bodepnsdntetidsn Metal fil s
on a substrate qhien é’fnéédssmid:iosmﬁus:ft&riaolnat'Pé oacse_zﬂ R gt
control the drad rbestr eettabe 1 ghowt §s of %ag_:ﬁi_% gF al fil'm t?&ledt R&lRi | m has
been deposi teﬁimaq:tqggskpibﬁ. SU}IlM\/AF%{ TFE 1¥dfusddor ding to a
first aspect af the.invention'th&te! isEogedyptiedoen prenpesathes, cgptrol ling
grain growt h K Yie ifcPEStr dbsemecofint bha Fehed qifdiim H?Bgﬁis\t_ed onto a
seni conduct orfo3uBs peatiod bheBPI@Qﬁﬁ&sCOUgiésj;fﬁ%t he steps of - {ajture
depositing aimhﬁlatfibhmggpig t he fﬁ:r%m ¢onauct 6 RF&iegt ést bneen mm €hd m
having a fi neré-r%r %'bn d nferoddrudtites She alnenkatigm peysba) | gt &£1,51 ze | ess
than 0.1 nicron, -dnd3f byeer crhry viebe fort Blhe frid andphg,sem conduct or
substrate at Mdcreapenature fin Heoaheh t.i}?‘”a - 20C, tV\,her el n ?he‘“f‘i}hé:f@r ai ned
m crostructuan b§usiapy-{ifed w thout gfai h YIRSHERL: SEeatestnatia dastigi@age
.period. According to a secon(fué:é:b‘é'@t of the invention, there is provided,
in the formation of
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multi-layered wiring on a substrate, a process for controlling i &@Rom
in the wiring conprising the steps of (a) depositing a seed Iay%%o t k
substrat e, 2 Z AP R 200 -4 (b) depositing a netal filmonto the seed

| ayer to forma filmhaving a fine grained mcrostructure, (c) storing the
metal filmat a tenperature not greater than -20C, and (d) etching the

nmetal filminmmediately after the step of storing, wherein the fine-grained
m crostructure is stabilized w thout grgi n growth. According to a third
aspect of the invention, there is provided a process for controlling grain
growth in the mcrostructure of thin netal filns deposited onto a

subst r at eWirilige Rficaesss soppsippfiersngunerier selegigcalf condyyptivity it ielegtramigsation f i | m

ik . (o . e ogt f
on aver agRERbaRte, S eraR ARl EorRleBShe o, et MRR et bblAng, °
fi1m whi | Eleowoplatiig g ddhenthgese idhasienedllent emhtillipiopeties afd pRidasRi 2 @pphe

step of heating when the fine-grained mcrostructure changes
film with near zero residual stress.

C

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 art.
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. If 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

According to a first aspect of the invention there is provided a process for
controlling grain growth in the microstructure of thin metal films deposited onto a
semiconductor substrate, the process comprising the steps of;

() depositing a metal film onto the semiconductor substrate to form a film
having a fine-grained microstructure of an average crystallite size less than 0.1 micron, and

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

According to a second aspect of the invention, there is provided, 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,



to a second mcrostructure having a second type of grain of an ayeLa
crystallite size greater than 0.1 mcron andyloess tgan 1.0m croé Qaﬂ?Ré}UU‘r
freezing the second mcrostructure at a tenperature not greater than -20C,
wherein the second mcrostructure is stabilized for the entire freezing
period. It is to be understood that both the foregoi ng general description
and the follow ng detail ed description are exenplary, but are not
restrictive, of the invention. BRIEF DEGCRI PTI ON OF THE DRAW NG The
invention is best understood fromthe follow ng detailed description when

read in connection with, the acconpanying, drawi ng. Included in the draw ng
are the fol | owlg f Agppsting Fmetal ﬂ%métﬁgthe sesd e 'ﬁoaélﬂino% film havere & fine-
el ectropl gt.ed GORPSEubiddn W th a fine grained microstructure; FIG 2 is an

