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t he
relates, in a preferred embodiment, to a process for

cleaning the surface of single crystal silicon bodies,
10 such as wafers.

' Microelectronic semiconductor devices are typically
fabricated on'single crystal silicon wafers produced from
single crystal ingots commercially grown by the well-
known ézhochralski method. The silicon wafers are

15 typically prepared through a sequence of steps in which
the ingot is trimmed to a precise diameter, flattened
along one or more sides to identify crystallographic
orientation, etched to remove mechanical defects, and
then sliced along a specific orientation into unfinished

20 wafers. The unfinished wafers are precisely shaped
through further fabrication steps including edge-
rounding, lapping, etching and polishing.

The yield and performance characteristics of a.
microelectronic device are significantly impacted by the

25 level of surface contamination on the silicon wafers.
Generally, both organic and metallic contaminants may
become physically or chemically attached to the surface,
usually due to the fabrication steps described above and
the associated handling of the wafers. This concern has

30 become more acute as device geometry has become
increasingly smaller. Accordingly, the removal of such
contamination is necessary between wafer fabrication and
shaping steps, after polishing, and also during device

fabrication processes.
e
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25 | evel of surface contami nation on the silicon wafers. Generally, both
organic and netallic contam nants nay becone physically or chemically
attached to the surface, usually due to the fabrication steps descri bed
above and the associated handling of the wafers. Thi.s concern has 30
becone nore acute as device geonetry has gfcone i ncreasingly smaller
Accordingly, the renoval of such contam ndtion is necessary between wafer

]Eabf! cation and Shap'ﬂgvé.%;Bg\y akt Sgeﬂﬁ?{;éf Pch?EQsakSQ Qfééflﬂﬂn evi ce
abrication processes. vari €ty of chentcal processes for tleaning
cont am nants frozenbaminahbeefvbmsthe conrbade cof asel koounbodiescaret knghe
"RCA net hod" is wn ' wd; Lo . I Ld rs.
In this nethod, ?%2€%é 5§Efer%§§?§§§ﬁgﬁ??§f#y tép%sg%f?okﬁggﬁd+?§g€£%?$f
cheni cal sol uti oasthegpferl ryeppiagr sliconswaterfdar 2 CFRaRi Rgthod( Sche
and " Standargl C@apeRgigd" se§Géhts8l Uy eRfosSECLE. t Wb AUE ferSEH @B?gggaprlo
ress

Silicon Crystal Technol ogy, . p. 189, .Acadenic S Di ego ol
The 91 sof ut [orPeErend! oFPat Rt REaERigEs at Thcanddfa Bleaning 1
: (SC1l) and "Standard Cleaning 2" (S8C2) solutions. See F.

Shimura, Semiconductor Silicon Crystal Technology, p.189,
Academic Press (San Diego CA, 1989).
10 The 8C1 solution consists of ammonium hydroxide,

hydrogen peroxide and water in respective ratios ranging
from about 1:2:7 to about 1:1:5 parts by volume of
commercially available reagents, typically supplied as
28-30 wt¥% NH,OH in water and as 30-35 wt% H,0, in water.
15 The ratios of ammonium hydroxide and hydrogen peroxide
are expressed relative to water, but independent of each
other. That is, in the typical 8Cl solution, the ratio
of NH,OH:H,0 ranges from about 1:7 to about 1:5, the ratio
of H,0,:H,0 ranges from about 2:7 to about 1:5, and both
20 of these ratios (NH,OH:H,0 and H,0,:H,0) are independent of
each other. Expressed in parts per million by weight
relative to the amount of water, the concentration of
- NH,OH in SCl1l typically ranges from about 35,000 ppm to
50,000 ppm. SC1 solutions with ratios of reagents of
25 about 1:4:20 NH,OH:H,0,:H,0 (approximately 13,300 ppm
NHOH) or of about 1:20:100 (approximately 2,800 ppm
NH,OH) are also known in the art. Meuris et al., A New
Cleaning Concept for Particle and Metal Removal on Si
§g;£§gg§,-Elecprochem. Soc. Proc. Vol. 94-7, pp. 15-24
30 (1994). .
_ The ammonium hydroxide and hydrogen peroxide in the
SC1 solution simultaneously etch the silicon dioxide
layer and oxidize the underlying silicon substrate,
respectively. As it etches, the ammonium hydroxide
35 removes organic contaminants and also complexes metallic
contaminants such as copper, gold, nickel, cobalt and
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hydr ogen peroxi de and water in respective ratios ranging fromabout 1:2:7
to about 1:1:5 parts by volunme of commercially avail abl e reagents,
typically supplied as 28-30 w% NH err]OH in water and as 30-35 w %
Herr]Jerr] in water. 15 The ratios of ammoni um hydroxi de and hydrogen
peroxi de are expressed relative to mater,3but i ndependent of each other.
That is, in the typical SCL solution, the“ratio of NHerr]OH H err] O ranges
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Meuris et al., Rrﬁg\ﬁnaseiﬁ\eng—""q”ﬁ'&@& ?‘P’g]lrggéfiﬁ %chmaﬁ&c%&ng tB&moval on Si
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10 congiderably with time, leading to non-uniform cleaning

of silicon bodies. Additionally, the combination of the
high basicity with high oxidation potential in the SC1
solution results in the precipitation of iron and
aluminum oxides. _

15 The second step of the RCA process, treatment with
the SC2 solution, is primarily a remedial step aimed at
the removal of the iron and aluminum oxides which arise
during the SCl step. The SC2 solution typically
comprises hydrochloric acid, hydrogen peroxide and water

20. in respective ratios ranging from 1:2:8 to 1:1:6 parts by
volume of commercially available reagents, typically |
supplied as 28-30 wt% HCl in water and as 30-35 wt% H,0, .
in water. The ratios of hydrogen chloride and hydrogen
peroxide are expressed relative to water, but

25  independently of each other. The SC2 solution forms
soluble metallic complexes with alkali and transition
metals. _

Alternative approaches have been tried to avoid or
reduce the problem of iron and aluminum precipitates.

30 One approach was to use ultrapure reagents for the SC1

. solution. However, even using reagents in which the
concentration of iron and aluminum is less than 10 ppt,
the SC2 step was required. BRecause most of the metallic
impurities in the'SCI bath come from hydrogen peroxide,

35 another approach was to use other oxidants, such as
ozone, which are available without metallic impurities.
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35 renoves organi c contam.nants and al so conpl exes netallic contam nants
such as copper, gold, nickel, cobalt and: 3 cadm um However, an

al kal i ne etchant, such as NHerr]OH, would, if it came in contact with the
underlying sil'i.con .substrate, €etch the silicon in an anisotropic, crystal-
orientation dependent manner and severelﬁ roughen the 5 surface. The '
hydr ogen peroxide in the SCL solution prevents the amoni um hydr oxi de from

etching the un | AN HiEs 1 t.ch | o] in
the SCL cl eani g{%ws?ys?tqgm%és# t@pl%ﬁf%—%ﬁe 1-5 ﬁnﬁ‘gegm%\?ed}&de% %ﬁ%t es
of conventionabz8Ok wsiua wiRiceaseig begana’iqzmg destraved theeadi ng to
?ﬁn‘EU'LOL”‘C|%ﬂﬁk&ﬁuﬁfﬁ?&ﬂd%ﬁaéwdies- Addi tionally, the conbination of

e hig asicity wt I'gh oxi dation potential in the SC1 sqglutjion results
in the precipitati oF IR a&ﬂlﬁfaﬁ@rﬁtd)art?es‘?gl e R mél)t%o &ohd step
of the RCAgprog@sd Krcai nentthd tdrtd.he 2 aalmplion, compiatierarénoyal of

eredial Step RIEd. AL IRl i 1L il aland Jyap iy Y

: - the silicon substrate is believed to facilitate surface
cleaning. To this end, brief etching of the gilicon
wafer in a very dilute, high-purity hydrofluoric acid

10 (HF) solution may be employed between the SCl1 and SC2
steps of the RCA method. Beyer and Kastl, Impact of
Deionized Water Rinses on Silicon Surface Cleaning, J.
Electrochem. Soc. 129, 1027-29 (1982). Another
improvement relates to the use of megasonics with the S8C1

15 and SC2 baths, as reported in U.S. Patent No. 4,804,007
to Bran. '

The use of megasonic cleaners for other, non-SCl
cleaning schemes is reported, for example, in U.S. Patent
No. 3,893,869 to Mayer et al., which discloses the use of

20 megasonic frequency sound energy to facilitate loosening
of particles on the surfaces of semiconductor wafers.
Further advances in megasonic cleaning apparatus and
applications have been made, as exemplified by U.S.
Patent No.'s 4}804,007 and 5,286,657 to Bran and U.S.

