WD 2012/ 027118PCT/ US2011/ 047349 1 REACTOR BOX CHAMBER CLEANI NG USI NG
MOLECULAR FLUORI NE FI ELD OF THE INVENTION (1) The present invention

rel ates twonew/aetisods for the cleaning reactor box charoEns2@no413e9
apparatus therefore. BACKGROUND OF THE I NVENTION (2) Plasma deposition
chanbers, al so known as "reactor boxes" or "plasma boxes" are used to
deposit thin filnms primarily for photovoltaic applications and devices.
These reactor boxes are particularly useful for the formation of thin filns
for sol ar REACEORTBOXATHAMEBEROEEANNG NISINGEMO SR AR FE/IRORVE

exanpl e, a reactor box is described in US Patent Nunmber 4,798, 739
(Schmtt), as having a | ow pressure tank placed within an air-tight chanber

having a | ower pressure thanmmﬁ@)wi S reactor box is for

pl asma- depositing onto at le aced apart in a
substantially parallel relationship in the tank. To effect deconposition of
the gas reagents in the tank, at |east one perforated pol arized pl asna
gener at i nd0@)edhe presentdnyentien pdetesitopemiveethodhtor shebd eananarsacto(BX Anot her
react or bog a{)r ang(g{rent %@i’-‘éﬁo in US Patent Nunber 5,275,709 (Anderle et
al) that FEf3P¥s WO SIPRA GBI Eessi ng chanbers each having an openi ng
connected with an el evator chanber to allow for nore efficient novenent of
substrates between the chanbers. A single | oad | ock chanmber is associ ated
wi th the stacked chanbe O RO oF AGHHLBYYENAIGNt h t he el evat or
chanmber. One advantage of this systemis the smaller equi prent footprint
occupi ed by the stacked processing chanbers. (4) US Patent 7,244,086
(Gsterman ’EO&‘&S ?l&nﬁ@@ﬁ\&iﬁéﬂ)&ﬁﬂﬁ@ﬂ‘&ﬁo koW &s ARsles] xed” cﬁr"‘pﬁa&é&%%kes‘” n

parti cul ar, termann et al maintains the space advantagesS of the tower

st r uct ur e ackessed it depobsiy thndidm eriearily foapbotavaltid dpplicitidnistayd tlevitdse syst em by

utilizin . . .
g T%ese reactor boxes are particularly useful for the formation of thin films for solar

panels, TFT display panels and plasma display panels. For example, a reactor box 1s
described in US Patent Number 4,798,739 (Schmitt), as having a low-pressure tank
placed within an air-tight chamber having a lower pressure than that of the tank. This
reactor box is for plasma-depositing onto at least two substrates spaced apartin a
substantially paraltel relationship in the tank. To effect decomposition of the gas
reagents in the tank, at least one perforated polarized plasma generating electrode is

interposed between the substrates.

(003) Another reactor box arrangement is shown iﬁ US Patent Number 5,275,709
(Anderle et al) that relates to stacks of processing chambers each having an opening
connected with an elevator chamber to allow for more efficient movement of
substrates between the chambers. A single load lock chamber is associated with the
stacked chambers opposite the connection with the elevator chamber. One advantage
of this system is the smaller equipment footprint occupied by the stacked processing

chambers.

(004) US Patent 7,244,086 (Ostermann et al) shows improvements to the Anderle et
al system. In particular, Ostermann et al maintains the space advantages of the tower

structure described by Anderle et al and adds flexibility to the system by utilizing a



WD 2012/ 027118PCT/ US2011/ 047349 2 dual tower arrangenent wherein nore than
one load lock can be utilized. This arrangenent is advantageous in

provi di ngvoaoe/@btier nati ves for processing with faster egrius2aiings4 (5)
Al'l of the above systens utilize plasem enhanced chem cal vapor deposition
(PECVD) nethods to deposit thin filnms. The thin filns are deposited froma
gas state to a solid state onto the surface of a substrate by injecting
precursor reacting gases into the reactor chanber and then activating the
gases usi nipahtopleasmmgemeat eherbin maditiharf sredouehloyk ¢R)e ywdived. Thiswever, the
deposition processes also | eave depgsits on the reactor chanmber walls and