x-ray di ffraction scan of an el ectroplated copper filmwith a | arge grained
m cr ostruct ur e(c)andstoriig theARetd Hlbwat Htemperatide nst gestenthant2®Cphed of sheet
resi stance versus tine for an el ectropl ated cqopper filmrenpved-fromthe
plating bath. (d)  etching the metal film immediately after the step of storing, wherein the
fine-grained microstructure is stabilized without grain growth.
According to a third aspect of the invention, there is provided a process for
controlling grain growth in the microstructure of thin metal films deposited onto a
substrate, the process comprising the steps of:
(a) depositing a metal film onto the substrate to form a film having a fine-
grained microstructure of an average crystallite size less than 0.1 micron,
(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 of an average crystallite size
greater than 0.1 micron and less than 1.0 micron, 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.

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



DETAI LED DESCRI PTI ON OF THE | NVENTI ON El ectropl ated copper filnms have a
characteristic mcrostructure when i medi ately renoved from a plzaZi A@Raﬁ[}ﬂ#
This mcrostructure is hereinafter referred to as a rType A"

m crostructure. The Type A microstructure is fine-grained, with an average
crystallite size of less than 100 nanoneters. Verification of the
fine-grained structure in the as-plated filmhas been established using
‘Back- Scattered Ki kuchi Diffraction (BKD). N o change has been observed in
the structure for a period of 8-10 hours; this tinme nay be terned the

i ncubation period. After the incubation period, grain growh has been
observed for the next 10-20 hours, with the mcrostructure then reaching an
apparent equilibriumstructure, or steady state. This new microstructure is
hereinafter referred tFHS & Type BoheGaOsd Pl S};Q@tw?&&a

m cr ost r uct ur eehass | aige ﬂﬁaiar,llselwicwos L g(gra e crystallife S|_z‘b0€'gr eat er

t han 1, 000 naggge%fétsi | f pe A copperis ﬁ"%}a&& félreraneved” fusam

t enperature (approxi msﬂ%lli? C) for a period of at |least 24 hours, it wll
be converted to Type B copper. Type B copper can be held at room

tenperature for extendedppsiiss dgséﬂr%xéﬁnég éfhEEani 30 %ayS) wi t hout change
in the mcrostructure. X-tay at ed copper
fiilmse with Type A and Type B microstructures are shown in FIG 1 and SIG
2, respectively. The s&lectmopl&ted v@sper ZidmaPnR 09 %zaa!ﬁ%r Q. minut es

e scan i

af ter renoval mofrddta-weeRRr whi | ati ng bath. °AIG 2
was taken appri;rl i r;ﬁff@o%tggég“&ﬁ#’?%’??‘g@ré’{bgﬁgﬁf“wg% R IRkatdgabhekh.The
s hel'd at

copper film wa; FenpRripupimatser: nefented etalursata omygfa phe

experiment. ASSIRAHTUchurke fThertepe & TMpeoAtphE @St %t%rn%_ggxéggd

characteri zedvinh an avgeage | f i.ng.domai n I ch produ a very
a§ héff&aﬂiéer Zike nggf)%s BT A0 ruct ure

broad peak in, I diffraction pattern.
produces narroﬁ%g?é%ﬁa%i'n ﬂrk&r%t’d?’? fofa¢heofipeatgeainacisaivueeute anType A

m crostruct utdl® ASgedatedf 6t bmdmd dreen eayabi i {Rastion L used to
charact eri ze Kisduptriy st akkhoe; SRt @l S, such as copper gt :%%@E B&gﬁfﬂa?? Y,

"Elenments of X-Ray Diffraction," padges 281-323 (2d ed., Addi son-Wsl ey,
Readi ng, Massachusetts, 1978). The initiation of the transformation from
Type A to Type B.coppel°ngfjange delsapednf obsanvextanded peri,od,pf fire, (at
| east 92 houmpe)riby pEkagng KAS-LORMEE kf trolled tenperature
envi ronnent  @er@oheMPREAL Y&, Of; ~20C gl}:gllngv&g%p tkﬁ)rttaeé:\Teefi, thRelroRAt SemN
fromType A to Type B copper ey B3k eBrPPTLebd Gmatimi aroweh shas ebadn
several m nutog’ge%yeﬂeé?ﬁf nghe mexsodfe 0ahoars pvwitﬂimfeatn%ﬁoégf@@%ﬁe t han
er Ti