25 Patent No. 5,279,316 to Miranda relating to an improved
megasonic transducer array, a high-intensity single-wafer
system and a single-bath/multi-process system,
respectively. Despite these improvements, the level of
impurities and variation in etch rates associated with

30 conventional SC1/SC2 éilicon wafer cleaning systems

remain problematic.



conprises hydrochloric acid, hydrogen peroxide and water 20 I n respective
ratios ranging from1:2:8 to 1:1:6 parts by volune of commercially

avail abl e reagents, typically supplied as 28-30 wt% HO in vat er and as
30-35 Wt % H202 in water. The ratios of hydrogen chlorid dg e :
peroxi de are expressed relative to water, hut 25 I ndepen er‘?\é mseBEEN
other. The SC2 solution forms soluble met&llic conpiex LKEDi and
transition netals. Alternative r i ed to avolrd or —~

reduce the problemof iron and One approach was
to use ultrapure reagéat sisf drheiref 3@l aS'D|OlijISETt di)vlmeerpresmt usivention '

reagents in whic e f S han 10
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An associated object of the invention is to improve the

control over the rate at which silicon dioxide is etched,
and preferably, to obtain a relatively low etch rate

10 which is temporally uniform. A further object of the
invention is to controllably etch silicon dioxide in
order to reduce the thickness of the silicon dioxide
layer without exposing the underlying silicon substrate
to the etchant.

15 Briefly, therefore, the present invention is
directed to a process for cleaning a silicon body having
a silicon dioxide layer overlying a silicon substrate.
The process comprises chemically etching the silicon
dioxide layer with an etchant in the presence of a

20 megasonic field at a temperature T, with the
concentration of the etchant being less than its
diffusion-rate-limiting threshold concentration at T.
The etchant is preferably an agueous alkaline etchant
comprising hydroxyl ion, and the concentration of the

25 etchant is preferably less than about 300 ppm by weight
relative to water.

The process alternatively comprises chemically
etching the silicon dioxide layer with an etchant at an
etch rate controlled to be within about 2 x 10°° um/min of

30 a target etch rate, Reeens the target etch rate, R .,
ranging from about 3 x 10°° um/min to about 4 x 10*
pm/min, discontinuing the.etching before the silicon
substrate is exposed to the etchant, and oxidizing the
silicon substrate.

35 The present invention is also directed to a process
for decreasing the thickness of a silicon dioxide layer

his Sheet Has Been Replaced
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amoni um hydr oxi de. | nprovenents and variations of the RCA nethod are 5
also known in the art. For exanple, conplete renoval of the naturally .
occurring silicon dioxide |layer overlying the silicon substrate is believed
to facilitate surface cleaning. To this end, brief etching of the silicon
wafer in a very dilute, high-purity hydrofluoric acid 10 (HF) solution
may be enpl oyed between the SClL and SC2 sﬁeps of the RCA nethod. Beyer and

Kastl, |npact of_DeiLonize er, Rins on,.Siligon rf eani.n J.

El ectrochem So8vef;§}n?6%7%§3lff@B%yS% ﬁ@#ﬁér ﬁﬁﬁrgggﬁg%% ?éﬁg?é?gFo t he
use of negasoni chemichlillye eSChinhg thengildzomadhioxide deyert wdthnab. S.

Pat ent No. 4,80 0 Brans: f SE#% SnEO .
non- SC1 cleaniné?gg g%e?%i% Fgﬁgg?ggsrgbgqgggnp e?pf%§€ﬁ§§ %%péwﬁgﬁégonlc
3,893,869 to I\/agéﬁlét wilth thie ceongentrasdon: pE the etchent pejasodees

frequency sgundiggar 9¥ st @iffFidicnakateQd3aAAdgOthRaEhblieecnBehi®atibhaces
of sem conductor wafers. Further adyances_i n nggasoni c cl eani aefaratus
and appl i cati ondthdve bERR RBgRaNESIBXRRBFFF b?nLP@Pe?%ﬁe%iﬁ$kﬁ'%

4,804, 007 and 5e286a6%7 compltiad nanthydrSxy5 ionPabadt the. con2éntdabiba of
Mranda relatin rqved as a&pltran%gucer

hi gh-i nt ensi ty p%gpggaép , 18 pre ess than ab%%%a§00appm. The
etching is discontinued before the silicon substrate is
10 exposed to the etchant. o
These methods for cleaning silicon bodies and for
decreasing the thickness of a 8i0O, layer offer significant
advantages over conventional methods. Uniform etch rates
ranging from about 3 x 10°° um/min (0.3 A/min) to about 4
15 x 10™ pm/min (4.0 A/min) can be achieved, and these etch
rates can be controlled to within about 2 x 10" um/min
(0.2 A/min) of a target etch rate, R..- The achievement
of controlled, uniform and low etch rates enables the use
of caustic etchants such as NH,OH to etch the silicon
20 dioxide layer without breaking through to the silicon
substrate. Hence, an oxidizing agent, such as the SCl's
H,0, is not needed in the etching solution to preclude the
etchant from anisotropically etching the silicon
substrate. Further advantages result, in a preferred
25 embodiment, from exposing the silicon body to the etchant
and oxidant in two separate baths. The iron and aluminum
oxide precipitates which are prevalent in the SCl
NH,OH/H,0, system are no longer of concern. The SC2 step
may be eliminated because removal of the iron and
30 aluminum oxides is not required. The intermediate HF
step often employed between the SCl and SC2 steps may
also be eliminated. Another advantage of separating the
etching and oxidation reactions is that other oxidants,
such as ozone, which are incompatible with the NH,OH
35 environment, can replace H,0, and thereby eliminate a

known contributor of impurities. Hence, it can be



systeniand a single-bath/nulti-process system respectively. Despite these
| nprovenents, the level of inpurities and variation in etch rates
associated with 30 conventional SC1/SC2 silicon wafer cleaning systens

remai n probl ematic. 5 SUVWARY OF THE INVENTION It is therefore an object
of the present invention to provide a si Ier nore cost-effective chem cal
process for robustly cleaning silicon bod and 5 specifically, a

whi ch L | duced b
Phe. o eani ng 'rE%ﬁéé‘laéﬁdpéﬁatpt\%%ég%%?%% RSN B e ] P H oy by

t he control overata@ aeheeuedmhndhapp11e®n1M|bhidelmﬁentrandreauﬂt in
preferably, 10 QMELMnBiLe| AblURLYs| QYL Clntaherdfal WOLEBaL Sebgmorally
A fu e

uni form ect invention I's to cont |y etch
silicon d|0X|ck?l¢ﬁ@#@@rth% pagfeeetpt #hltrereskRodieshe silicon dioxide

llayer withayt eXDOSI@Qhéfefeaéﬁféylaﬂd%ﬂajé@@sSélpsme'a\tﬁré@eﬁ@elﬁ&&ﬁaﬂén I'n
accordance with Fﬂf gresent i nvention, there is
in part apparent to those skilled in the art and

in part pointed out hereinafter.

RIEF DES TION O I

Fig. 1 shows a cut-away cross-sectional view of a

10 silicon body immersed in an etchant.

Fig. 2 shows 'S:i.o2 etch rate versus [NH,0H] in the
absence of a megasonic field with the [NH,OH] ranging from
about 500 ppm to about 5000 ppm and temperature ranging
from about 30 °C to about 70°C.

15 Fig. 3 shows 8i0, etch rate versus [NH,OH] in the
presence of a megasonic field with the [NH,0H] ranging
from about 500 ppm to about 5000 ppm and temperature
ranging from about 30°C to about 80°C.

SCRIPTIO TH 0

20 As used herein, the term "silicon" is intended to
include within its scope both single crystal silicon and.
polycrystalline silicon. The term "etch rate" refers to
the change in the thickness of a silicon dioxide layer
per unit of time, where the thickness is measured as the

25 distance perpendicular to the surface of the silicon
dioxide substrate. The term "silicon body" refers to
any configuration or shape of silicon which comprises a
silicon dioxide layer overlying a silicon substrate.
Although silicon wafers are exemplary of and included

30 within the scope of the term "silicon body," the
application of the invention is not limited to silicon
wafers.

Referring to Figure 1, silicon dioxide is etched

from a silicon dioxide layer 25 overlying a silicon'



provi ded a process for decreasing the thickness of a silicon dioxide |ayer
overlying a silicon substrate, the process conprising chemcally etching
the silicon dioxide layer 5 wth an etchant in the presence of a
megasoni c field, the concentration of the etchant being | ess than the
diffusion-rate-limting threshold concentéaiion for the tenperature at

whi ch the silicon dioxide |layer is being etched; and 10 :

di scontinuing t ' e i L] ubst LS: EXPOSE e
et chant . 5a %ﬁfﬁggﬁi e‘?‘f‘%i?ﬁ%ﬁe%%’?ﬁ&ﬁ? h%é pé 2%%% é}ﬁée%\ilfg%&lgsé;l'
directed to a Fhzassadhbion| sanfage a2%iis cdefeed brvtheg dnkerfaom di oxi de
| ayer overlyin Ld.} CORle S : r hsgs chemsal 1y
etching the si %%tov?lé%i‘?om degf)g%%?ﬁs\?%%gg%ée?%ﬁiﬁt'ﬁ?%ﬁe%resenclg@of a 20
nmegasoni ¢ fi el BXkUELRPRr atRP cthe QFEHiIRG rePetoR rRYPEPEd® . t Hee et chant

bei ng | ess g haredrisent f4t5b0Nof aéechant taothdr esdet dososeerdeatzpn at T.
The etchant is lgéc?gn?erg béé’pfé‘tg&? egrlljé éi | é(glllclzenr(latz?é&hgrrl]tboundary layer 37

forms within the solution 35 between the reaction surface
27 and the bulﬁ solution 39. The etchant must diffuse
through the concentration boundary layer 37 in order to

10 react with the silicon dioxide at the reaction surface
27. The etch rate of the silicon dioxide layer 25 may be
limited by either the rate of the etching reaction or the
rate of diffusion of reactants to the reaction surface
-27. If the etchant can diffuse through the concentration

