17 February 2005 Method for C eaning ‘Sem conductor Structures Using

Hydr ocarbon and Solvents in a Repetitive Vapor Phase/Li quid Phase Sequence
- Background of Invention 1) Field of the Invention This invention relates
generally to fabrication of a sem conductor device and nore “particularly
to a method for cleaning conplex sem conductor geonetries (e.g. high aspect
rati o openi ngs) using hydrocarbon and solvents in a repetitive vapor
phase/liquid phase sequence. 2) Description of the Prior Art In

sem conductor manufacturing, it is very inportant to renove contam nants
which accumul ate on sem conductors during fabrication.;;@phayhaants can

- cause high resistance, adhesion problens for subsequent |ayers, reduced

insul ation, and other performance and reliability problens. Typically,

liquid cleaning processes are used to | 17 February 2005 renove

~contam nants. However, as device geonetries continue to shrink, it becones

difficult for liquid cleaning agents to adequately penetrate vias and ot her

conpl ex :
' - Method for Cleaning Semiconductor Structures Using Hydrocarbon and

Solvents in a Repetitive Vapor Phase/Liquid Phase Sequence

Background of Invention
1) Field of the Invention

This invention relates generally to fabrication of a semiconductor device and more
particularly to a method for cleaning complex semiconductor geometries (¢.g. high aspect
ratio openings) using hydrocarbon and solvents in a repetitive vapor phase/liquid phase

-sequence.
2} Description of the Prior Art

In semiconductor manufacturing, it is very important to remove contaminants
which accumulate on semiconductors during fabrication. Contaminants can cause high
resistance, adhesion problems for subsequent layers, reduced insulation, and other
performance and reliability problems. Typically, liquid cleaning processes are used to
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geonetries. Also, as geonetries continue to shrink, performance nargins
decrease and . the cleanliness |evel of sem conductors nust increase. Liquid
cl eaning agents can recontam nate a sem conductor with contam nants

~previously renmoved and suspended or dissolved in the cleaning agent. The

i nportance of overcom ng the various deficiencies noted above is evidenced
by the extensive technol ogi cal devel opnent directed to the subject, as
docunented by the relevant patent and technical literature. The cl osest
and apparently nmore rel evant technical developnents in the patent
literature can be gl eaned by considering the follow ng patents, U.S.
5,494,526 (Paranjpe) shows a nethod for cleaning seni oL Naf er s

using liquified gases. Paranjpe teaches introducing a |liquid phase cl eaning
agent to the surface of a sem conductor wafer, then causing the liquid
phase cl gaRbnGoagRiant OHhAREAs ddvicaemtagdds coame twshiing intickmadsi on, heat ,
pressure, or a conbination thereof. Paranje also teaches that the cleaning

agent cangfrmMetdr &h@d tRimng faentt dldbgales feopograghyd othertdomplesem conduct or
substrate surface in vapor phase, then condense to renove particul ates and

cont am na@t}ﬁed—ri@s. di I£d, la§ BotnetiRs ER@ARE (0 highk, peildkhince panimdscreabigndc| eani ng
agent can be: 2 17 February 2005
the cleanliness level of semiconductors must increase. Liquid cleaning agents can

recontaminate a semiconductor with contaminants previously removed and suspended or

dissolved in the cleaning agent.

The importance of overcoming the various deficiencies noted above is evidenced
by the extensive technological development directed to the subject, as documented by the
relevant patent and technical literature. The closest and apparently more relevant
technical .developments in the patent literature can be gleaned by considering the

following patents.

U.S. 5,494,526 (Paranjpe) shows a method for cleaning semiconductor wafers
using liquified gases. Paranjpe teaches introducing a liquid phase cleaning agent to the
surface of a semiconductor wafer, then causing the liquid phase cleaning agent to change
to a vapor phase using vibration, heat, pressure, or a combination thereof. Paranje also
teaches that the cleaning agent can penctrate intp the intricate topography of the
semiconductor substrate surface in vapor phase, then condense to remove particulates and

contaminants in difficult to reach (e.g. small) openings. The cleaning agent can be:




| i quefied argon, liquefied nitrogen, non-polar (e.g. N2, 02, C02) or

al kaline (NH3) liquified gases, Freon, or acidic liquified gases (e.g.
HCl, HBr, HF, SO3). The cleaning agent is renoved by flash evaporation
using a rapid pressure drop (e.g. vacuum. If multiple <cleaning steps are
required to adequately clean the wafer, the entire sequence is repeated.

U S 5,990,014 (WIlson) shows a wafer cleaning process using.hydrocarbons
and vaporous acids. U S. 5,055,138 (Slinn) teaches a vapor cleaning process
using a-highly fluorinated organic cleaning agent and a flanmabl e sol vent,
wi th a recycling condensation process. This invention-dQes; paddr ess
renmovi ng the cleaning agent fromsmall openings. U S. 4,581, 101 (Senoune et
al.) discloses a nethod for dry- etching and cleaning using a fluorinated

ether gas, U S. 5,641, 541 (.Chen) dIS se prlner to '
2 v er smuﬁi%deaféfi" ﬁ%@é&%ﬁ%ﬁﬁfﬂﬂ%@@ o B TeoChrar ke BRRSSME, Do
4,983, 548 et al lectrical charge from
a senmicon %gt ’ieO‘Bé’Wcé‘l! [!%‘1‘ ‘5‘5 gése\?(g? %{Hkﬁgmg? Jjﬁi‘ng(g\gsgg mgf‘ﬁeé‘h‘sr ermovi ng t he
vol atil e organjc f? 17 February 2005 sol vent by evapora&

removed by flash evaporation using a rapid pressure drop (e.g. vacuum) multlple

cleaning steps are required to adequately clean the wafer, the entire sequence is repeated.