i nternal EHRNBFAGH 1s dvgntagenus BEPONIRRS BOTH AeThakixes ﬁ»ﬁ&ocs%sntgew%qsz?a ly

cl eaned. c&@l)et wn ret hods for cleaning reactor box chanbers include
in-situ activation of a cleaning gas containing fluorine, such as NF3, SF6,
C2F6, or other fluoro carbon nolecules. The cleaning gas is introduced into
t he chanber al onIg W th oxygen and _argon and a plasma is ignited using the
chamber REOPDWAT efghe akovicsyepaanilizg plasphenhanessl chaaiqahyinoa depasipn r eact
with the i i I n . I r, the
ener gy regguﬁr@?ﬁ%&ﬁ?‘%@g@? %%gtv@&cfﬁngl ﬁg?%ﬁé%é%% ﬁhﬁpﬁg%ﬁ&ﬁgg%ﬁ%ﬁg hi gh,

t her ef or e t6 @gulid kta@ oo BIBRLHYceSHTUIBBstidfe bRjehagbaicursstiRctay dkesdmeer . For
exanmpl e, the S-F bonds of SF6 have di ssoci ation energy exceedi ng 3000/ nol
on aver agdhe maetop¢hmbes ped By pefivabing ithegsises ysingm plasneigasé by RiGour ce i s
often | ess. t han n fte | L.m e of ri sk of
ar ci ng. B§f¥:e§&§%°y3§% ? ﬁé‘géeryl}?on“? ?V%ﬁ%en%fpo? 135 PP%%S%]S% glg ?%ﬁélg?potsﬁseoéﬁgani ng
gas, e.Jg. r&ifor@hatiber walsnel idehiabygtpheads Raht RF fowee kaaed et @bdtivei ency.
(7) Another chanber cleaning nethod uses a renpte plasma source to activate
t he fl uoripgdodistibagledngd cl eani ng gas. The nost commonly used gas for this
nmethod is NF3. In this nethod, the cleaning gas first passes through a

pl asma source situated outside of the reactor chanber for dissociation o
the cl eani(p@s)d&owhliBethadli foatiSartiRereatiol Box tighiehribRte PsiRLAdHOht0 L de

cl eaning. Renote plasma activation can provide higher gas dissociation than
i n-situ actdlesingses chripging flumineysueh ag I\%&rﬁﬁugcaﬁef preatherduoro ygbon

2012/ 0271%&13PCT/ US2011/ 047349

olecules. The cleaning gas is introduced into the chamber along with oxygen and
argon and a plasma is ignited using the chamber RF power source to create fluorine
ions and radicals that react with the deposits on the sidewalls and parts of the
chamber. However, the energy required to dissociate such fluorine containing
molecules is high, therefore requiring an energy source in the chamber, such as RF
power. For example, the S-F bonds of SFg have dissociation energy exceeding
300kJ/mol on average. The available energy available from the chamber RF source is
often less than necessary and must often be limited because of the risk of arcing.

Because of these limitations, full dissociation of the cleaning gas, ¢.g. SF¢ or NF; is

not achieved leading to low cleaning efficiency.

(007) Another chamber cleaning method uses a remote plasma source to activate the
fluorine containing cleaning gas. The most commonly used gas for this method is
NF;. In this method, the cleaning gas first passes through a plasma source situated
outside of the reactor chamber for dissociation o the cleaning gas. The radicals then
enter the chamber to perform the cleaning. Remote plasma activation can provide

higher gas dissociation than in-situ activation thereby improving cleaning efficiency.