15 boundary layer 37 at a rate which is relatively faster
than the rate at which the etchant is consumed in the
etching reaction, there will be an excess of etchant at
the reaction surface 27 and the etch rate will be limited
by the rate of the etching reaction. However, if the

20 diffusion of etchant from the bulk solution 39 to the
reaction surface 27 cannot keep pace with the consumption
of etchant at the reaction surface, then the etch rate
will be limited by the rate of diffusion. The rate of
diffusion is directly proportional to the concentration

25 of etchant in the bulk solution 39. As used herein, a
diffusion-rate-limiting threshold concentration of
etchant in the bulk solution 39 is defined for a'given
temperature as that concentration above which the etch
rate is limited by the rate of the etching reaction, and

30 below which the etch rate is limited by diffusion of
etchant to the reaction surface 27. If the etch rate is
limited by the etching reaction rate, it is possible to
control etch rate by the temperature of the solution 35
independent of the concentration of etchant. Conversely,

35 if the etch rate is limited by diffusion, control of the
etch rate is dependent upon temperature, upon the



conprising hydroxyl ion, and the concentration of the 25 etchant is
preferably | ess than about 300 ppm by weight relative to water. The process
alternatively conprises chemcally etching the silicon dioxide |ayer with
an etchant at an etch rate controlled to be within about 2 x 10[err]
[err]mMmn of 30 a target etch rate, R[srr], the target etch rate,

Rlerr], ranging fromabout 3 x 10[err] [err]mmn to about 4 x 10[err]

xposed 1o the SPARMEIERE SHt ARG T Ay e L hidh
present inventi defiinned dhealididifusiarn pablr dengtioranftupenithe t he '
Lhi ckness of 2 SckiRoR Al Gd Bthant Go0\Hd Hlk BoTld£0 syibstrate.
e process conprises chemcally etching the silicon dioxide |layer with an
etchant at a tenper aP@CerPigs [tq thenh@gasendavsntaorgddmiti¥iean with
the concent gati @R oxfideha Rlthay NMinitd1885 e_'i:chéo’ﬂf'—'b_? i1 etchant in the
diffusion-rate-limting threshold concentratjon at err]. The etchant is
preferably an aBFESTRCR If i PSFAIRHEC si lﬁ"yhyfh?%y]ﬁa]r it Ry
concentration obe used, including acidic and caustic etchants. Alkaline
etchants comprising hydroxyl ions, such as ammonium
hydroxide, tetramethyl hydroxide, potassium hydroxide or
10 sodium hydroxide, are generally favored for many
applications. An aqueous ammonium hydroxide solution is
exemplary of the alkaline hydroxyl etchants, all of which
substantially dissociate inte hydroxyl ions under the
conditions known and used in the art.
i5 The megasonic field may be generated by methods
known in the art, including for example, using single-
tank or double-tank megasonic cleaning apparatus. The
frequency of the megasonic field preferably ranges from
about 700 kHz to about 1200 kHz, and most preferably from
20 about 840 kHz to about 875 kHz. The power of the
megasonic'field which is applied to the silicon bodies
being etched is not narrowly critical, but can generally
range from about 2 W per body to about 30 W per body, and
preferably ranges from about 5 W per body to about 10 W
25 per body. Hence, the total power being supplied to a
bath of twenty-five silicon wafers being etched
preferably ranges from about 100W to about 200W, and most
preferably about 150W. However, the total power
supplied to the megasonic transducer will generally need
30 to be greater than the total power being applied to the
bath in which the wafers are situated due to operational
constraints, heat losses and other inefficiencies
associated with the various megasonic cleaning apparatus.
For example, the power supplied to a single-tank
35 megasonic cleaning apparatus rated at 300 W is typically
limited to about 90% of it's rated power --- about 270 W.



the etchant is preferably |ess than about 300 ppm The etching is

di sconti nued before the silicon substrate is 10 exposed to the etchant.
These net hods for cleaning silicon bodies and for decreasing the thickness
of a SiJerr] layer offer significant advantages over conventional nethods.
Uni formetch rates ranging from about -3 Oferr] [err]mMmn (0.3 AAmn) to
about 4 15 X 10[err] [err]mmn (4.0 A/’ n) can be achi eved, and these

tch rat : i &1 1 . i, (Q. 2
A i) of a rarASpoRthe” et Haal Rt TRGdect aha Ceblr JBEE BRI
uni f orm and | onageekingeds wikdbtéd s kypes ofoppparatue duathers redeigeathe

Nerr] OH to etgliiberad peaRr2by a0ieide Loy abolicl hoY, RHRAKGYR! hr ough
to the silicon substrate. Hence, "an oxi di zi ng a%ent, syuch as the SCL's
Herr]Qerr] isSHEPLASEaE® ithe r&cheoh g’@téjo Puteh beo | #d€ ¥Fhéng Ehent

from ani sot sopi paghygortiehipdierh @pplliledotos thehity-¢ i vel Walfersadviathagdath
S 2 PR b R (TR IR yalfet RS LG Beq body o
preci pi tat es whprefereblyevaliemtated lia $te MtchinpObaitherin] @ eanhesyst em
T e A
step often enpl bheddieriden leyersbeiagd eschesdt spennmpgasonics is
10 applied. When the silicon body is a silicon wafer, the
wafers are preferably orierted in the etch-bath such that
the surface of the wafer is in-line with (ie, parallel
- to) the direction in which the sound waves are
transmitted through the etchant.
15 Etching the silicon dioxide layer in the presence of
a megasonic field substantially affects the manner and
mechanism by which the etch-rate can be controlled. For
example, Figures 2 and 3 show SiO, etch rate versus
concentration of NH,OH over similar temperature and
20 concentration ranges with megasonics off and on,
respectively. With megasonics off (Fig. 2), the etch
rate is dependent upon the concentration of NHOH and is
under diffusion control. With megasonics on (Fig. 3),
however, the etch rate is independent of the
25 concentration of NH,OH and under reaction rate control.
Without being bound by theory, the megasonic field
appears to reduce the thickness of the concentration
boundary layer 37 to create a shorter diffusion path
length. More specifically, in a SCl1l bath the thickness
30 of the concentration boundary layer 37 ranges from about
50 to about 100 pm .in the absence of a megasonic field,
whereas the boundary layer thickness is about lpm in the
presence of a megasonic field. As a result of the
shorter diffusion path which exists in the presence of a
35 megasonic field, the diffusion-rate-limiting threshold
concentration of etchant in the bulk solution 39 is



al so be elimnated. Another advantage of separating the etching and

oxi dation reactions is that other oxidants, such as ozone, which are

i nconpatible with the NH err] OH 35 envi ronnment, can replace H202 and
thereby elimnate a known contributor of inpurities. Hence, it can be 7
appreci ated that the controlled, uniform.,and | ow etch rates achi eved and

applied in this invention result in subsﬁ‘ tial advances over conventi onal

et hods Tor cl eaBiigeheesULtageral seLl LaoNePoMl ehe Spsence oftfBer features

and obj ects of resen rt apparent to those
skilled in the taegaanumnfpald poﬁ'hﬁédléutWheneanmﬁgéEOHERl Ededdsdrl PTI ON
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silicon bod fsed in_an etchant . shows Si(Jerr] etch rate versus
[NH err] OH] |r1%h@lﬁﬁéeﬁéé:oFranﬁégaeeﬁuérpmebalﬁetﬁe@ﬁ§IPNHFéFﬁ]Ow

rangi ng frqw1abpyhléea)paﬁ1b@mpa@ut15e@9 peweaNBul RNBehaknteatanakngsf rom
about 30 [err]C to about 70[err]C 15 | Fig. 3 shows SidJerr] etch

rate versus [NHF EFE in the
As such, lower concentrations of etchant can be used

while still operating within the reaction-rate controlled
regime. For example, with megasonics on, SiO, etch rates

10 can be controlled independent of concentration using a
dilute ammonium etchant at concentrations less than about
3000 ppm, but above the etchant's diffusion-rate-limiting
threshold concentration for a particular temperature.
Operating at such lower concentrations can be |

15 advantageous over prior art methods with respect to being
less expensive and less corrosive. As shown in Figure 3,
etch rates ranging from less than 5 x 10 uym/min (0.5
A/min) to about 4 x 10™* um/min (4 A/min) are achievable
using an ammonium hydroxide etchant at concentrations

20 less than about 5,000 ppm over a temperature range of
30°C to 80°C. Specifically, these etch rates were
realized in an SC1 system in which the ratio of
NH,OH:H,0,:H,0 ranges, respectively, from about 1:100:500
to about 1:10:50 by volume of commercially available

25 reagent solutions, typically supplied as 28-30 wt% NH,OH

' in water and as 30-35 wt$% H,0, in water. - The ratios of
ammonium hydroxide and hydrogen peroxide are expressed
relative to water, but independent of each other. That

_ ig, in the S8Cl1 solution described above, the ratio of

30 NH,OH:H,0 ranges from about 1:500 to about 1:50, the ratio
of H,0,:H,0 is about 1:5, and both of these ratios
(NH,OH:H,0 and H,0,:H,0) are independent of each other.
Expressed in parts per million, the concentration of NH,0H
in the SCl1 solution described above ranges from about 550

35 ppm to about 5,500 ppm by weight relative to water. The
etchant concentration while operating within the