U.5. 5,990,014 (Wilson) shows a wafer cleaning process using hydrocarbons and

vaporous acids.

U.S. 5,055,138 (Slinn) teaches a vapor cleaning process using a highly fluorinated
organic cleaning agent and a flammable solvént, with a recycling condensation process.

'this invention does not address removing the cleaning agent from small openings.

U.S. 4,581,101 (Senoune et al.) discloses a method for dry-etching and cleaning

using a fluorinated ether gas.

U.S. 5,641,541 (Chen) discloses a method for applying a primer to a wafer surface,

in a gaseous state, prior to photoresist application.

Us. 4,983,548 (Uno et al.) teaches a method of removing electrical charge from a

semiconductor device using a volatile organic solvent, then removing the volatile organic



U S. 5,246,501 (Rodgers et al.) teaches a nethod of flash drying parts
foll ow ng vapor degreasing. Summary of the Invention It is an object of the
present invention to provide a nethod for cleaning sem conductor
structures with conpl ex topographies, including very small openings, using
hydr ocarbon and solvents. It is another object of the present invention to
provide a nethod for cleaning vias for sub-quarterm cron dual danascene
devi ces using hydrocarbon and solvents. It is another object of the present
invention to provide a nethod according to the previous objects using
repetitive vapor phase condensation and revaporizatiq&. Lt IS ?t anot her
obj ect of the present invention to provide an econom dfe ﬁﬁﬁ”ﬂﬁ fective

met hod for cleaning sem conductor structures with conpl ex topographies. 4
17 February 2005 To acconplish the above objectives, the present invention
provi des salvaebhedpbmtion. cl eani ng a sem conduct or structure using vapor phase
condensati on. The sem conductor structure can be cl eaned using vapor phase
condensation with a thermally vaporized cleaning agent, a hydrocarbon

- vaporized by pressure variation, or a conbination of the

11.S. 5,246,501 (Rodgers et al.) teaches a method of flash drying parts following

{fapor degreasing.
Summary of the Invention

It is an object of the present invention to provide a method for cleaning
semiconductor structures with complex topographies, including very small openings,

using hydrocarbon and solvents.

It is another object of the present invention to provide a method for cleaning vias

for sub-quartermicron dual damascene devices using hydrocarbon and solvents.

It is another object of the present invention to provide a method according to the

previous objects using repetitive vapor phase condensation and revaporization.

It is yet another object of the present invention to provide an economical and

effective method for cleaning semiconductor structures with’ complex topographies.




two. In the thernmally vaporized cl eaning agent process, a sem conductor
structure is lowered into a vapor blanket in a thermal gradient cleaning
chanber at atnospheric pressure forned by heating a liquid cleaning agent
bel ow t he vapor bl anket and cooling the liquid cleaning agent above the
.vapor bl anket causing it to condense and return to the bottom of the
thermal gradi ent cleaning chanber. The sem conductor structure is then

rai sed above the vapor blanket and the cl eani ng agent condenses on all of
the surfaces of the sem conductor structure renoving contam nants and is
returned to the bottomof the chanber by gravity. '”1%9@n&£f§&ﬂr'26d

hydr ocar bon process, a sem conductor structure is placed 1nto & variable
pressure cleaning chanber, having a piston which changes the pressure by
reduci ng or reaS|n t he volgne of the chanber. The sem conductor
structure flrs Bithe 8OQVR QLIRSS SR DB I R dFovileaa methof &t he pi st on
is lowered to condense t he hydrocarbon. A sem conductor structure can be
cl eaned b?e‘é‘i“’t‘o’l‘i’egFmE?P“%'tth‘B’Fmrec YRS 2R ghase sdensitiqne Ja¢ pamigemductor

vapori zati on/ condensati on cycles. The present invention provides

consi der aBFUsWre IR 57 BlrEse uBREYPPIHBascPesensifipn wikh 3 Breimeadi derariged st ruct ur e
havi ng a conpl ex topo%raphy can_be effectively and economcally 5 17
February So0medceEreiydipsirhep \Aaprbied Phagsureoadusion firjagambinitins of the

semi conductor structure is not
-two. In the thermally vaporized cleaning agent process, a semiconductor structure is

lowered into a vapor blanket in a thermal gradient cleaning chamber at atmospheric
pressure formed by heating a liquid cleaning agent below the vapor blanket and cooling
the liquid cleaning agent above the vapor blanket causing it to condense and return {o the
bottom of the thermal gradient cleaning chamber. The semiconductor structure is then
raised above the vapor blanket and the cleaning agent condenses on all of the surfaces of
the semiconductor structure removing contaminants and is returned to the bottom of the
chamber by gravity. In the pressurized hydrocarbon process, a semiconductor structure is
placed into a variable pressure cleaning chamber, having a piston which changes the
pressure by reducing or increasing the volume of the chamber. The semiconductor
structure first exposed to the hydrocarbon in vapor phase, then the piston is lowered to
condense the hydrocarbon. A semiconductor structure can be cleaned by either or both of

these processes by repetitive vaporization/condensation cycles.