3 However, using a renote plasma source requires additional equi pnent that
adds considerably to operations cost and conplexity. Further, gas flowis
of ten | i mvDadi2ne7tiRe paraneters of the renote plasm soRctastéenetsyo
increasing cleaning tinme and cost. EfBicient inplenentation of a renote

pl asma activation nethod is difficult because the renote plasma source
usual ly has to be placed relatively far fromthe reactor chanber
particularly when the processing chanbers are provided in stacks or towers
in a singlifowaetuRinghaehete plhsmsuticeadqdtds atdieioraltequiphent ddi arks forned in
the renote plasma source have a higher tendency to reconbine, e.g. by wall
r ecombi natontiderglyde epentiasicas aHeomREHRr Furth@iszasdinveispgten |11@3Fﬁd?9g
efficienc uQed c LN [ ' 3 have
ot ent | al 1° BERRSRE O RnERb b CehrF PRI AASER e ool AL S H o

hi gh gl obaffisRaninider@it@nin &laSemBRGHkE AdiO6IEoOAGHSA & & fi@lt Hetdudsy the
di ssoci ated, a significant percentage of the gas passes through the system

and it hagepeierlaornverreaduallydias debppleecdariabively fardrem treicpcternchagyste t hese
gases, abo%h'ch?a@lyp\%e%qﬂé r%fces;[s Q% c%%%{a%r% GAPSER VR4 Enhﬁa S %9?0%16% fia sﬁﬁ'él& her, the
ht PE O RE T A OE )i nts, e

fluorine &6 ai n'ng gases con constitue .'g.7nitrogen

and sul f uryabiigh cBnmbR! LeQithfah aﬁhﬁ%emnthﬁe fplapahabradEanhdemdr pabhy, the
mul ti ple reacti on pathways available to fluorine contalnlngggases, whi ch
(8}

especi al | youspbayen digherriendenay togeearebios.al ¢ pyvwalloceompbiaatiam befognd acti vati on
powers, result in ine%fijient use af theé% cogpounds for chanber cl eaning.
Ther ef or e, 3gg¥€j8Flfﬁ 151'%Eﬁﬁg EE S Pow nass efficiency. (9)
There is a need in the art for inprovenents to apparatus and net hods for

the cleaning reactor box chanbers. SUWARY OF THE PRESENT | NVENTI ON (10)
The pr eser®08)nvEhporion coprianingeteaningraavesdikesith oud N daeppaentially f or cl eani ng

reactor b chanbers that .overco %@e di sadvant ages ,of, t.he .prior art
et hods atAABRAEAY BT SHFE . T B, THSRo AT MR FERe e
nol ecul ar phtda@hisNBebise Pde@@gdsegar@fnoﬁ helyhaobigied, a M&hificant percentage of
2012/ 027118PCT/ US2011/ 047349 4
the gas passes through the system and it has been documented that despite efforts to
contain and abate these gases, about ten percent of the gas escapes to the atmosphere.
Further, the fluorine containing gases contain other atomic constituents, e.g. nitrogen
and sulfur that do not contribute to the chamber cleaning. Finally, the multiple
reaction pathways available to fluorine containing gases, which especially tend to
dominate at commercially viable pressures and activation powers, result in inefficient

use of these compounds for chamber cleaning. Therefore, the use of these gases

results in low mass efficiency.

(009) There is a need in the art for improvements to apparatus and methods for the

cleaning reactor box chambers.

SUMMARY OF THE PRESENT INVENTION

(010) The present invention provides improved methods and apparatus for cleaning
reactor box chambers that overcome the disadvantages of the prior art methods and
apparatus. In particular, the present invention utilizes molecular fluorine for cleaning

of the chamber.



BRI EF DESCRI PTION OF THE DRAWNGS (11) Figure 1 is a graph show ng the
effect of clean rate for a reactor box chanber based on flow rate of the
cl eani ng waxofaor78t h nol ecul ar fluorine and SF6. (12) PCgarseoi2/ous4a graph
showi ng the influence of plasma power4on clean tinme for the use of

nmol ecul ar fluorine in accordance with the present invention. DETAILED
DESCRI PTION OF THE | NVENTI ON (13) The present invention uses nol ecul ar
fluorine for reactor box chanber cleaning. In present invention shows that
fluorine radicals created by dissociation of nolecular fluorine is a very
efficient cleaning gas._The dissociation_en uired for nol ecul ar
fluorine is relativel y BRIERESERAPHONOR TR PRAWINGSRE power source
already in place within the reactor box chanber, i.e. the RF power source
used for dissociation of the deposition precursors. No renpte plasna
activati onolp Feaes$d ygaph shidvang iy d@fdatofdéintraRifat a fRGtoPBBNEhanheneeded.
(14) Figure 1 is_a graph showing the effect of clean rate for a reactor box
chamber bdaecd @hflew siic phthe caningeag fadethgolpaslar Brotistandidleecul ar fl uori ne
and SF6. In particular, Figure 1 shows that nolecular fluorine wll
efficiently clean chanbers that are based on the concept of a reactor