ﬁ}esehbe of a nmegasonic field with the [NH err]OH ranging from about 500
ppm to about 5000 ppm and tenperature ranging fromabout 30[err]C to about

80[err] C. DETAI LED DESCRI PTI ON OF THE | NVENTI ON 20 As used herein,
the term"silicon" is intended to include within its scope both single
crystal silicon and polycrystalline silicgn. The term"etch rate"” refers to

the -change in the thickness of a silicon™dioxide |ayer per unit of tine,

where the thic%&gﬁ& r Dl

surface of the’'silicon |ox#d§g% ﬂ§?2§eglﬁ%e terﬁ1 #&% %d%%“ éers

to any conf.gur%anmntbrlgr@p%f%ra%lY|%%$\smﬁ@h %’é%?l%@@oapmla%ﬁ"‘éﬁ%m de

| ayer overlyi ngaﬁeﬁfél‘iﬂﬂ PaBSt RS- ah%&@oil@@o% rhCBj}‘ wei{gne féfh@i‘\?é’fpéé‘ry
i

of and i ncl ude n the scqg the term s lico bod t he
appl i cation of WateH nvrEeBAL LY A ??Vﬁt%ﬁﬂ?@ﬂ%ml ﬁ°ﬁh %r%t h@hterring to
Figure 1, $ i gyLuitiivnsdewdalethbed faoiosa éflmn,,@ndi OXbﬁellcaaer (Bbr

bt ooy o A5k 080 SR A8 3P 9B PHAP 200 G nf LSHHGRL Be
commercially available reagents.
Moreover, the silicon dioxide layer can also be
etched at acceptable rates in the presence of a megasonic
10 field while operating within the diffusion-controlled
regime, where the etchant concentration is less than the
diffusion-limiting threshold concentration for the
temperature at which the silicon dioxide is being etched.
When alkaline hydroxyl ion etchants such as ammonium
15 hydroxide are used in équeous solution to etch silicon
dioxide in the presence of a megasonic field, the etchant
concentration is preferably less than about 300 ppm by
weight relative to water and more preferably less than
about 100 ppm for temperatures ranging from about 30°C to
20 about 80°C. The concentration of aqueous alkaline
hydroxyl ion etchants preferably ranges from about 10 ppm
to about 100 ppm and more preferably from about 30 ppm to
about 100 ppm for temperatures ranging from about 30°C to
about 80°C. The concentration of such etchants most
25 preferably ranges from about 50 ppm to about 80 ppm at a
temperature of about 70°C. When a dilute ammonium
hydroxide etchant is used at these preferred
concentrations and temperatures, silicon dioxide etch
rates ranging from about 3 x 107% pm/min (0.3 A/min) to
30 about 4 x 10 um/min (4.0 A/min) are achievable.
Further, these etch rates are controllable to within
about 2 x 10°° um/min (0.2 A/min) of a desired or target
etch rate, R.u. The use of such very dilute etchant
solutions in conjunction with a megasonic system allows
35 for relatively lower etch rates and a corresponding
greater degree of control over the etching process.



The reaction surface 27 is defined by the interface between the silicon
di oxi de | ayer 25 and an etchant solution 35. As the etching reaction
proceeds, the 5 concentration of etchant at the reaction surface 27
beconmes depl eted, and a concentration boundary |ayer 37 fornms within the
solution 35 between the reaction surface i? and the bul k solution 39. The
et chant nust diffuse through the concenttti on boundary | ayer 37 in order

to 10 react w th the silicqn.digxide at.the.reactiaon surface 27. The etch-
rate of the siUEABS SRt SERTEE AEP FETAE of B (AT A of

t he et ching r ezcnicentorattion reft etathaditf,f @gido it hefrefearst anirs niard hmifsm i on
surface 27. If . ha i e &?g Qﬁﬂﬁgﬁ;r '

boundary | ayer eg;%ét%tgg'. r;tgoeﬂ%%tghvfé;l?r etltﬂell{ ?{\}l‘g{fy dster t aln}a% %ré]’a‘?% la?w
whi ch the et chatch Fas@ssmrayide afe RRAntWRitoada G sqImdrianug Ithee an
excess of et Ché@crﬁtné* heed83EH Gh il oo/ a3 doMt R IhE 1A Snadiiddy be

limted by the rate of the etching réaction. However, if the 20 di ffusion

of etchant frof¥deIME o diithe SPRENHFeLIons of ehfehte 8 cannot keep
pace with the eobsvmitiallsf kahadipaisives arrhdidsen cudtace, then the etch
i ectl y proporti ondioHE PRt G ess vt Uaue (Aengiie e
solution 39. Aboumted® herldh,pw/min (0.3 A/min) to about 4 x 10™* pm/min
10 (4.0 A/min), and within about 2 x 10°° pm/min (0.2 A/min)
of the desired etch rate affords an opportunity to
discontinue the etching reaction before the silicon
substrate 15 is exposed to the etchant; and thereby
precludes anisotropic etching of the silicon substrate
15 15. Controlling the etch rate within this range also
allows for the possibility of etching up to as much as
0.1 pm (1000 A) of silicon dioxide 25 within a reasonable
time frame. Although the present invention could be used
in applications where the thickness of the silicon
20 dioxide layer 25 is to be decreased more than 0.1 gm, the
invention is preferable suited to applications requiring
a decrease of less than 0.1 pm, and most preferably
decreases in thickness ranging from about 5 x 10°* um (5
A) to about 5 x 107 um (50 A). Controlling the etch rate
25 to within about 2 x 10°° um/min (0.2 A/min) of a desired
etch rate further facilitates the controlled decrease in
thickness of a silicon dioxide layer, as well as the
controlled discontinuance of the etching before the
silicon substrate is exposed to the etchant. The etch
30 rate can be controllably discontinued when the thickness
of the silicon dioxide layer is within about 5 x 10™* um
(5 A) of a thickﬁess; t, or equivalently, to within about
one or two monolayers of silicon dioxide.
The achievement of such uniform and controllably low
35 etch rates by the methods detailed above find direct
application in cleaning impurities from the surface of



diffusion-rate-limting threshold concentration of etchant in the bulk
solution 39 is defined for a given tenperature as that concentration above
which the etch rate is limted by the rate of the etching reaction, and 30
bel ow which the etch rate is limted by diffusion of etchant to the
reaction surface 27. If the etch rate is_limted by the etching reaction
rate, it is possible to control etch rat&4by the tenperature of the

solution 35 independent, of..the cqncent Lon_qf etchant. Conversely, 35
F the et rac B TEeBR PBUCR) GRfr BoPBRreEnRey SEGRLRECs, FHEFR o <
dependent upon tenpbittbee, aufundamentalt depantwreofrome tbencenveational

boundary | ayer | f kLpes emdl Si h a upon the
concentration o%é%rgﬁgﬁtS?nE?%eRgglEQE%Fgfiggkgggﬂicggghﬁﬁg_?gdthe present
i nvention, the @kidiging ofdthgi géligpar bpdycherizal ppaueskadalby iR et chant

in the presgnceg@bapafBIBAERAL: f cpkdirABx1tPeNthal s6i-EBAB! ofBy BE14SeH,
|nclud|ng.aC|d|c nd_ causti c etchants. Alﬁg I, ne tchqnhs co FISLEQ .
hydr oxyl ions, Eﬂgﬁ 38 Siﬁﬁﬁ?gngwygFﬁﬁFdE, MR RF H?ﬂrgBFd§} BEPHssi um
hydroxi de or 10diogf@deullafpdr oxettdyingethensidlibynf subsedater witthyan
etchant in a first megasonic bath and in the absence of
an oxidant. The surface of the silicon body is
10 preferably hydrophilic before it is etched. If the
surface is hydrophobic, it is preferable to expose the
surface to an oxidant, such as ozone, prior to etching to
achieve a surface which is hydrophilic in nature. The
etching is preferably diffusion-rate limited rather than
15 reaction-rate limited. In a preferred process, the
etching is carried out in a megasonic bath with an
etchant concentration less than the diffusion-limiting
threshold concentration for the temperature at which the
silicon dioxide is being etched. The silicon dioxide
20 layer is preferably etched until the thickness of the
silicon dioxide layer ranges from about 0.2 nm (2 A) to
about 1.0 nm (10 &), but in any event, the etching is
discontinued before the silicon substrate is exposed to
the etchant. The etching results in an etched silicon
25 body. _ ' | .
After rinsing the etched silicon body, by quick-
dump-rinse or other techniques known in the art, the
gilicon substrate of the etched silicon body is oxidized
with an oxidant in a second bath, preferably until the
30 thickness of the silicon dioxide layer ranges from about
1.0 nm (10 A) to about 1.5 nm (15 A). Although any
oxidant could be used, the oxidant preferably comprises
ozone at concentrations ranging from about 50 ppb to
about 50 ppm. Most preferably, the etched silicon body
35 is exposed to a ozone at a concentration of about 15 ppm
for about 5 minutes at room temperature. The oxidizing



applications. An aqueous amoni um hydroxi de solution is exenplary of the

al kal i ne hydroxyl etchants, all of which substantially dissociate into

hydr oxyl ions under the conditions known and used in the art. 15 The
nmegasonic field may be generated by nmethods known in the art, including for
exanpl e, using single- tank or doubl e-tani megasoni ¢ cl eani ng appar at us.
The frequency of the negasonic field preferably ranges from about 700 kHz