60C but | essthhanr280ng TdH appidied tCRQY Ef B f..plated co m from
Type A into TyReeB i 9%1%%{1%%06% rrgnti onlgi(}mgésr%ué:trt}lrﬁt ﬁ SSYRAY t hought
that a netal such as BulK copper ORTSHCHRI felf dipned naf thease £850G ito or der

to obtai n any°appl ¥ef abl Bl tvartguicitnret s The rhaie W idt@os ThEcE TMEHQ S

measur ed t helprage ofatmapnsfivhati @ehqd, pe.B copper using
in-situ, high,teoPREMNEErs, 2 2 APR zgog@ﬁ&&ﬂﬂ% €iZe gP ater than

If Type A copper is allowed to remain at room
temperature (approximately 25°C) for a period of. at least 24

“hours, it will pe converted to Type B copper. Type B copper

riods of time

Structure.

can be held at room temperature for extended pe

(more than 30 days) without change in the micro

X-ray diffraction scans of electroplated copper

£il i i
ms with Type A and Type B microstructures are shown 1in

FIG. 1 and riIg. 2, respectively. The scan in FIG. 1 was



x-ray diffraction techniques. The table below lists the tinmes to conplete
the transformation at roomtenperature for plated copper which hﬂszPR 200"
heat ed previously at various tenperatures from 25C to 60C. Table
Transformati on of Copper From Type A to Type BStorage Tenperature in
Degrees CentigradeTine to Conplete Tr ans%or mation in Hours2530403. 5501. 26 0O
.~ 0. 19 J.W Patten et al. teach that the resistance of sputtered
copper changes as a function of tine while the copper is held at room
tenperature. Thus, resistance nay be used as an alternative to x-ray
diffraction as a nonitor of the copper transformation. FIG 3 is a
schematic illustration of the variation in sheet resistance of a bl anket
copper film T % Hl consists of an initial high resistance state, which
corresponds to the %d&lwqﬁscracfﬁerucemmml At @heacBBpéPds Py, 4,08 L he

resi stance drBp3timgibath. r emehesai id rﬁG.SEEQgX Etgte, whi ch corré‘?ponds
to the Type hhouwes ostddictiye, Jhe Line regw réd t oot eadtPRIR* matail ysusady
state as well as the time before PR theaRdpsipat Pavh oc e ddppleredifhe

"i ncubation peri oo Fp&iR@ro kehperatrsres ok 8he t &vee HEPQRIAL QR 8GN0 que,
t hi ckness of ¢Heexioppdr. film and tenperature at which the 2 2A 200g 8
copper filmis held after deposition. It is desirable, of course, to use

pl ated copper with a low resistance in the chip or chip carrier when naking
Wi res because resistand@ FBOYR| {1 dille fdguhes pes quxﬁ”gar}\cgligﬁrotsﬁguggp er wre.
It may al so B@Wds chbractorpked &y QPRSE g\ﬁ%&eargi xgﬂ sheet resrstafce in
order to obt ainich %E%Gliuf:ia}@] Lesistance for” the as 151 SEEGTRGEpRE domadn | t
wi Il be understood that the tine 8 20nPEet el rnst-oryatidnraét tde

as- deposi t ed p%té%ﬁgp'f i PnTYPRNB Wiswoatroc fype ;&dmbegengpgg&sgﬁ&ﬁ IO
e inme to

dramati cal | y ag-shovwdifnrdadich batapd ,_C&gﬁ% eptly, so ma
decr ease thenﬁla%gtg_-géi._ﬂ.@pcea of the lilate cg}épé:P %/'i FﬁPeA@process has t hus