The present invention provides considerable improvement over the prior art. A

serniconductor structure having a complex topography can be effectively and economically



recont am nated by contam nants whi ch have been previously renoved. The
present invention achi eves these benefits in the context of known process
technol ogy. However, a further understandi ng of the nature and advant ages
~of the present invention nmay be realized by reference to the latter
portions of the specification and attached draw ngs Brief Description of
the Drawi ngs The features and advant ages of a sem conductor device
according to the present invention and further details of a process of
fabricating such a sem conductor device in accordance with the present
invention will be nore clearly understood fromthe followi ng description
taken in conjunction with the acconpanying drawi ngs in WHicBha1yi 2@ r ef er ence
~nunerals designate simlar or corresponding el enents, regions and portions
and in which: Figs. 1 and 2 illustrate sequential views of a process for

cl eani ng &anddoningwaiod phass tondatsaicas Als) the samsipaidughiassectosndensat i on accor di ng
to a first enbodi nent of the present invention. 6 17 February 2005 Figs. 3

and 4 il | ushtaaiiereaeq uaimiainy/wvedshat beenpiotasly dmdveel eani ng seni conduct or
‘structures using vapor phase condensation according to a second enbodi nent

of the
The present invention achieves these benefits in the context of known process
.technology. However, a further understanding of the nature and advantages of the present
invention may be realized by reference to the latter portions of the specification and attached

drawings.
Brief Description of the Drawings

The features and advantages of a semiconductor device according to the present
invention and further details of a process of fabricating su;:h a semiconductor-device in
accordance with the present invention will be more clearly understood from the following
description taken in conjunction with the accompanying drawings in which like reference

numerals designate similar or corresponding elements, regions and portions and in which:

Figs. 1 and 2 illustrate sequential views of a process for cleaning semiconductor
structures using vapor phase condensation according to a first embodiment of the present

invention.



present invention. Figs. 5A, 5B, 5C and 5D illustrate how contam nation is
renoved from surfaces of a sem conductor structure by the process of the
present invention. Detailed Description of the Invention The present
invention will be described in detail with reference to the acconpanying
drawi ngs. The present invention provides a method for cleaning a

sem conduct or structure (11) using hydrocarbon and solvents in a repetltlve
vapor phase/liquid phase sequence. Referring to Figs. | and 3, a

sem conductor structure (11) is provided. Sem conductor structure (11)
shoul d be understood to possibly conprise a wafer or |5ub§hiab6ys0f

sem conducting material, such as nonocrystalline silicon, or one of a
nunber of like structures known in the art, such as a silicon-on-insul ator
(SA) struct urkegs. 3 8ei itlosickiece@rensdl viges of prodety fos Hoanliig sbmicondbetost ood t o

possi bly further conprise one or nore conductive and/or insulating |ayers
f or med onsttue@res ukisg vagbeplase dohdenkdtve accaslingab la seend erdbbdbedox ofxhyy 2005 one or
nore active and/or passive devices formed on or over the substrate or the
i ke. \Wprkeent eentied.hod of the present invention is effective in cleaning
sem conduct or

Figs. 5A, 5B, 5C and 5D illustrate how contamination is removed from surfaces

of a semiconductor structure by the process of the present invention,
Detailed Description of the Invention

The present invention will be described in detail with reference to the
accompanying drawings. The present invention provides a method for cleaning a
semiconductor structure (11} using hydrocarbon and solvents in a repetitive vapor

phase/liquid phase sequence.

Referring to Figs. 1 and 3, a semiconductor structure (11) is provided.
Semiconductor structure (11) should be understood to possibly comprise a wafer or
substrate of semiconduéting material, such as monocrystaliine silicon, or one of a number’
of like structures known in the art, such as a silicon-on-insulator (SOI) structure.
Semiconductor structure (11) should be understood to possibly further comprise one or

morte conductive and/or insulating layers formed on the substrate or the like, as well as




structures, it is particularly advantageous for snmall design rule

sem conductors (e.g. sub- quartermcron), due to its ability to penetrate
smal | openings. The sem conductor structure (11) typically has

contam nation on its surface as is shown in Fig. 5A. First Enbodi nent The
~sem conductor structure (11) is placed in a thermal gradient cleaning
chanber (120). The thermal gradient cleaning chanber (120) conprises three
vertical regions. The first region (121) containing a cleaning agent (99)
inliquid phase is on the bottom The second region (122) containing the

cl eaning agent in vapor phase (99V) is in the mddle j regi on
(123), which is free of the cleaning agent (99) is OHT%%gmﬁg%bgThe t her mal
gradi ent cl eaning chanber (120) has a heating elenment (28) proximte to

the firstosk 89MOR abhR hhd/a (s eGRALISTEmBLHRABNSvel B8 kutRi-a¥ bt Bkd 0 the third
region (123). Heat is supplied to the first region (121) using the heating

el ement  (WHle @t mBc§d b thpBht ihQARE] BLHESVE Q) JATHE ServidR@ldgat i on of the
cl eaning agent (99). The third region (123) is sufficiently cool ed, using

the cool ifg.,&h SMeRiddl afiPunddis for SANIERRALHO B ontifl8ois (L2 BINIG agent

(99). The condense cleaning agent is returned to the first region (121)

by gravi t%xﬁnérglic_lr& ,d%g?c?x%qxbﬂﬁj{g%)?%neu(age%@aﬂBﬁ%{igrf‘gg.e'ﬁ@s@&ic@%@{ori n vapor phase

(99V) reathes an équilibriu centratio

structure {11) typically has contamination on its surface as is shown in Fig. 5A.
First Embodiment