Lo, about 1200 Kieeuaed M8 brp CRI@LNALY SHINEGHD bocthoth SRt stiaord TS
: power soni | | i's.appli si

bodi es being et PREY 8 Eggnn&?ﬂﬁﬂ% ang PEﬁg,er@@algar&{fe g @ge from
about 2 glger beﬁ%dﬁ&iagowte@& wémeﬁgbgﬁwbo&@daﬂ@e&Emaaqeﬁ%yaygtanLQﬁmahput
5 W.per body to,about 10 W.25_  per_.body. .. the tota r hei.n
Suppl i ed Lo a bEPhSBPUT RetRaTE SRRl e Lt U s P G Pe PR
ranges fronbabobod¥00Wrhe siten-rio@ecxidizestrimeef availey camobe repPaated
However, the total s Sl H Ct T Q%HH i | '
general |y need %g ma’?gqu:é gr-egts:?leic%gtﬁgﬁxg%?)g%g{?e&gm? el %?g\gplt:heed to the
bath in which t&éliepar odve ssinfageed Foxr ©degpdng isdnaleceratatailnt s, heat

| osses and ot hegjhRebhl WadRSise PSS PRird! &F Walfer! ke \GRIVIQUS riBUFsRAE ing
cleaning apparatys. [Foes* ¥R o B1% RMing AR AT Y 2, 0rd Sl
10 generally sufficient. After the final etching-oxidizing
cycle, the oxidized silicon body is again rinsed, and
then dried, preferably in an isopropyl alcohol vapor
dryer. ' _
The thickness of the silicon dioxide layer may be
15 measured by several direct or indirect methods known in
the art. Exemplary direct methods include ellipsometry
and photo-~electron spectrometry. In one indirect method,
the time required to etch the silicon dioxide layer at a
known etch rate is measured, and the average thickness is
20 calculated therefrom. In an alternative indirect method,
the entire silicon dioxide layer is etched from the
substrate, and the silica content of the etchant solution
is determined. Vepa et al., A Method for Native Oxide
Thickness Measurement, Electrochem. Soc. Proc., Vol. 95-
25 20, pp. 358-365 (1995). |
A further embodiment of the present invention
relates to an improvement in the SCl cleaning step of the
well known RCA method. In this embodiment, the surface
of a silicon bbdy ig cleaned by chemically etching the
30 silicon dioxide layer overlying the silicon substrate
' with an etchant in a megasonic bath which comprises a
dilute concentration of etchant and an oxidant. As the
silicon dioxide layer is etched, the oxidant in the bath
simultaneously oxidizes the silicon substrate. 1In a
35 gsystem in which agqueous ammonium hydroxide and hydrogen
| peroxide are used as the etchant and oxidant,



35 megasoni ¢ cl eani ng apparatus rated at 300 Wis typically imted to
about 90% of it's rated power --- about 270 W 10 Assumi ng that heat
heat | osses and other inefficiencies associated with this type of apparatus
further reduce the delivered power by a factor of abeout 20% the power
supplied to the etchant bath woul d be abo(l.élt6 216 Wand the 5 megasoni ¢
power applied to twenty-five wafers in thé& bath woul d be about 9 W per
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manner which all accolstic strea hant “over the
| ayer being. et ch%ﬁomn@hoﬁ’égégoﬁp@sblfswﬁwhtapplﬁ'éélve PRewathe &ol abontbody
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such that the sugﬁgce of the wafer i e aral el tThe

direction in whiEFORhRPSBEN: hR028aPR0t FANdRPREd: tRP538A0H he etchant 15
Etching the siligospdtoxidtyl ab?rvbl]uﬁléeoﬁreéﬁﬁéﬁcﬂéla magasdabtefl rehdent

be controf | cd. FETLRiABRe, CEPOLR bLY 2GR 3o ) R GR, L
' and as 30-35 wt¥% H,0, in water. That is, these preferred
concentrations are achieved using an SCl1 solution in
_ which the ratio of'NH4OH£H20 ranges_ from about 1:28,000 to
10 about 1:3000, the ratio of H,0,:H,0 ranges from about
1:280 to about 1:30, and both of these ratios (NH,0H:H,0
and H,0,:H,0) are independent of each other.
Concentrations of etchant ranging from about 30 ppm by
weight relative to water to about 100 ppm are achieved
15 using ratios of NH,OH:H,0,:H,0 ranging from about
1:100:9,000 to about 1:100:3000, respectively, by volume
of commercially available reagent solutions, typically
supplied as 28-30 wt% NH,OH in water and as 30-35 wt$% H,0,
in water. Following the SCl step, the silicon body may
20 be subsequently exposed to the SC2 solution in accordance
with the known RCA method.

The present invention finds additional applications
in the manufacture of gate oxides. Gate oxides are
known in the art and are used in devices such as NMOS and

25 PMOS field effect transistors (FET's). Gate oxides
comprise a thin silicon dioxide layer overlying a silicon
substrate. Typically, the thickness of the silicon
dioxide layer on such thin gate oxides ranges from about
8 x 107 pm (80 A) toabout 1 x 102 um (100 A). Recent

30 advances in gate oxide technologies require silicon
dioxide layers ranging from about 4 x 107 um (40 A) to
about 5 x 10°% um (50 A). Further advances in technology
for may ultimately require ultra thin silicon dioxide
layers as thin as about 5 x 10™* (5 A). Such ultra thin

35 oxides may be achieved by the methods of this invention.



concentration of NH err]OH over simlar tenperature and 20 concentration
ranges with nmegasonics off and on, respectively. Wth negasonics off (Fig.
2), the etch rate is dependent upon the concentration of NHerr]OH and is
under diffusion control. Wth negasonics on (Fig. 3), however, the etch
rate i s i ndependent of the 25 concentra%%on of NH err] OH and under .
reaction rate control. Wthout being boun by t heory, the negasonic field

appears to reduce th e n y e

create a shorter di ffuﬁsénoérilllﬂgltfj\gm%I h% re Sg@%ﬁ%{hﬁ%% N &%&n%cg%k?
t he thi ckness 3multafp1tewéoaddnmms ohigduerploy & aigyle prpeeess @iemout
50 to about 100 s;ferdddn 'H!atﬁhe cﬁpsﬁ{‘f‘sei 1@6@@%&}!&&3rﬁé %ﬂcﬂ“’é‘rﬁﬁf&ythe

boundary | ayer tlhl ckness i s ‘about” 1[err]min the presence of negdsoni c
field. As a resii% tdfpltq]epwat%rsfcﬁﬁsfaadqhaﬁatﬁ%m%rb%hstﬂw@% the

presence of sa 3embdEGRGHE Of liﬂ{éj,pﬁéhérﬁ:l fifrifd i drdtcouidrid @nﬁmﬁ@cw
concentration of etchant in the bulk sol uti reduce‘_al relative to

its value in t hEWSHHWHPLOFRAERD A% 3% é:fag: :iﬁ-rpﬁoqeges%eaﬁ: Med¥onic
field is appl i ecbitiHesr ol toigell eli o i idedisticiualatssl Ihisomdsodlidd usi on

Other applications for chemical etching systems with
the characteristics of the present invention exist. 1In
10 general, the invention may be used in any application in
which it is desirable to remove a fixed amount of silicon
dioxide, in a controlled manner, with or without
reoxidizing the silicon substrate. Such other
applications will be apparent to those skilled in the
15 art.



~

limited (ie, transitions frombeing reaction rate 5 limted) at
conparatively | ower bulk concentrations of etchant. As such, |ower
concentrations of etchant can be used while still operating within the
reaction-rate controlled regi ne. For exanple, with negasonics on, SiJerr]
etch rates 10 can be controlled indepenq§nt of concentration using a

di | ute amoni um et chant at concentrations™[ess than about 3000 ppm but
above the etchant's diffusion-rate-Iim i hreshol d concentration for a
particul ar tenperature Cperatlng at su Wer concentrations can be 15

advant ageous ov DIMBDNDYs with respect to being | ess expensive

and | ess corrosive. AS Shof“ | E%SHéQS3fo§t&8c£éé§§n§aﬁﬁénﬂhiéﬁﬁéé§5§ftQan
5 x 10[err] [err]mmn (0,5 Almh toamﬂ4¢<0% %%mr (4

Almin) are achi eifableomsAhgRife abRBRT LRAYRTLY R R Bt th Cla %Bﬁ%%%tr%??ons
20 | ess than ghestteds O88mpPIEONGr a tenperature range of 30[err]Cto :
80[err]C. Specifically, these etcr rates. were ﬁea L |ndan é: f%stenlin
which the ratio of NH err] ?ﬁ%? 1 eFepiRg b PF 37 ﬁﬁ%@ r@%pect 1989,
from about B 10GwHfN 4m ebchant: i0: Ehebyresénce of zomegasdnicyfiedhd) abhe
25 reagent sol alLky p S 0 0 r I n wat er
and as 30-35 vw,¢$%égﬁff§%$¢ Lk tﬁ% Bééﬁﬁné bg?né 1¥g§h§%%ﬁu%$%}brOX|de '
and hydrogen perdif fies tor- gapgeggmgtlng threshold concentration for the

temperature at which the silicon dioxide layer is being

etched; and .
10 discontinuing the etching before the silicon

substrate is exposed to the etchant.