encl osed (013 wag,ﬁwms:ehgmp]eﬁhovﬁn?thetihﬂuér@a@rprasmpoﬂércm asdmiheforchanber,
such as those available fromCerlikon. In these types of chanbers, the

out er vacuberrerdmrdecuadlugripe sdaacerdanerevith hekpreseabmyeiosased on t he

cl eaning process and a pressure differential set between the reactor
pressure and the backpressure. Figure 1 shows that a nuch | arger processing
wi ndow can be used WhpRTWSIPD DERERPTRON P IHEBVENTRIRAr ed to SF6,
therefore allowing a wider range of gas flow and pressure in the chanber.
This allows for optim zation of the cleaning process as different cleaning

regi nes c e. defined.with backpressur rangin etween 0. 1 nbar and 10
rbar - or ofBF b P BiPER AR s A B ST or AR o e R P

2012/ 0271 1:8R6ihls US2 Bl dhABom stRivRf tRataRIoYinE @4desNcrBated BPafsscdiiiod ofbar .
React or pressures between 10% and 200% of the backpressure were tested and
found generdpdwardbiosipe & ecry Pitisiant alshying ghe Tlealissoriaperewugereggirgbt bet ween

0, 0,
10% and 9(%0/19 r?lgle%tmgr Hl?ocrlkn%rig ?e?aﬂ{v%ly low and can be provided by the RF power source

already in place within the reactor box chamber, i.e. the RF power source used for
dissociation of the deposition precursors. No remote plasma activation is necessary

and therefore no additional equipment is needed.

(014) Figure 1 18 a graph showing the effect of clean rate for a reactor box chamber
based on flow rate of the cleaning gas for both molecular fluorine and SF¢. In
particular, Figure 1 shows that molecular fluorine will efficiently clean chambers that
are based on the concept of a reactor enclosed in a vacuum chamber, e.g. the reactor
box or plasma box chamber, such as those available from Oerlikon. In these types of
chambers, the outer vacuum chamber has a predetermined back pressure based on the
cleaning process and a pressure differential set between the reactor pressure and the
backpressure. Figure 1 shows that a much larger processing window can be used
when using molecular fluorine as compared to SFg, therefore allowing a wider range
of gas flow and pressure in the chamber. This allows for optimization of the cleaning
process as different cleaning regimes can be defined with backpressures ranging

between 0.1 mbar and 10 mbar, preferably between 0.25 mbar and 2.5 mbar and more



(15) Because of the relatively | ow dissociation energy of nol ecul ar
fluorine, full dissociation can be achieved in-situ. This not only inproves
gas utiliwetnmm27ii8t al so provi des greater cleaning effipcramseyiiant4short er
cl eaning cycle tinmes. As noted above,sfull dissociation of fluorine
cont ai ni ng conpounds, such as SF6 and NF3 can not be acconplished in-situ,
therefore requiring additional energy be provided froma renote plasna
source. Even using such renote plasma sources does not generally result in
full di ssggéfatabbrbeddedn®s Hbapsidembant Ritattor graourpobkidsen 1A end Fi@are 2 is a
graph showi ng the influence of plasnma power. on clean tinme for the use of

nol ecul ar o thifhackressiravers ierigrcandiound generably asesptablyJarterasdhy> hen particul ar,
Figure 2 0 i; i b, di igni.ficantly change the
chanber c?ggﬁ%ﬁgaﬁﬁﬁép%%§%§h%?%?%éﬁﬁﬁ%ﬁgﬁﬂfpﬁ%wﬁﬁgnghis i ndi cates that
even at |ow RF energy, the nolecular fluorine is fully dissociated. (17)
The present invention using nolecular fluorine for the cleaningﬁgas

provi des d0bBr Berause ebthienglabysly ivedissociiign caerey obpetectlgs flponins,