been found tQ.R oduce a %;\%)é)per 3%t t¥enCsstieady-aad &t abtact mige- gr ai ned
M crostructure E\wgge%)u P ifharact emisre qim@t:rirgﬁjaﬁﬁﬂ&qrég}qqatlhe

origi nal as- §8pBshsedoppgperid iB.m, Ay PrAf rm%ﬁégggﬁess i pel udes i°si ng t he
substrate imdkggg{;yoﬁ‘fnt aaqceospB i_% at | dg’ e€ri gi?@ %T%}Yis done with
hot dei oni zegeggger avil n? teng raf ir@hredar pedtso7O@s but, not nore than
100C, for a tine Not TE¥EAWEettpvelt@utes. The preferred process relies
on the fact that the grain growth has been shown by the inventors to be a
purely kinetic processppelhi ss has been verified in experinments with
good resul tsg, %%JSB 100 %%iitﬁggig‘g?m%tgrt i tharf{rmgtdraans ol elypet xopl at ed
copper film have been PrECEsBEY bidr)ar0Q Geromi zectamtedr Poirdsg gpd Shown
to have achi Bi/#R| @Y degegr aenkduedyidy BikUMh§t Ate C(O};g)ee B).. Various other -
approaches hearetd S@deRRpbakehre SYN 25, (1) " furnac annéd Bng after

pl ating, and,g 21)0‘&!;;6}“ [ﬂ{% ment at a temperature of -20°cC

reover, the conversion from T
ype A to T
copper may be accompl orar

. ished within the Space of several
minutes by heating the copper at a low

temperature reat
than 60°C but less than 100°¢C). ' -

This rapid conversion of plated copper film from
Type A into Type B is unexpected,

has been thought that a metal such
heated to at least 350°

As mentioned earlier, it

as bulk copper must be
C in order to o

btain any appreci
' ' ciab
change in itsg microstructure. ’ B

T ,
he inventors measured the rate of transformation

of T
YPe A to Type B copper using in-situ, high—temperature



2 2 APR 20a4 9 other additives into the substrate. Furnace anneglin r
pl ati ng has been successful. The preferred process .is superi orZZe&Pﬁ iﬁﬂ#
furnace annealing, however, in that it can readily be integrated into the
pl ati ng assenbly line. The preferred process thus provides an approach by
whi ch the conversion of a Type A mcrostructure into a Type B

m crostructure nmay be accelerated. Thi ¢ acceleration is acconplished by
heating the plated substrate at a tenperature bel ow 100C. The degree of
acceleration twill be dependent on the tenperature sel ected. For exanple,
an el ectroplated copper film placed in a tank of deionized water held at
70C for at least five mnutes, wll -convert froma~Type A mcrostructure to
a Type B microstructure. It will be understood that furnace annealing may
al so be a précédy HhltfRPERienetetMiausson Bheatdlype bR IHWCNaSkEUGHUre i Nto a
Type B ni cr o$timgst tirecomylbee aaie|tiadsedrmAg8bN. af NighAG58Lerati on nay be

acconpl i shed phythgati -pl.at ed supstrate 1 n an ovéeﬁlpgfagulrgrrﬁérature
bel ow 100C. fﬁ rke)ggg%hﬁh%%f %raéi ?)gﬁn PREGR RARY Ionstlive atevpedatar e