2. The process as set forth in claim 1 wherein
the etchant is an agueous alkaline etchant comprising
hydroxyl ion and the concentration of the etchant is less
than about 300 ppm by weight relative to water.

3. The process as set forth in claim 2 wherein
" the concentration of the etchant is less than about 100

ppm.

4. The process as get forth in claim 2 wherein
the etchant has a concentration ranging from about 30 ppm
to about 100 ppm, and wherein the temperature of the
etchant ranges from about 30°C to about 80°C.

5. The process as set forth in claim 1 wherein
the concentration of the etchant is sufficient to achieve
an etch rate ranging from about 3 x 10°° um/min to about 4
x 10™* pm/min for the temperature at which the silicon

5 dioxide is being etched.



relative to water, but independent of each other. That is, in the SCl

sol ution described above, the ratio of 30 NH err] OH Herr] O ranges from
about 1:500 to about 1:50, the ratio of Herr] ™A about 1:5,
and both of these ratios (NHerr]OH Herr] O and H[ﬁéé ?ﬁ err] O are

I ndependent of each other. Expressed in_parts 1: t he
concentration of NH err]OH in the SCl1 sdi"uti on descri bed above ranges from
about 550 35 ppm t 0. abqut O y t ti,ye Le

et chant concentration mh?le gbergFgﬁghB ?%ekg? fO%kﬁ E%ngc &QF&LQ%
controll ed regthe eschgraneaqaeaagtabﬁébdnBOebehunthnn pb@h&rabByIDéES t han
about 3000 pp r I S an about 1000 ppm by wei ght -
relative to nkﬁ?ﬂlggenp a§%§§%§e§ﬁgﬁa%W%§IUﬁ]hydrOXIde etchant 5 -

sol utions woul d have ratios of NHerr]OH Herr]O of 1:100 (for about 3000

ppm a[ld O{vb 1:300 (for 160? AR gl%cégbulaa QEtClehctLﬁ' b)lat@.mﬁ'l' blegein
reagents reover, the si |c i oxi,de I.a a etc

accept abl e r at BBEj Rt FHénﬁré§e §08Pt&nH§8a§§ﬁpctE6 t%FFgP& gﬁeratlng
W thin the difautiesncaibikidecdayegi e, wibhin abeuet GharntLOC‘bmfemt afdagmst i S

| ess than the thickness.

8. A process for cleaning the surface of a
gilicon body having a silicon dioxide layer overlying a
silicon substrate, the process comprising
chemically etching the silicon dioxide layer
5 with an etchant in the pfesence of a megasonic field to
form an etched silicon body, the concentration of etchant
being less than the diffusion-rate-limiting threshold
concentration for the temperature at which the silicon
dioxide layer is being etched;
10 discontinuing the etching before the silicon
substrate is exposed to the etchant; and ' _
oxidizing the silicon substrate with an oxidant
to form an oxidized silicon body.

9. The process as set forth in claim 8 wherein
the silicon dioxide layer is etched and the silicon
substrate is oxidized in a bath comprising the etchant.
and the oxidant. '

10. The process as set forth in claim 8
whereln the silicon dioxide layer is etched in a first
bath comprising the etchant in the absence of an oxidant,
and the silicon substrate is oxidized in a second bath

5 comprising the oxidant.

11. The process as set forth in claim 10
wherein the steps of chemically etching the silicon

heet Has Been Replaced 5

T



diffusion-limting threshold concentration for the tenperature at which the
silicon dioxide is being etched. When al kaline hydroxyl ion etchants such
as ammoni um 15 hydr oxi de are used i n aqueous solution to etch silicon

di oxide in the presence of a negasonic field, the etchant concentration is
preferably | ess than about 300 ppm by Wﬁight relative to water and nore
preferably | ess than about 100 ppm for ‘tenperatures ranging from about

30[err]Cto 2 uy I i ne |
hydr oxyl ion g gﬁ%s p§%%§r§%%$°P§E§B§% %@%&%&ht fg;ppn1to Z%od?ﬁgoo ppm
and nore pref§h§b5}1ﬂﬁ@ﬁl§H@@F13Gep§#ﬁt6e@§@G@dH@G pieRstoronGEper at ur es

rangi ng from about 30[err]C to about 80[err]C. The concentration of such
etchants nost 25 preferably ranges from about 50 m t o _about 80 ppmat a-
tenperature of about 70F@rr]éhe p%ﬁgﬁsg g8 ge& éﬁﬁﬁﬁfdﬁ¥ﬁ9&Pﬁkﬂ&b et chant

is used at the&etnee:f eompt iednee theakiteps afd rienyierptiheestatidd con di oxi de
etch rates ran . o to 30

about 4 x 10[3 f‘ [Dgr %P@%%g‘d(%lési?‘%\ %’Lak%rlac |ee@v%5'1lq'c¥/q r', these
etch rates are controllable to within about 2 x 10[err] [err]mmn (0.2

A/mn) of a desired or hargetnygl gﬂ‘orc%ts% aB[ %r rt] £olt% USE Afa il very

di l ute etchant solutlons I n_conjanction wt megasoni ¢c. system al |l ows 35
for relativel yhegrdn &heh Srléﬂ@@naﬁlaoaslél@r Flé‘éﬁ?@nd-lsngtChed until the

thickness of the silicon dioxide layer ranges from about

0.2 nm to about 1.0 nm and the silicon substrate is
5 oxidized until the thickness of the silicon dioxide layer
ranges from about 1.0 nm to about 1.5 nm.

14. The process as set forth in claim 8
wherein the etchant is an aqueous alkaline etchant
comprising hydroxyl ion and the concentration of etchant
is less than about 300 ppm by weight relative to water.

15. The process as set forth in claim 14
wherein the concentration of the etchant is less than
about 100 ppm.

16. The process as set forth in claim 14
wherein the etchant has a concentration ranging from
about 30 ppm to about 100 ppm and the temperature of the
etchant ranges from about 30°C to about 80°C.

17. The process as set forth in claim 14
wherein the silicon dioxide layer is etched in a first
bath comprising the etchant in the absence of an oxidant
and the silicon substrate is oxidized in a second bath

5 comprising the oxidant.

18. The process as set forth in claim 17
wherein the etchant comprises ammonium hydroxide at a



greater degree of control over theetching process. 13 Using dilute
etchants also results in less variation in concentration of etchant, and
therefore, in nore uniformetching. Collectively, the uniform controll able
and low etch rates provide an opportunity to discontinue the 5 etching
reaction in a precise and controll able er. Furthernore, dilute
concentrations of etchant "are substantial | ess expensive and | ess

Catert] err) m PRRRSE TRl e i (RIAES s Ol 8 LA o
Almn), and withbhe abumerabumo[cﬁr lt]he[ drimiat diatth( d.s2 alyomitn)708(C, t laaaddddier ed
etch rate agforg§lagngpggﬁgﬂgxposg%:qm§cont|nue the etching reaction before-

the silicon substrate to the etchant, and thereby precludes
anlsotroplc etching of the silicon substrate 15 15 Controlling the etch

rate within this range al 3@ .al hgas I@rcetg;gea@o%@tblfldrttm an Qtlc‘armng_wp to as
frane. ALt houghvhREeAReEEE -“i%ﬁ\fé’:ﬂlfﬁl R oo dd orhed MRS her o
t he t hi ckness othubknmdstaﬁ1the silicon dioxide layer ranges from about
0.2 nm to about 1.0 nm and the silicon substrate is
5 oxidized until the thickness of the silicon dioxide layer
ranges from about 1.0 nm to about 1.5 nm.

20. The process as set forth in claim 17
further cowmprising the steps of: rinsing the etched
silicon body; rinsing the oxidized silicon body; and
repeating the. steps of chemically etching the silicon

5 dioxide layer, rinsing the etched silicon body, oxidizing
-the silicon substrate and rinsing the oxidized silicon
body at least once.

21. A process for cleaning the surface of a
silicon bédy having a silicon dioxide layer overlying a
silicon substrate, the process comprising
chemically etching the silicon dioxide layer
5 with an etchant at an etch rate controlled to be within
about 2 x 10 pm/min of a target etch rate, the target
etch rate ranging from about 3 x 10°5 um/min to about 4 x
10 pm/min; ' '
' discontinuing the etching before the silicon
10 substrate is exposed to the etchant; and
oxidizing the silicon substrate with an
oxidant. ' '
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20 di oxide layer 25 is to be decreased nore than 0.1 [err]m the

i nvention is preferable suited to applications requiring a decrease of |ess
than 0.1 [err]m and nost preferably decreases in thickness ranging from
about 5 x 10[err] [err]m (5 A to about 5 x 10[err]-[err]m (50 A).
Controlling the etch rate 25 to within about 2 x 10[err] [err]mmn (0.2
A/mn) of a desired etch rate further facilitates the controll ed decrease
in thickness of a silicon dioxide |ayer, 2% wel | as the controlled

di sconti nuance of idmy&ieh |6§;§§50§@chhﬁa§hlegﬁ hﬁI osed to
out

the etchant. The et ¢fc3fdNTd Najﬁgt mhen t he
t hi ckness-of--t-he silicon dioxide |ayer err] [err]m

(5 A of a thickness, t, or equivalent th|n about one or two
monol ayer s - of silicon d|oxpdeceibesaﬁbreubeaningfassﬁmluonfbbdyaadd for

Sppl | caton’i n GeRTRD b nERastping, FRE EhTeRResn; 88 A § B e !
bodi es. I n a prelitoxideedbyedirnoverlyinghacshticont sgbatrahdaarat al
gfgﬁi”n;rgngrsom tiE=CPBLERL | ORBk Brc8LE8s Okoldfi B AHENIA114! KBER g a
silicon dioxide layer with a dilute etchant in the
presence of a megasonic field. The concentration of the
etchant is preferably less than its diffusion-rate-
limiting threshold concentration at a given temperature;
10 When aqueous alkaline hydroxyl ion etchants are employed,
the concentration of etchant is preferably less than
about 300 ppm by weight relative to water. The etching
is discontinued before the silicon substrate is exposed
to the etchant. The etch rate is controlled to within
15 . about 2 x 107 um/min (0.2 A/min) of a target etch rate
which ranges ffom about 3 x 10°° gm/min (0.3 A/min) to
about 4 x 10** pm/min (4.0 A/min). A simpler, more cost-
effective chemical process for robustly cleaning silicon
bodies or for producing very thin gate.oxides is

}-S .\

20 achieved.