cont ai ni ng,.conpeounds .used. i n, 1t he, prior _ar Furt her [ i nvention
o fers soqirarugyeh wiabhiet defod ritadobn iR MRBbRIELN o
fluorine tﬂ?&ﬁ@esa%r@até@l\&ﬁ]iﬂg dffitiehdyond sBbrt@aseahln@ydlRdintRamieiotddr Hes&lr €
enabl i ng wi der cleaning processing wi ndows. This neans that the cleaning
gas is betfulédissediationed thetnesentpinmg cogpovndse ushiis #fs protiEseancigibe times. In

addition, since.there.are ng unused atom.c constiiuents in nolecular

fluori ne. e irenrerith heltaf afandl Syl Ptk b BV st RofBe fpord

i nvent i on.pld¥la@eutcar EbbMOdihgSucheSMblepldshatkodR¥ Ho&RAEeher Ny TBSS iaf f i Ci ency
over the use of NF3 and an effective 74%increase in nmass efficiency over

t he use offulsEBsqapimne! decibppusicopemingeanpaunds.ops at SF4 whi ch then reacts
with 02 to prevent deposition of sulfur in the chanber). WO

2012/ 027118PCT/ US2011/ 047349 6 (18) A further advantage of using nol ecul ar
fluorine i@16)halgukd 2 &aerlfh §H8v¢ib{%€lie§ﬁﬂ’@ér@_é 8fplafing pbWersh difidlttiRe f@NDOt €

pl asma source is not necessary thus reducing operational conplexity and
cost. Becdlseernd madenvias folodsem avgondgecd withdeasesanyinventiooc or pertiedams t h t he

present inventio there is .no_constraint on anber. or st em desi gn and
Phe d st anderte SPovt ek St PeRT st Ay FenlFRETC e L hARET v 1 oul ar
there i s R@ahingkin®f wher@ikY Malcc@ar AhorflieS S84 MRS HR@BI At 4RS RWhen
enpl oyi ng the present invention. Further, when using nolecular fluorine

accor di ng energyibe prodsselar flupyenisifolly dissdcstetbt necessary to mix the fluorine
wi th any plasnma enhanci ng gases, such as oxygen or argon, rather the
fluorine can be used neat. (19) Mreover, the present invention has a very
| ow envi r geBNiral ptIRAGIvedfioh DEnFRIBEU 2 HublitOfor BR Sy Bis ??&uﬁdéé fully

di ssoci ated and nol ecul ar fluorihe has no gl obal warm ng potential _ This

al | ows t heupares elehning effivi¢noy ahd rai¢s avien tiedlmwoinp cextainog @mpesnds wadimbat enent

systens that are required when using.flyorine containjn ases. (20) The
Sove i s QUSRI oR WS BRETETR! OB I SUEeLemar A 88e 16 ol ecul ar
f1uorine %»%icﬁﬁ@,%ﬁ%&l d%ﬁfg] HORIDE! 1 GRR MY arcHOWBVEhitatl A8 oR'oBS ABY ah@vent i on
may al so be useful for cleaning of silicon containing films, including
si.l i con (@hanphrgusssumicoaldmeysidat ¢ieamengprdcaspgtvahdowre) Thes miegrorthaitheles,
silicon nitrides, silicon, ox -q&trldes silicon carbideﬁ,_silifon
car boni t r ClaRIng gas is better utilized and exhibits faster cleaning process cyclé times. In

addition, since there are no unused atomic constituents in molecular fluorine, much

greater mass efficiency is obtained by the present invention. Molecular fluorine

results in a 20% increase in mass efficiency over the use of NF; and an effective 74%

increase in mass efficiency over the use of SFs (where decomposition usually stops at

SF,4 which then reacts with O to prevent deposition of sulfur in the chamber).