e _de
sel ected. For “BREFPEBreantePe AT 6pItat 68°Copper film placed in an oven held
at 70C for at least five mnutes, will convert froma Type A mcrostructure
to a Type B mcrostructure. Furthernore, because the grain growh in a
pl ated netal appears to be kinetically driven, a process has been found to
Sl ow or prevent grain growh. Stated differently, a process has been found
to slow or prevent the initiation of CLi[Q onverstonmof—a—Type—A—pl at ed
film This process may be acconpli she mai nt ai ni ng the as-deppsited
netal filmat a tgnperature béFéRSERERabEON rafoapepeper at ure, The| extent of
the delay will depend on the t e atwpeeasebeo}gd. g For 2 2 A PR 2004 10
exanple, maintain e al, at_-.20C W —detray—tfe—+ri-t-atd on of the
Conversion for a ae%;ioo%%%%f &ggg%%%%‘fr%d“d ys. e dcoFerphetened process has
been found usef ul LinXHESEPFoEeREiwfadeabr | FabinafoeheeisOp ARG GOPPEr |
interconnects or pires in a ggbstrate: eV ousty Tentrored=—t he grain
structure of the ptrated—copper—s—ert+ecpl—during t B etching prpocess. If
t he pl ated copper s a finef@rained micfostructure3.she etching| results in
a snmooth surface.|{If the plated copper hps a Iarge-l%rzal ned Tmcruostructure,
however, the etchjng resurts im a rough—psurface———Hre—+oeugh-surif ace has
di sadvant ages. Thm found that the rdudifeni ng of ,the copper
may be due to roomtenperature grain growh. The grain growh may result in
| arge grains of copper with different crystall ographic planes oriented to
t he surface. These pl anes rigaﬁ etch at_different rates during the etching
process, thereby resultinig PiitPBugh oppeachTihaty bughrevipemamysal so form
etch pits. THEUERIPDiGPPeay chakees oxs an fumdesbhabt e 1w aln 110 q5f.ace
t opogr aphy wregpeanyisstesaquentodRt 8dm Th ch pits ma urther tend
to trap progess; wasts %’Ned%b{;l s_and %%é?ggf'coﬁ?‘g%ﬁ n’é%)seisttﬁé’%etmémp@-vi a
interface as wel | . This intarFake My G8en dféeeetien |35 af memither wal
cycling, restt?iSRPRYT townsfotnetiom. yiralad andsi a-§éedmhasel i ability
probl ens. | tikassthearicebser ved vhafaridn tihe i | s per formed
i mredi ately @fat,ggeholc%? g fﬁ‘% resul tin E?osgéggng%%sat € Sfoéth surface
texture. Such a surfacé will DBern e & %cCOPaL Bt et A lofi tiled thigekness of
the pol yi mi d€oVérNEy étasAd wii¢h formeapgadd tetetd urgical bond to a
connecting vizrdstomcaurenuf actew i NgMaRLAGS.  fguevsr, th

. registance
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

- 14

thickness of the copper film, and temperature at which the



2 2 APR 200 11 etching cannot be perforned i nedi ately. A delay_of 24 hours
may be an absol ute m ni num and a delay of 72 hours (over a weelQe@d)APrRy
required for routine manufacturing conditions. Therefore, in order to
obtain uniform properties and behavior, it is desirable to stabilize the
copper mcrostructure prior to subsequent process steps. The process by
which this result may be acconplished i to refrigerate the substrate
i medi ately after plating until the manufacturing line is ready to etch the
seed | ayer. The follow ng experinent was perforned. A 5micron thick copper
filmwas plated on a 100 mm Si wafer using the tool for substrate copper
pl ati ng. The wafer was quartered immedi ately after plating. One quarter was
used as a conéct;ol and held at roomtenperature for 24 hours, while the
other three quarter st Wt e Siheded afhen cenmsdrtdioal. freezer and hel d at -20C.
The three sanples placed in the freezer were renoved fromthe freezer at
24-hour intervals. X-r iffy I scans showed that the contTol sanple
had a Type B nigr ostru?ﬁugg \%r%%rﬂe:sgg%'t EEUFPB2 ehP s&fD | R tesd chpperA
microstructures, Ko gHaififSdEsaRewts dbsehipdornchie danzienr saep es. Thus,
a process had'dfdary fhums becpuewentsid@iicai tsabi-op; of; g?d“@?{eSi on of a Type
A m crost r uctpdre Ref0le %%CQEQQCPE rrlai nt ai ni n? the as-deposited nmetal film
at a terrperaft.D rgbel ow - 20C unti _? e TEfuf atFuPRhplso esaesiiyabiretbs
feady to performtfEPEEENFAGhpRoER ] sheetpreststancw ant iondea! g provi des
yet anot her PR3@dss ai spakiichcapes 1 ©inmdiral-erfi rycture. hereinafter
referred to as a Type C microstructure, my Bgég{)%lﬁ;t&&lct%pﬁeﬂ (Eb m.
understood that a Type_C m. crostructure is one which has a grain size
greater than that of alfyBelA be urrexstrodothat tiietdsier ot bompl s | €SS
than that of Y&aTgfermaticnostrtied e -depodi T¥@ecdprBC St YELYT &, JBY, be