The semiconductor structure (11) is placed in a thermal gradient cleaning
chamber (120). The thermal gradient cleaning chamber (120) comprises three
vertical regions. The first region (121} containing a cleaning agent (99) in liquid
phase is on the bottom. The second region (122} containing the cleaning agent in
vapor phase (99V) is in the middle. The third region (123), which is free of the
cleaning agent (99} is on the top. The thermal gradient cleaning chamber (120) has a
heating element (28) proximate to the first region (121) and a cooling element (29)
proximate to the third region (123). Heat is supplied to the first region (121) using
the heating element (28) at a sufficient temperature to induce vaporization of the

| cleaning agent {99). The third region (123} is sufficiently cooled, using the cooling
element (29) to induce condensation of the cleaning agent (99). The condensed
cleaning agent is returned to the first region (121) by gravity. In the second region
{122) the cleaning agent in vapor phase (99V) reaches an equilibrium concentration

8




17 February 2005 of 100 % The cl eaning chanber and condensing coils are
preferably quartz lined to maintain cleanliness and purity of the anbient.
The cl eaning agent (99) can conprise |PA, ethylene, propyl ene, butane, or
i sobut ane. For a cl eani ng agent conprising hydrocarbon, the first region
(121) is heated to a tenperature of between about 50C and 500C, and the
second region (122) is cooled to a tenperature of between about OC and
50C. A key advantage of the present invention is that cleaning can be
performed at atnospheric pressure, increasing throughput and reducing
processing cost. Still referring to Fig. 1, the sem conductor structure
(11) is lowered into the second region (122) of th& tpemed0gr adi ent

cl eani ng chanber (120), whereby the cleaning agent in a vapor phase (99V)

trat t d L t t
Penet a5 ARFR. Wb TR S BER Gh  7spor
duct 1 11 f. bl t d t he h
SET COnUch O LU (A, Lyl atl v, posiLl oned n LTS vaper phase

time of between about 10 seconds and 200 seconds. Referring to Fig_ 2, the
sem conductor structure (11) is raised into the third region (123) of the

thermal gradi ent c¢l eaning chanber 12%% wher eby t he cl eani ng
The cleaning agént (99) can comprise IPA, ethylene propylene butane, or

isobutane. For a cleaning agent comprising hydrocarbon, the first region (121) is
heated to a temperature of between about 50C and 500C, and the second region
(122) is cooled to a temperature of between about OC and 50C. A key advantage of
the present invention is that cleaning can be performed at atmospheric pressure,

increasing thronghput and reducing processing cost.

Still referring to Fig. 1, the semiconductor stfucture (11) is lowered into the
second region (122) of the thermal gradient cleaning chamber (120), whereby the
cleaning agent in a vapor phase (99V) peneirates openings in the semiconductor
structure (11), transporting freely to all surfaces of the semiconductor structure (11).
The semiconductor structure (11) is preferably positioned in the vapor phase
cleaning agent (e.g. vapor blanket) (99V) in the second region (122) for a time of

between about 10 seconds and 200 seconds.

Referring to Fig. 2, the semiconductor structure (11) is raised into the third
region {123) of the thermal gradient cleaning chamber (120), whereby the cleaning
.agent (99) condenses to liquid phase, collecting contaminants, and is returned to the

9




agent (99) condenses to liquid phase, collecting contam nants, and is
returned to the 9 17 February 2005 first region by gravity. The

sem conductor structure is preferably positioned in the third region (123)
for a period of between about 20 seconds and 200 seconds. The sem conduct or
structure (11) is then lowered into the second region (122) again, where
vapor phase cl eaning agent (99V) is freely transported to all surfaces of
‘the sem conductor structure. Then the sem conductor structure is raised
into the third region (123) again, where the cleaning agent (99) condenses

-and falls back to the first regi-on (121), carryingrﬂﬁﬂﬁggb@ ts with it.
Thi s vapor/condensation cycle is repeated until the sem conductor
structure is sufficiently cleaned. The end-point (e.g. time when the

sem CondU'@ﬁs@fegﬁmggﬁaum ThS sehtEdnbedi@itrhdfure & REBREY p6aionb@indRs er ni ned by one
of two methods. The nunmber of cycles required to reach a cleanliness

level , at g chopdesust Lppsl HOSLRRE 8hngh (tbidabhid 2do%edoradd results are
achi eved, can be enpirically determ ned for a particul ar sem conductor

structure and.process. Alternatively, the cleanliness |evel can be
measured on the sem conductor being cleaned, until a pre-determ ned

cl eanl i ness | el o oSl PR P oLlR A 8 hksalliggss | evel has been

achi eved, the sem con
(122) again, where vapor phase cleaning agent (99V) is freely transported to all

surfaces of the semiconductor structure. Then the semiconductor structure is raised
into the third region (123) again, where the cleaning agent (99) condenses and falls
back to the first region (121), carrying contaminants with it. This vapor/condensation

cycle is repeated until the semiconductor structure is sufficiently cleaned.