(21) It is anticipated that other enbodi nents and variations of the present
i nvention will becone readily apparent to the skilled artisan in the |ight
of the fowegoimgrdescription, and it is intended that sech/usaodiTsents and
variations |ikew se be included withif the scope of the invention as set
out in the appended clainms. WD 2012/027118PCT/ US2011/047349 7 CLAI M5 What
Is claimed: 1. A nethods for of cleaning a reactor box chanber conpri sing:
i ntroduci ng nol ecular fluorine to the chamnber; dissociating the nol ecul ar
fluorine tQ18y eafigthbl abmhnge bHukiggmslecular fluorine is that it can be fully

dissociated in-situ so that a remote plasma source is not necessary thus reducing
operational complexity and cost. Because no remote plasma source is necessary in
accordance with the present invention, there is no constraint on chamber or system
design and the distance of the remote plasma source from the chamber. In particular,
there is no risk of recombination of dissociated cleaning gas when employing the
present invention. Further, when using molecular fluorine according to the present
invention it is not necessary to mix the fluorine with any plasma enhancing gases,

such as oxygen or argon, rather the fluorine can be used neat.

(019) Moreover, the present invention has a very low environmental impact as the
molecular fluorine is more casily fully dissociated and molecular fluorine has no
global warming potential. This allows the present invention to eliminate complex
containment and abatement systems that are required when using fluorine containing

gases.

(020) The above discussion of the present invention focuses on the use of molecular
fluorine for reactor box chamber cleaning. However, the present invention may also
be useful for cleaning of silicon containing films, including silicon (amorphous,
microcrystalline and crystalline) silicon oxides, silicon nitrides, silicon oxy-nitrides,

silicon carbides, silicon carbonitrides, etc.

(021) Tt is anticipated that other embodiments and variations of the present invention
will become readily apparent to the skilled artisan in the light of the foregoing
description, and it is intended that such embodiments and variations likewise be

included within the scope of the invention as set out in the appended claims.



allowing the fluorine radicals to react wth unwanted deposits in the
chanber; and renoving the resultant gas fromthe chanber. 2. The nethod
accor di ngvoaodermsl wherei n di ssoci ating the nol ecul ar pCIraseén@4aNPr i ses
exposing the nol ecular fluorine to an7RF power source. 3. The nethod
according to claim1 wherein the chanber is enclosed in a vacuum chanber
havi ng a backpressure and the nethod further conprises carrying out the
nmet hod at a backpressure between 0.1 nbar and 10 nbar. 4. The nethod
according to claim3 wherein the backpusssure is between 0.25 nbar and 2.5
nmbar. 5. The nethod according to claim3 wherein the backpressure is
between 0.5 nbar and 2 nbar. 6. The nethod according to claim3 wherein
t he chanbgﬁhﬁqg§ﬁ#ﬁ§yis bet ween 10% and 200% of the backpressure. 7. The
met hod according to ¢laim®6 wherein the chanber pressure is between 10% and
90% of the backpressure. 8. An apparatus for cleaning a reactor box chanber
conprisin%; a reactor box chanber; and o
. A methods for of cleaning a reactor box chamber comprising:

introducing molecular fluorine to the chamber;

dissociating the molecular fluorine to create fluorine radicals;

allowing the fluorine radicals to react with unwanted deposits in the chamber; and

removing the resultant gas from the chamber.

2. The method according to claim 1 wherein dissociating the molecular fluorine

comprises exposing the molecular fluorine to an RF power source.

3. The method according to claim 1 wherein the chamber is enclosed in a vacuum
chamber having a backpressure and the method further comprises carrying out the

method at a backpressure between 0.1 mbar and 10 mbar.

4. The method according to claim 3 wherein the backpressure is between 0.25 mbar

and 2.5 mbar.

5. The method according to claim 3 wherein the backpressure is between 0.5 mbar

and 2 mbar.

6. The method according to claim 3 wherein the chamber pressure is between 10%

and 200% of the backpressure.

7. The method according to claim 6 wherein the chamber pressure is between 10%

and 90% of the backpressure.

8. An apparatus for cleaning a reactor box chamber comprising:

a reactor box chamber; and



WO 2012/ 027118PCT/ US2011/ 047349 8 a source of nol ecular fluorine
comuni cating with the reactor box chanber. 9. The apparatus according to

cl aim 8 fwotheroenspri si ng a vacuum chanber encl osi ng t ireTrusaet o739 X
chanber . 8

a source of molecular fluorine communicating with the reactor box chamber.

9. The apparatus according to claim 8 further comprising a vacuum chamber

enclosing the reactor box chamber.