No figure



‘oxi di zing of the silicon body occurs sequentially in 5 separ ate bat hs.
Specifically, the surface of a silicon body is cleaned by first chemcally
etching the silicon dioxide |ayer overlying the silicon substrate with an
"etchant in a first negasonic bath and in the absence of an oxidant. The
surface of the silicon body is 10 preferably hydrophilic before it is
etched. |If the surface is hydrophobic, it is preferable to expose the
surface to an oxi dant, such as ozone, prior to etching to achieve a surface
which is hydrophilic in nature. The eth 3? is preferably diffusion-rate
limted rather than 15 reaction-rate dted. In a preferred process,
the etching is carried out in a negasonic bath with an etchant
concentration | ess than the diffusion-limting threshold concentration for
t he tenperaturE:h$<$glc& the silicon dioxide is being etched. The silicon
di oxi de 20 eferably etched until the thickness of the silicon
di oxi de | ayer ranges fronlabout'o 2 nm(2 A to about 1.0 nm (10 A, but in
any event, the etching is discontinued before the sili ubstrate is
exposed to the etchant. I Ilcon 25  body.
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silicon substrate of the etched silicon body is oxidized with an oxidant.
a second bath, preferably until the 30 t hi ckness of the silicon dioxide
| ayer -ranges from about 1.0 nm (10 A) to about 1.5 nﬂl/1§ A). Al though any
oxi dant coul d be used, the oxidant preferably conprifs Sdﬁﬂme
concentrations ranging from about 50 ppb to about 59 ppn1RHq_ rgFg¥1bly,
of

the etched silicon body 35 is exposed to_a ozone
about 15 ppm for about 5 m nutes at roon1/§nperature The OX|d|2|ng 15

results in an oxidized silicon bodyslabeh 6ggn§§3|con body i's then
ps detail ed above are

rinsed, and preferably, the etching and o
c’rlgorous cleaang of the surfgge of the

repeated several tines tg.ensure
i nse-dW di ze-m#nse cyml e canppe rep ed as many

silicon 5 body. The etch-
tinmes as necessary toQffect—etedni-ng—ofthe silicon body surface. For
cl eaning single-crystal sjilicon wafers as a part of waf'er or dévice
manuf acturing processes, jtwo to six etching-oxidizing cycles are 10 o
generally sufficient. Affter the final etching-oxidizing cycle, the a
oxi di zed silicon body is [ay® n¥»rinsed, and o
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£, LI . . .

then dried, preferably in an isopropyl alcohol vapor dryer. The thickness

of the silicon dioxide |ayer may be 15 nmeasured by several direct or

i ndi rect nethods known in the art. Exenplary direct nethods include

el li psonetry and photo-el ectron spectronetry. | “TWBGSHﬂﬁ*Hﬁg ﬁﬁ hod, the
t

‘time required to etch the silicon dioxide |ayerf at a{EBE rlate is
neasured, and the average thickness is 20 call fron1 In an

alternative indirect nethod, the entire3$BIicon di oxi de |l ayer is etched
fromthe substrate, and the gilica,content the tchant solution is
deternined. Vepa et al., I‘él retchorate i (A/DIM JThi ckness Measur enent ,

El ectrochem Soc. Proc. Vbl 95- 25 20, pp 358-365 (1995). A further
enbodi ment of the pre§bnt Fhvend on Bl at $% to%n i Provéttent in the SCL -
cl eaning step of tie : : ment, the surface
of a silicon body is gl eaned by chemcally etching the 30 sil i cog, di oxi de
| ayer overlying the sijlicon substrate with an etchant in a negasonit bath
whi ch conprises a diluUute concentration of etchant and an oxi dant. ‘& the

silicon dioxide |ayer |igp etcheds thea oxidant in the bath sinultanegusly
oxi dizes the silicon sjubstrate. In a 35 systemin whi ch aqueous anmoni.um
hydr oxi de and hydr ogen '
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Jperoxide are used as.the etchant and oxi dant, resp |
‘toncentrations of etchant rangi ng from about 10 ppm by REFLAOEMENT SHEEE

wat erz1,0 about 100 ppm are achieved using ratios of
NH er'tTOH Herr]err]:Herr]O ranging fromabout 1:10 2856%%9 ot
Y e rea

1:100: 3000, 5 respectively, by volunme of comrercial jfyla ge1t
solutions, typically supplied as 28- 30 W% NH err] OH in 0§ 35
w%Herr]derr] inwater. That is, ese preferred ¢goncentrations are

achi eved using an SCl1 solution in WhIC the ratro of f-er+ettferTI O

ranges from about J__?Q .cb 1 Ha aé AI'._QOZ H20
ranges fronraboﬁ% ﬁ 195 :
(NHerr]OH H err 8 an err] err err] ) are |n ependent of each ot her.

Concentrations .of etchant ranging from about 30 ppm by weight relative to
water to about 100 ppm argaGrEREWME of

Ll g'& VV ®
NH err]OH Herr]err]:Herr]O rangi ng ronraoout 1:100: 9,000 to about
1:100: 3000, reSpecmev Pnesdit Vgl idn aalqklzyeaaaebabbeth@agent

solutiong, \ég_ _ ggslég'as 2%{{) wt % N CO-ILg ﬁter and as 30-35
0% H or B O BEPRY YRF SEP (R85 O FCRI Y CoRbddy may 20
be subsequenpkpcem@oskd:andnbrmzbkyﬂandhmngrsr&xmmﬂaﬂﬁexlde from the
surface of such bodies. The invention particularly
relates, in a preferred embodiment, to a process for
cleaning the surface of single crystal silicon bodies,
"~ 10 such as wafers.

Microelectronic semiconductor devices are typically
fabricated on single crystal silicon wafers produced from
single crystal ingots commercially grown by the well-
known Czochralski method. The silicon wafers are

15 typically prepared through a sequence of steps in which
the ingot is trimmed to a precise diameter, flattened
along one or more sides to identify crystallographic
orientation, etched to remove mechanical defects, and
then sliced along a specific orientation into unfinished

20 wafers. The unfinished wafers are precisely shaped
through further fabrication steps including edge-
rounding, lapping, etching and polishing.

The yield and performancé characteristics of a
microelectronic device are significantly impacted by the

25 level of surface contamination on the silicon wafers.
Generally, bqth organic and metallic contaminants may
become physically or chemically attached to the surface,
usually due to the fabrication steps described above and
the associated handling of the wafers. This concern has

.30 become more acute as device geometry has become
increasingly smaller. Accordingly, the removal of such
contamination is necessary between wafer fabrication and
shaping steps, after polishing, and also during'device

fabrication processes.



mnth t he known RCA ‘net hod. .The present i nvention finds addi-t+eral—
applications -in the manufacture of gate oxides. Gate oxi dds REPEACEMENT SHEET
t he arf‘and~a%e—ased~+ﬂ~e£v+ees such as NMOS and 25 PMO$ ]
transistors’ (FET' . e oxides conprise a thin silicon|djo
overlying a s ﬁfl e}ﬂm Typically, the thickness of | h)e' Qﬁé@ﬁ7
di oxi de Iayer e oxides ranges from about 8 »1Qflerr] [err
(80 A) to about 1 x 10 err] [érr]n1(109 A). - Recent 30 pdvances in gate
oxi de technol ogies require silicon d|0X|de | ayers rangi ng TTonrabott

10[err] [err]m (40 A) to abpyd Srocddd %]sée%ﬂﬁwn%alﬁ%tnﬁgrégi{ances

in technology for may ultinately require ultra thin silicon dioxi ayers
as thin as adig eFsh R ris (eonfrolled fQ e awikhinagboupyx? g¥s1fdy be

achi eved by @mghmgihgpsaoﬁaféég b Ve Nk 4 108, 17 The enbodi nents descri bed
herein may be used in both nultlple bat h systens which enploy a single

process step in each bath, in single bath systens which enploy nmultiple
process steps in that s?nglrhémptbcéhstdmnsethﬁoﬁth gnboilaimnl swhéréha

present invengjon éﬂﬁﬁ5t¥%eﬁggégﬁ%hﬁﬁ%d when the thickness of the

silicon dioxide layer is within about 5 x 10™* um of a

target thickness.