The end-point (e.g. time when the semiconductor structure is sufficiently
cleaned) can be determined by one of two methods. The number of cycles required to
reach a cleanliness level, at which adequate performance and reliability test results
are achieved, can be empirically determined for a particular semiconductor structure
and process. Alternatively, the cleanliness level can be measured on the

semiconductor being cleaned, until a pre-determined cleanliness level is achieved.
After the desired cleanliness level has been achieved, the semiconductor

structure is removed from the thermal gradient cleaning chamber (120) and placed in

a vacuum

10




structure is renoved fromthe thermal gradi ent cleaning chanber (120) and
placed in a vacuum 10 17 February 2005 chanber at a tenperature of between
about 50C and 400C, where any residual cleaning agent (99) is desorbed and
- renoved fromthe sem conductor structure. A key advantage of the present
invention is that the sem conductor structure (11) is not |lowered into the
| i qui d phase cl eaning agent. This is inportant because |iquid cleaning
agents can be very dirty, containing particles, ions, and nmetallics. Wen
the cleaning agent is in vapor formit has a high purity and does not re-
contam nate the sem conductor structure. Second Eangpggﬁﬁyb@)the second
enbodi nent, as shown in Fig. 3, the sem conductor structure 511) is placed
in a variable volune cl eaning chanber (30) containing a quantity of a
hydr ocar bosha(@®@&)at 2 Ehperamrd clbbtevestodbuirsoel @aniooeC, eharday rdiiasaa pressure-tight
piston (31), whereby the volune of the cleaning chanber can be decreased
by | ower i ngedning aggit 9D dagotbel BT eASEd fhyn hakShidgdbhe spu&ten. The
- hydrocarbon can conprise, but is not I|inmted to ethylene, propylene,
but ane, isobutane, or a combination .of thereof.

A key advantage of the present invention is that the semiconductor structure
(11) is not lowered into the liquid phase cleaning agent. This is important because
liquid cleaning agents can be very dirty, containing particles, ions, and metallics.
When the cleaning agent is in vapor form it has a high purity and does not re-

contaminate the semiconductor structure.

‘Second Embodiment

In the second embodiment, as shown in Fig. 3, the semiconductor structure
(11) is placed in a variable volume cleaning chamber (30) containing a quantity of a
hydrocarbon (98). The variable volume cleaning chamber has a pressure-tight piston
(31), whereby the volume of the cleaning chamber can be decreased by lowering the
piston and increased by raising the piston. The hydrocarbon can comprise, but is not

limited to ethylene, propylene, butane, isobutane, or a combination of thereof.

In order to achieve an adequate pressure variation, the variable pressure cleaning
chamber preferably comprises two chambers connected together wherein both chambers

3l




In order to achi eve an adequate pressure variation, the variable pressure
‘cl eaning chanber preferably conprises two chanbers connected toget her
wherein both chanbers 11 17 February 2005 have a piston (31). The pressure
in the variable pressure cleaning chanber (30) is preferably atnospheric
pressure with the piston(s) fully up, and the pressure with the piston(s)
fully down is. sufficient to cause condensation of the hydrocarbon (98).
The reaction is preferably adiabatic (e.g., mninmal heat |oss). Referring
to Fig. 3, the sem conductor structure (11) is placed into the variable
vol une cl eani ng chanber with the piston(s) (31) positjoned to provide the
maxi mum vol une wherein the pressure is at the anbient ﬁﬁﬂ@ﬁﬁ@ Tc pressure
and the hydrocarbon (98) is in a vapor phase. The sem conductor structure

can, for exanple hel d by. a chu attac hston (31) or
hanged by?&i ﬁ&%ﬁgf{%% P8 %?“§€ﬁ?%%w'%% 5%5%F%§g%%%gg?%5) is preferably
exposed to t vapor, phase hydraocar.bon ( for,a tine o et ween about 20
seconds éﬁﬁﬁgﬁbmﬁgé%ﬁﬁ%ﬁﬁ¥ﬂ%‘W%ﬁ%ﬂ”%ﬁgﬁégﬁiﬁ%%%QP%%%*“Fé“@?@%sported freely
i nto openin onto all .surfaces of the m.cqnduct of,Sstruct ure.

Referri n@‘%“g"%ﬁi?‘ag dli’}"’“tlsnsé% 5Dt (Qipisy congiggsafin cfsfgliﬁe}l’ygﬁ’c ?ﬁ‘g’y@?)n;fhf he pressure to
hydr ocar HB%E%Q%@%’&%SG?%Q&’COQ.gE S imalhesoagnse to liquid phase. For a

Referring to Fig. 3, the semiconductor structure (11) is placed into the
variable volume cleaning chamber with the piston(s) (31) positioned to provide the
maximum volume wherein the pressure is at the ambient atmospheric pressure and the
hydrocarbon (98) is in a vapor phase. The semiconductor structure can, for example, be
held by a chuck, attached to the piston (31) or hanged by an edge gripper. The
semiconductor structure (11) is preferably exposed to the vapor phase hydrocarbon (98)
for a time of between about 20 seconds and 200 seconds. The vapor phase hydrocarbon

is transported freely into openings and onto all surfaces of the semiconductor structure.