obtai ned in act wgpkep RRPCESS f_the praocess consists oYPRet i ng
the as- deposilt)egnget al f|9l m a?h(?t%glr?%ergg?rﬂ?%l%ﬂ (fS08heKnI| &nnBabtering
i Ts

the change in’i s ni EPBEEFURREIY 1P Mavehpethe rime ndependenset gghni que,
such as x-rafhg@etfrasisbance sheste paatsd adsspdEagypenents. Once the
desired mcrostructure is reached, Step 2 may be perforned. Step 2 consists
of imredi ately reducing the tenperature of the partially transforned netal
filmto a value no greatBF°T%RH hagothusheedn | fnumdy tbepkepice na tdupdd.eezer
until it is FéaBywibh ahstewit ®idptiaplé hea rafs Al Kek mgcrgy&th%su et chi ng.
Al though il ¢sypat ey wrterlassd ipgd erginw th . r ? erence fo certalt
specific e”bQQELﬂFH%f’ t_hcg Egre,sent invention i s Ne?BFEhEN@8sthft intended to
be linited to the det® TSR OWEd RAPREF  fiddti ods prefiefredtpansegmy be nade
in the detai f8CIRdes nrimeimroge andstange ierne@(iHit\éQ-{/th?exlofcc%%)eerd ai ms and
wi t hout depaplatpng! omid e S i t jnvention It wll under st ood,
for exanpl e, hé@?x}] ?Qeté)r eselﬁglid vggtEPoggidsonr?of"lltgr’r{‘?‘édd?’d”blrﬂ%ﬁ dEysar

films. Rather. thne i nveRIFUHEy Cbeatxiafded 0°6, obhernoetmdre hepend copper .
Room terrper_a%@?"ecgr%ﬁ’m g rigwteh noas 1beent HAP Fikadmi ROk d f’f‘ﬂe”%re-%i s _report
suggest s t haprosnes seye LN the ichYﬁnEﬂaq._n to gold films and, 56S&EY, to
all Group IBS,gr%grglli}{ dbo will be further Un F8Fs EBBER  HEQ W thdasr deent

i nvention may be extendged TG ARYSdEPORS t4 Burplvckisetic pretalssi.i| ns. As
such, the deposition may be by way of electroplating techniques in a bath

or by sputtering 2 TrARRpCEsd3nas 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



f'téchr'\i gues in a vacuum 2 2 APR 200g -14 Cainms: 1. A process r
controlling grain growh in the mcrostructure of thin netal film APRZU[M-

deposited onto a sem conductor substrate, the process conprising the steps
of : (a) depositing a nmetal filmonto the sem conductor substrate to forma
filmhaving a fine-grained mcrostructure of an average crystallite size

|l ess than 0.1 mcron, and (b) storing the netal filmand the sem conduct or
substrate at a tenperature not greater than -20C, wherein the fine-grained
m crostructure is stabilized without grain growh for the entire storage
period. 2. The process of claim1l wherein the netal filmis one of copper
and gold. 3. The process of claim2 wherein the depositing step includes

el ectroplating the netal filmonto the substrate. 4. The process of claim1l
wherei n stor i.‘%di%é“%ﬁ’éﬂtfdl"eﬁi EREpnthedebssirateng Flena®s anrddd10ngoh £al,, | east

a 24-hour i ntrdmatding fasl Bekhestioco®d # 0N ofrhgub;_.je LAVES %gmvger ing on a
substrate, a4y Q%L C(g‘r};__rrlgllin rain grothl In the W m%s'corrprising
the steps of: éaz eposi'fri ng a-cee M9onPBWEYRr s ubs tihite 1t bhan
depositing a 1L ¥ Pemistearehed soew Ithpeplaoifigragserdilynhae ng a fine