8. A process for cleaning the surface of a
silicon body having a silicon dioxide layer overlying a
silicon substrate, the process comprising
chemically etching the silicon dioxide layer
5 with an etchant in the presence of a megasonic field to
form an etched silicon body, the concentration of etchant
being less than the diffusioh—rate—limiting threshold
concentration for the temperature at which the silicon
dioxide layer is being etched;
10 discontinuing the etching before the silicon
substrate is exposed to the etchant; and
oxidizing the silicon substrate with an oxidant
to form an oxidized silicon body. '

9. The process as set forth in claim 8 wherein
the silicon dioxide layer is etched and the silicon
substrate is oxidized in a bath comprising the etchant
and the oxidant.

10. The process as set forth in claim 8
wherein the silicon dioxide layer is etched in a first
bath comprising the etchant in the absénce of an oxidant,
and the silicon substrate is oxidized in a second bath

5 comprising the oxidant.

11. The process as set forth in claim 10

wherein the steps of chemically etching the silicon



rconti huous processes or as batch processes acting on either nultiple or
i ndi vi dual sili-con bodies. ther applications for chem cal etching systens
with the characteristics of the present invention exist. In 10 general ,
the invention may be used in any application in which it is desirable to
renove a fixed anount of silicon dioxide, in a controlled manner, wth or
W t hout reoxidizing the silicon substrate. Such other applications will be
apparent to those skilled ip.the 15 art. 18 CLAIMS WHAT IS CLAIMED I S:
1. A process for decreasing the thickness of a silicon dioxide |ayer
overlying a silicon substrate, the process conprising chemcally etching
the silicon dioxide layer 5. wth an etchant in the presence of a
megasoni c field, the concentration of thgsetchant being | ess than the
diffusion-rate-limting threshold concentration for the tenperature at
which the silicon dioxide |ayer is being

_ REPLACEMENT SHEET
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etched and 10 . di scontinui ng the etching before the silicon

substrate i's exposed to the etchant. 2.

The process as set forth in claim

1 wherein the etchant is an aqueous al kal i ne etchant conprising hydroxyl
30Q_ppm by

i on and the concentration of the-etchant

wei ght relative to water. 3. The process as set forth in RERLACEM SALEY

the concentration of the etchant is |ess than about 100 PP €9
as set forth in claim2 wherein the etchant has a concertria
from about 30 ppmto about 100 ppm and 2fBerein the tengerat
etchant ranges from about 30[err]C to about 80[err]C. 54 L

forth in claiml1l wherein the concentration of the etchaft is sufficient tp
to—about 44 x

is |l ess than abgut

o4 BDEF L

process asj|set

achieve an etch rate ranging fromabout 3 x 10[err] [ er &
10[err] [err]mmn for the tenperature at which the silicon 5
bei ng et ched. 19 6. The process as set forth in claim1l wherein
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the etch rate is controlled to be within about 2 x 10[err] [err]mmn of a
target etch rate. 7. The process as set forth in claim1l wherein the
etching is.discontinued when the thickness of the silicon dioxide |ayer is
within about 5 x 10[err] umof a target thickness. 8. A pracess for

cl eaning the surface of a silicon body having a silicon QR
overlying a silicon substrate, the process conprising ch mﬁﬁq}i@@ﬁﬁg"’

the silicon dioxide layer 5 wth an etchant in the prederjce of a
megasonic field to forman etched silic38 body, the concgn rachDE(bmW
etchant being | ess than the diffusion-rate-limting thregh@ld concentratfo
for the tenperature at which the silicon dioxide |ayer i$ being etched—10
di scontinuing the etching before the silicon substrate i to the
etchant; and oxidizing the silicon substrate with an oxidant to form an
oxi di zed si |l i coflhagy? e process as set forth in claim8 wherein the
silicon dioxi dg‘ﬁg‘%‘gg\’ Seed and the sili coNn substgame J_E_‘Qxi dized in a
bat h conprising‘nhéqﬁ\§h§gﬂx§nd the oxidant. 10. The proces$ as set forth
inclaims8 :
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mh@re?n the silicon dioxide layer is-etched in a first bath conprising the
etchant in the absence of an oxidant, and the silicon substrate is oxidized
in a second bath 5 conprising the oxidant. 11. The procqgS3as—sei_forth
in claim10 wherein the steps of chenmically etching the sifl PEB&ACEMEHI
concentration ranging fromabout 50 ppmto about 80 ppm i
the first bath is about 70[err]C, and the 5 oxi dant co
The process as set forth in claim 17 wherein the silicon
etched until the thickness of the silicors di oxide |ayer rfange )
0.2 nmto about 1.0 nmand the silicon substrate is 5 xi di zed unti |
t hi ckness of the silicon di oxgigieMARY eOFr @HEeSNVENTI@Kout 1.0 N

1.5 nm 20. The process as,set forth in.claim17 further conptising.the
steps of: rinsing tH& éfchidEEiF&RHRRI Y r%%jnfd"-% HREE O5F S z?e‘avﬁf‘lg?'%n
body; and repeaid Rrdviciestaepd nyfl exhermerd | o ol et hee stheémdoad  di oxi de

Layer, r|nS|ngﬁgg%éggﬂ¥%%:¥ggdgg1;u% éaﬁ?%é“éif%%on bodies, and

5 specifically, a process in which metallic-precipitate

contaminants are not introduced by the cleaning reagents.
An associated object of the invention is to improve the
control over the rate at which silicon dioxide is etched,
and preferably, to obtain a relatively low etch rate

10 which is temporally uniform. A further object'of the
invention is to controllably etch silicon dioxide in
order to reduce the thickness of the silicon dioxide
layer without exposing the underlying silicon substrate
to the etchant.

In ac¢cordance with the present invention, there is
provided a process for decreasing the thickness of a
silicon dioxide layer overlying a silicon substrate, the’
process comprising

chemically etching the silicon dioxide layer

5 with an etchant in the presence of a megasonic field, the
concentration of the etchant being less than the
diffusion-rate-limiting threshold concentration for the
temperature at which the silicon dioxide layer is being
etched; and
10 discontinuing the etching before the silicon

substrate is exposed to the etchant.



the silicon substrate and rinsing the oxidized silicon body at |east once.
21 concentrati 6n rangi ng from about 50 ppmto about 80 apm_the tenperature
of the first bath is about 70[err]C, and the 5 oxi da
19. The process as set forth in claim 17 wherein the s
is etched until the thickness of the silicon dioxide
about 0.2 nmto about 1.0 nmand the silicon substrate
until the thickness of the silicon dioxide |ayer range
to about 1.5 nm 20. The process as set forth in claig117 further
conprising the steps of rinsing the etchsmd silicon boey—+dnnsing the
oxi di zed S|I|con bod and repeating the steps of chemcally efching the
silicon 55 dioxide %&%#1Yf|¢ﬁﬁ¥EF?%%te?%%eﬂr%$¢ﬂixﬁPYﬁR5l°%x}%|2|ng t he

silicon SUbStr@ﬁ@@@ed'i@'é‘%fcﬁ@e@é'ﬁéﬁe@léﬁi%% @pyl&snlw RA¢Eng 21.
A process for cleaning the surface of a siljicon havi ng silicon
di oxi de | ayer dvetfili¢rn dioxide layer overlying a s111con substrate

er

The process comprises chemically etching the silicon
dioxide layer with an etchant in the presence of a
20 megasonic field at a temperature T, with the

concentration of the etchant being less than its
diffusion-rate-limiting threshold concentration at T.
The etchant is preferably an aqueous alkaline etchant

E comprising hydroxyl ion, and the concentration of the

; 25 etchant is preferably less than about 300 ppm by weight
relative to water.

The process alternatively comprises chemically
etching the silicon- dioxide 1éyer with an etchant at an
etch rate controlled to be within about 2 x 10°® pm/min of

30 a target etch rate, R.., the target etch rate, R,
ranging from about 3 x 105 ym/min to about 4 x 10°*
pm/min, discontinuing the etching before the silicon
substrate is exposed to the etchant, and oxidizing the
silicon substrate.

35 The present invention is also directed to a process
for decreasing the thickness of a silicon dioxide layer



s}bfpon substrate, the process conprising chemcally etching the silicon
di oxi de l.ayer- 5 with an etchant at an etch rate controlled to be within

about 2 x 10[err] Jéi;lggglﬂ_Qiﬂé,LaLget etch rat er~the—target etch rate
_rangi ng from about err] [err]mmn to about MEPLAOEMEW Mff m n;
di scontinuing the etg “mb5|llcon 10 SupStrate—s—exposed to
t he etchant; and oxi\: i iﬂu m\m‘“ n substrate wWth 2% ﬂ%kd‘%&

21

concentration ranging from about 50 ppm to about 80 ppm,
the temperatureIOf the first bath is about 70°C, and the

5 oxidant comprises ozone.

19. The process as set forth in claim 17
wherein the silicon dioxide layer is etched until the
thickness of the silicon dioxide layer ranges from about

| 0.2 nm to about 1.0 nm and the silicon substrate is
5 oxidized until the thickness of the silicon dioxide layer
ranges from about 1.0 nm to about 1.5 nm.

20. The process as set forth in claim 17
further comprising the steps of: rinsing the etched
silicon body; rinsing the oxidized silicon body; and
repeating the steps of chemically etching the silicon

5 dioxide layer, rinsing the etched silicon body, oxidizing
| the silicon substrate and rinsing the oxidized silicon

body at least once.