Referring to Fig. 4, the piston(s) (31) is lowered, causing the pressure to increase
and the hydrocarbon (98) to condense to liguid phase. For a hydrocarbon comprising
hydrocarbon, the pressure increases to between about 0 torr and 6000 torr. The pressure
is preferably held at a high enough level to prevent vaporization of the hydrocarbon (98)
for a time of between about 20 seconds and 200 seconds. The liquid phase hydrocarbon

removes contaminants from the surfaces of the semiconductor structure (11) and is taken

12




hydr ocarbon, the pressure increases to between about 0 tort and 6000 torr.
The pressure is preferably held at a high enough I evel to prevent

vapori zation of the hydrocarbon (98) for a tinme of between about 20 seconds
and 200 seconds. The |iquid phase hydrocarbon renoves contam nants fromthe
surfaces of the sem conductor structure (11) and is taken 12 17 February
2005 away fromthe sem conductor structure (11) to the bottom of the

vari abl e pressure cl eaning chanber by gravity. Referring again to Fig. 3,
the piston is raised to its initial position, whereby the hydrocarbon
vaporizes, and the contam nants remain at the botton1qﬁpgg@m¥§5&@ble
pressure chanber (30). This adiabatic vapori zation/condensation cycle is

repeated until the sem conductor structure is sufficiently cleaned. Either
t he nunbeawofiray the esnicrndudier stmaopai(t @ he barim sfassvariabe bregare be det er m ned
as described above. } Figs. 5B, 5C and 5D illustrate how contam nation is

renoved f rlemigohhaiee by pfaviy. sem conductor wafer | 1 by the process of the
present invention, regardl ess of which enbodinment is enployed. Fig. 5B
corresponds to the conditions of Fig. 1, for exanple, when the
Referring again to Fig. 3, the piston is raised to its initial position, whereby the
. hydrocarbon vaporizes, and the comntaminants remain at the bottom of the variable
pressure chamber (30). This adiabatic vaporization/condensation cycle is repeated until

the semiconductor structure is sufficiently cleaned. Either the nember of cycles or the

requirec} cleanliness level can be determined as described above.

Figs. 5B, 5C and 5D illustrate how contamination is removed from surfaces of a
semiconductor wafer 11 by the process of the present invention, regardless of which

embodiment is employed.

Fig. 5B corresponds to the conditions of Fig. 1, for example, when the
serniconductor structure (11) is lowered into the second region (122) of the thermal
gradient cleaning chamber (120) whereby the cleaning agent in a vapor phase (99V)

penetrates openings in the semiconductor structure (11) as iltustrated as "cleaner vapor”

in Fig. 5B.

Figs. 5C and 5D corresponds to the conditions of Fig. 2, for example, when the
semiconductor structure (11) is raised into the third region (123) of the thermal gradient
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sem conductor structure (11) is lowered into the second region (122) of the
thermal gradient cleaning chanber (120) whereby the cleaning agent in a
vapor phase (99V) penetrates openings in the sem conductor structure (11)
‘as illustrated as "cleaner vapor” in Fig. 5B. Figs. SC and 5D corresponds
to the conditions of Fig. 2, for exanple, when the sem conductor structure
(11) is raised into the third region (123) of the thermal gradient 13 17
February 2005 cl eani ng chanber (120) whereby the cl eani ng agent (99)
condenses to liquid phase (as illustrated as "cleaner liquid" in Fig. 5C),
collecting contam nants (as illustrated as "contam nation" in Fig. 50C),

and is returned to the first region by gravity as i |1 USePaeedoPn Flg 5D.
The steps illustrated in Flgs 5B t hrough 5D nay be repeated until the

d f f d
gf["ugfﬂrgf%%%c ‘é%r &'ﬁd@l eere e}aéhgcl%k‘ 1?%'1%&3&'2%%%?&&.5:9%9?0%%@1%%529(90“ uct or

an nment, the second

enbodi nmen on of iLFst an o ments. The key
advantagé@mnﬁfgﬁgcgﬁgég |nv ?é ﬁﬂgggl q?m”m%: S%%%%%Q %r structure

B 2:/ :,] 8 9 v g.p gt a%tlém c‘%ﬁ;oéé Rggtag%jﬁ ?erEurplgd t%fttfleefc rtstI rggcln}/ byagr}gwt?(%(s) Hf?lstracfeadl Ly cleaned

Fig. 5D.

The steps iilustrated in Figs. 5B through 5D may be repeated until the

semiconductor structure (11) is sufficiently cleaned.

A semiconductor structure (11) can be cleaned by either the first embodiment, the
second embodiment, or a combination of the first and second embodiments. The key
advantages of the present invention are that a semiconductor structure having @ complex
topography can be effectively and economically cleaned using vapor phase condensation.

Also, the semiconductor structure is not re-contaminated by contaminants which have

been previously removed.

While the invention has been particularly shown and described with reference to
the preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the spirit and

scope of the invention.
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Al so, the sem conductor structure is not re-contam nated by contam nants
whi ch have been previously renoved. Wile the invention has been
particularly shown and described with reference to the preferred
enbodi ments thereof, it will be understood by those skilled in the art that
various changes in formand details may be nade w thout departing fromthe
spirit and scope of the invention. 14 17 February 2005 Wat is clained is:
1. A nethod for cleaning a-sem conductor structure, conprising the steps
of : a) providing a variable pressure cleaning chanber containing a quantity
of a cleaning agent and having a volune; said cleaniRgg nshaving a
pressure-tight piston; whereby said volune of said cleaning chanber can be
decreased to a mnimum volune by |lowering said piston and increased to a
maxi num véhatieclbiyned &: Si ng sai d pi ston; b) placing a sem conductor structure
into said cleaning chanber with said piston positioned to provide said
maxi mum vol une; whereby said cleaning agent is in vapor phase; c¢) |owering
sai d piston; whereby said vapor phase cleaning agent in contact with said