The preferred process thus provides an approach by
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 Qill be
dependent on the ‘temperature selected. For example, an
electrqplated 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°cC
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

& 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



"gr'ai ned microstructure, (c) storing the netal filmat a tenperature not

greater than -20C, and (d) etching the netal filmimedi ately af
step of storing, wherein the fine-grained mcrostructure is stabng%R 2001'

Wi thout grain growh. 6. The process of claim$S wherein the netal filmis
one of copper and gold. 7. The process of claim®6 wherein the seed layer is
a |l ayer of copper |ess than 200 nanonet & s thick. 2 2 APR 20~~ -15 8. A
process for controlling grain growmh in the mcrostructure of thin netal
films deposited onto a substrate, the process conprising the steps of (a)
depositing a netal filmonto the substrate to forma filmhaving a fine-
grained mcrostructure of an average crystallite size less than 0.1 mcron,
(b) heating the tal filmwhile nonitoring the fine-grained

m crostructuFé?mgif'sPBbbFﬁgnim@_@ﬂnﬂ@romeheat&tmyWWRﬂ1wﬁh& dengy 9t gl ned

i crostruct uieithanges b6 ahsecoOntrBiGHOSLE USt fiJHﬂQf”gtalsgCﬁﬂg type of
grain of an @¥gkage crystallite size greater than 0.1 m-cron®ahd>Pess than
1.0 mcron, and (d) freezing the second mcrostructure at a tenperature not
greater than -20C, wherein the second microstructure is stabilized for the

entire freezing periodTh@.aﬂ&&hdﬁdﬂwaﬁédoﬁr&%éﬁé“ﬁ%éMH%%ﬁi@?LrSEZingq%he
r at

second nicroshrgﬁgu5§oég§gug§sE%%%%gknggth second m crostruct U@
l'east a 24-hgur interval. A ATHEICREARE PClropdated mgppasr . A AF . Af;

;_A,?S_A.A(e# PpapeCcts 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
sTooth surface. 1If 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 -
lsubsequent 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

performed immediately after bPlating, the resulting copper

may have a smooth surface texture. Such a surface will
bermit an accurate measure of the thickness of the polyimide
over-layer and will form a good metallurgical bond to a

con i vi : i A%
nectlng la. From a manufacturlng Vantage, howe er the
’



calc
~ Tbf ED| {vql ga\ W ca] ca] c”a] ca] ga] ca] ca] ca] ca] o2 22] calcalcal cal Cflzcﬁﬁﬁ] 20#"
*Tg}c cTL} Cg] ga] ca] ca] ca] c/\ia] ca} g;?]c;?]cnggllfgl‘fcgj ca] ca] ca] ca] ca] ca] ca] ca] caJc
FAA al c”a
g paen e Ll o e

] ca] ca]
*|wrmhcnY] ] ca] cg)c(a] ca] ca] ca] ca] ca] ca] ca ca] c:
32)!"'ca]ﬁﬁ?ﬁﬁfgfgiﬂﬁé/\a}\gg]c;]Z]a}ca]cg%ca]C*a]Ca]Cfi]C&]Cfilca! 2% "o,
iAiL+H+.... 0000011171] 1G333M4444495: 5;