1. A method for cleaning a semiconductor structure, comprising the steps of:

a) providing a variable pressure cleaning chamber containing a quantity of a cleaning
agent and having a volume; said cleaning chamber having a pressure-tight piston; whereby
said volﬁme of said cleaning chamber can be decreased to a minimum volume by lowering
said piston and increased to a maximum volame by raising said piston;

b) placing a semiconductor structure into said cleaning chamber with said piston
positioned to provide said maximum volume; whereby said cleaning agent is in vapor
phase;

c) lowering said piston; whereby said vapor phase cleaning agent in contact with said
semiconductor structure condenses to a liguid phase;

d) raising said piston; whereby said liquid phase cleaning agent vaporizes; and

e) repeating steps ¢ and d until said semiconductor structure is sufficiently clean by

removing any contaminant from said semiconductor structure.
2. The method of claim 1 wherein steps ¢ and d are repeated a pre-determined number

- of times, wherein the number is empirically determined to achieve a cleanliness level which

provides desired performance and reliability.
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sem conductor structure condenses to a liquid phase; d) raising said

pi ston; whereby said |iquid phase cl eani ng agent vaporizes; and e)
repeating steps ¢ and d until said senm conductor structure is sufficiently
cl ean by renoving any contam nant from said sem conductor structure. 2.
The nethod of claim1 wherein steps ¢ and d are repeated a pre-determ ned
nunber of tinmes, wherein the nunber is enpirically determ ned to achieve a
cl eanliness | evel which provides desired performance and reliability. 15
17 February 2005 3. The nethod of claiml wherein steps c and d are
repeated until cleanliness testing of the sem conductgr tru %ﬁ e indicates
a pre-determ ned cleanliness |level. 4. The net hod of H %ﬁ rein said
cl eani ng agent conprises at |east one of butane, isobutane, |IPA, ethylene,

or POl Ypr 9pY1 e imeibio 1% TR WHASLQleot L Alafit MASLE LMl SRl fnRLSARA, dsS | ouer ed

in step c unt| a pressure 0 eh about 0 ton an i s reached.

6. A nethq o e n|n o conduct or ST nprising the steps
of : a) pr 6@3 S&fnhcon “C EFafe mglcates HC t%%nﬁ?eﬁé; C{"IIH] Sel?&gt at nospheri c

pressure conprising three vertlcal regi ons; wherein the first region,
containing a cleaning agent in liquid phase,

4.  The method of claim 1 wherein said cleaning agent comprises at least one of butane,

isobutane, TPA, ethylene, or polypropylene.

5. The method of claim 4 wherein said piston is lowered in step ¢ until a pressure of

" between about 0 torr and 6000 torr is reached.

6. A method for cleaning a semiconductor structure, comprising the steps of:

a) providing a thermal gradient cleaning chamber at atmospheric pressure comprising
three vertical regions; wherein the first region, containing a cleaning agent in liquid phase,
is on the bottom; the second region, containing the cleaning agent in vapor phase, is in the
middle; and the third region, which is free of the cleaning agent, is on the top; said cleaning
chamber having a heating element proximate to said first region which vaporizes said
cleaning agent and a cooling element proximate to said third region which condenses said

cleaning agent;

b) providing a variable pressure cleaning chamber containing a quantity of a

hydrocarbon; said cleaning chamber having a pressure-tight piston; whereby the volume of
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i.s on the bottom the second region, containing the cleaning agent in vapor
phase, is in the mddle; and the third region, which is free of the

cl eaning agent, is on the top; said cleaning chanber having a heating

el ement proximate to said first region which vaporizes said cleaning agent
and a cooling elenent proximate to said third regi on which condenses said
cl eaning agent; b) providing a variable pressure cleani ng chanber
containing a quantity of a hydrocarbon; said cleaning chanber having a
pressure-tight piston; whereby the volune of 16 17 February 2005 said

cl eani ng chanber can be decreased by |owering said pi 5t@p,apdhRcr eased by
rai sing said piston; c) |locating a sem conductor structure inh said second
regi on; whereby said cl eaning agent penetrates openings in said

sem conductad clgdningahamir cah) berdsureatgd binlewsiy saidpihuctand instcased by Fasidg0 sai d
third region; whereby said cleaning agent on said sem conductor structure
condenses tad pisgnj d phase; e) repeating steps b and ¢ one or nore tines; f)
renovi ng said sem conductor structure fromsaid thermal gradi ent cleaning
chanber. and pl acing said sem conductor structure into a vacuum chanber;
wher eby

¢) locating a semiconductor structure in said second region; whereby said cleaning

-agent penetrates openings in said semiconductor structure;

d) moving the semiconductor structure to said third region; whereby said cleaning

agent on said semiconductor structure condenses to liquid phase;
€) repeating steps b and ¢ one or more times;

f) removing said semiconductor structure from said thermal gradient cleaning
chamber and placing said semiconductor structure into a vacuum chamber; whereby

residual cleaning agent is removed from said semiconductor structure;

g) removing said semiconductor structure from said vacuum chamber and placing
said semiconductor structure into said variable pressure cleaning chamber with said piston

positioned to provide the maximum volume; whereby said hydrocarbon is in a vapor phase;

h) lowering said piston; whereby said hydrocarbon condenses to a liquid phase;
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resi dual cleaning agent is renoved from said sem conductor structure; Q)
renovi ng said sem conductor structure from said vacuum chanber and pl aci ng
sai d sem conductor structure into said variable pressure cl eaning chanber
with said piston positioned to provide the maxi nrum vol une; whereby said
hydrocarbon is in.a vapor phase; h) |lowering said piston; whereby said

hydr ocar bon condenses to a |iquid phase; 17 17 February 2005 i) raising
sai d piston; whereby said hydrocarbon vaporizes; and j) repeating steps ¢
and d until said sem conductor structure is sufficiently clean. 7. The