] ca] ca] ca]
c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca

5=5{ upkf a\ W ca]( gﬂgﬂgﬂ:fg} gg]a}fla] ca] ca] cal :5K5L55566779#&gj ca] ca] ca] ca] c*a
o8l 22]:(;%‘& g]Z(I;SBBCSDDDGHHHH| wr the”X] U] c* a] CaLfiLfiLf?Lfié] ca] ca] cal HHEF 1 JIK
LJj é:*a] Cang(@ﬂflg%%%ﬁP@&(ealp%@fgngda] i(;naﬁ!e%iate;y. iA ?elaiy o]fca;];Ca] ca] ca] c
KKI NO+Q. g Rea|¥epbapeat e aptamal aalical 42 f+Q O OKO
Eﬁ?: 2818(?*8 ;Ii-i( Igﬁgif;q&&ﬂdqa}n%] s8] Fad el al go@éﬁfﬁ ﬁ@aﬁurin;

vq Cbomg.'?ﬁ%‘%ar?hict/\iﬁ”ﬁ]'ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] %g}\;g] ca] ca]ca] ca] ca] ¢
RRSE?B]S(?* a] ca] ca] c*a] ca] ca] ca] ca] ca] c, aUl c, a Cfﬂl] C%Oc/da&, 0)-
U 1008 = & () aS10% o104 104 10y 811G B Vgt igann pramacnsas: ()- 15
10081 & () o e g S Pioat ) stal sl zel 6% bhore o@ 008 ().
@@ 109 () - TEVECF R PF 1094 U fubsBETBR EARE Klg 6°R00) Hies

{?g/‘g & ()-"10%g&'sE) bM LaYgE fﬂim%{_(()%\fié.

e
! *1099&' ().- ' &‘%)%)/%d&‘sv?dﬂslﬁwg&' ()-<6
GEEB 101 sFTLoYg ) B ToTRR (JCHAGGRRed 1ately atter plating uneyy

ufacturing line is ready to etch the seed layer.

The following experiment was berformed. a -
micron thick copper film was plated on a 100 mm si
using the tool for substrate copper plating.
quartered immediately iafter plating.
as a control and held at room temperat
while the other threelquarters were pl
freezer and held at -20°c.
freezer were removed from th
X-ray diffraction scans show

wafer
The wafer was
One quarter was used
ure for 24 hours,

aced in a commercial
The three samples Placed in the
e freezer at 24-hour intervals.
ed that the control sample had a
the three frozen samples had

No grain'growth was observed in the
Thus, a process has been found to prevent
conversion of a Type A microstructure
maintaining the as-deposited metal film at
W -20°C until the manufacturing or
assembly line is ready to perform the etching process,

Type B microstructure while
Type A microstructures.
Jfrozen Ssamples.

the initiation of
before etching by

a temperature belo

The present invention also brovides yet another
bProcess in which an intermediate microstructure,
referred to as a Type C microstructure,
will be understood that a Type C microst

has a grain size greater than that of ga

hereinafter
may be obtained. It
ructure is one which
Type A
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microstructure, but less than that of a Type B
microstructure.

A Type C microstructure may be obtained in a two-
step process. Step 1 of the process consists of heating the
as~deposited metal film at a temperature below 100°C while
monitoring the change in its microstructure by a
temperature—independent technique, 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 nevertheless 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

present 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
electroplatlng techniques in a bath or by Sputtering
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Claims:

1. A process for controlling grain growth in the microstructure of thin metal films
deposited onto a semiconductor substrate, the process comprising the steps of:
(@  depositing a metal film onto the semiconductor substrate to form a film
having a fine-grained microstructure of an average crystallite size less than 0.1 micron, and
(b) storing the metal film and the semiconductor substrate at a temperature not
greater than -20°C, wherein the fine-grained microstructure is stabilized without grain

growth for the entire storage period.

2. The process of claim 1 wherein the metal film is one of copper and gold.
3. The process of claim 2 wherein the depositing step includes electroplating the metal
film onto the substrate.

4, The process of claim 1 wherein storing the metal film includes storing the metal

film for at least a 24-hour interval.

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

7. The process of claim 6 wherein the seed layer is a layer of copper less than 200

nanometers thick.
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to a second microstructure having ‘a second type of grain of an average crystallite size

greater than 0.1 micron and less than 1.0 micron, and
(<)) freezing the second microstructure at a temperature not greater than -20°C,

wherein the second microstructure is stabilized for the entire freezing period.

9. The process of claim 8 wherein freezing the second microstructure includes

freezing the second microstructure for at least a 24-hour interval.