met hod of claim6 wherein said cleaning agent conprisF? h drg& ébon. 8. The
nmet hod of claim 7 wherein the concentration of said c é%ﬁ%ﬁ&' 3 nt in vapor
phase in said second region of said thernmal gradient cleaning chanber is
about 100% and the pressure of said variable pressure cleaning chanmber in
step h is between about 0 tort and 6000 torn. 9. The nethod of claim1
wherei n steps.c._.an r | . 10. A nethod for
cleaning a serlt)ir(a:%r[llgﬁcc{ @%tg%’tvrﬁ%%tggrg%}%(%goﬁg{bf)g?{?gn%éﬁ’re%gt eps of: a) providing a
t hermal gradient cleaning chanber at atnospheric pressure conprising three
vertical regions including a bottom a mddle and a top; wherein the first

regi on . . I : . .
9 ' j) repeating steps ¢ and d until said semiconductor structure is sufficiently clean.

7.  The method of claim 6 wherein said cleaning agent comprises hydrocarbon.

8.  The method of claim 7 wherein the concentration of said cleaning agent in vapor
phase in said second region of said thermal gradient cleaning charnber is about 100%; and
the pressure of said variable pressure cleaning chamber in step h is between about 0 torr and

6000 torr,
9. The method of claim 1 wherein steps ¢ and d are repeated one or more times.

10. A method for cleaning a semiconductor structure, comprising the steps of:
a) providing a thermal gradient cleaning chamber at atmospheric pressure comprising
three vertical regions including a bottom, a middle and a top; wherein the first region,
‘containing a cleaning agent in liquid phase, is on the bottom; the second region, containing
the cleaning agent in vapor phase, is in the middle; and the third region, which is free of the

cleaning agent, is on the top; said cleaning chamber having a heating element proximate to
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containing a cleaning agent in liquid phase, is on the bottom the second
region, containing the cleaning agent in vapor phase, is in the mddle;
and the third region, which is free of the «cleaning agent, is on the top;
sai d cl eani ng chanber having a heating el enment proximate to 18 17 February
2005 said first region which vaporizes said cleaning agent and a cooling
el.ement proximate to said third region which condenses said cleaning
~agent; b) providing a variable pressure cleaning chanber containing a
‘quantity of a cleaning agent and having a volune; said cleaning chamber
having a pressure-tight piston; whereby said volunme of @gghdyeh@ani ng
chanber can be decreased by |owering said piston and increaSed by raising
said piston; c) locating a sem conductor structure in said second region;
wher eby saisdd Gtsempionghichgeptiziendiclcaties ag@pemi agsoling ekaiet Bedinaenduct or
structure; d) noving the sem conductor structure to said third region;
wher eby sakald dlirdaegiongvhicgentensss ssidicBasirmgeanduct or structure condenses to
l'iquid phase; e) repeating steps b and ¢ one or nore tinmes; f) renoving
sai d sem condugparidiigavaiiablepréssaarisaing chiiebdrodngriagi @akigbarhhgy Cchanber
and placing said sem conductor structure into a vacuum chanber; whereby
agent and having a volurne; said cleaning chamber having a pressure-tight piston; whereby
said volume of said cleaning chamber can be decreased by lowering said piston and
increased by raising said piston;
¢) locating a semiconductor structure in said second region; whereby said cleaning
agent penetrates openings in said semiconductor structure;
d) moving the semiconductor structure to said third region; whereby said cleaning
agent on said semiconductor structure condenses to liquid phase;
. €) repeating steps b and ¢ one or more times;
f) removing said semiconductor structure from said thermal gradient cleaning
chamber and placing said semiconductor structure into a vacuum chamber; whereby
residual cleaning agent is removed from said semiconductor structure;
g) removing said semiconductor structure from said vacuum chamber and placing
said semiconductor structure into said variable pressure cleaning chamber with said piston
positioned to provide the maximum volume; whereby said cleaning agent is in a vapor
phase;

h) lowering said piston; whereby said cleaning agent condenses to a liquid phase;

1) raising said piston; whereby said cleaning agent vaporizes; and
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resi dual cleaning agent is renoved from said sem conductor structure; Q)
renmovi ng said sem conductor structure from said vacuum chanber and pl aci ng
sai d sem conductor structure into said variable pressure cleaning chanber
with said piston positioned to provide the maxi nrum vol une; whereby said

cl eaning agent is in a vapor phase; h) lowering said piston; whereby said
cl eani ng agent condenses to a liquid phase; i) rai.sing said piston;
whereby said cl eani ng agent vaporizes; and 19 17 February 2005 j) repeating
steps ¢ and d until said sem conductor structure is sufficiently clean. 11.
The nethod of claim 10 wherein said cl eani ng agent conprises hydrocarbon.
12. Th~, nethod of claiml | wherein said cleaning aggﬁFd¥WF ®r phase in
said second region of said cleaning chanber has a concentration of about

0 . . . . N
éOtO Cﬁ’ r agg dt 2888&1?6%%%@%@%5 ansd%l u%ti] s?a&de S%Q{icrg)gdu% o?rs.rtglleczl;;urfl: {]s sgttﬁ%f%nt?y (!Igan.b etween about

11. The method of claim 10 wherein said cleaning agent comprises hydrocarbon.
12. Thé method of claim 11 wherein said cleaning agent in vapor phase in said second region

of said cleaning chamber has a concentration of about 100%; and the pressure of said

cleaning chamber in step b is between about 0 torr and 6000 torr.
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