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used to remove thin films from substrates, However,

. there are a number of disadvantages of wet etohing

techniques. Thess disadvantages are especially ap-
parent in the semiconductor industiy where wet
cleans and elches contribute fo particulate and other

- contamination. Thersfore, processes that use gas-

eous etchants are preferred.
Anotherundesirable festure of both wet and gas-
eous etches ia that generally the etching is isotrapic,

1%

snd the mlothoy playlnowhhg Mdoosnotmoog-
nize the importance of the filme, nor how to properly
control them. Inaccuracy and lack of control Inthe pri-
orart often arise when there is inadvertant transition

- between regimes, &3 described herein infra.

and a controlled source of etchant designed for re-

moval of thin layers Is notused. Often, only a pracise
amount of the layer should be etched because there
ars features that need to be retained without damage.

For instance, uncontrofledisotropic etching contd- .
butes to the formation of undesirable gaps when the

material to be etched Is sandwiched between twolay-

ers which are resistarit fo etching. For instance, as
shown in Figure 1, layer 1 and substrate 3 sre résls-
tantto etching and layer 2 is readily etched by the [so-
tropic etching process. If an opening is created in lay-

. er1,then isotropic etching of layer 2 produces a gap

4 In tayer 2 underneath the opening in layer 1. It s
clear, therefore, that what is needed is & controtied
etching systemwhich is able 1o etch the preciae thick-
ness of the layer of Interest without overetching arid
accentuating the gap between unetched tayers,

One of the most important cleaning and efching
steps in the semiconductor industry Is to remnove na-
five exide from the surface of silicon, Oxide etching
byimmersion in aqueous solutions containing HF can
yield pristine St surfaces chemically passivatad by
hydrogen atom termination of sflicon dangling bonds.
Chemical passivation reducesreoxidation of silicon
upon exposure fo air, but it does not reduce contam-
ination by particulates orfarge organic molecules. In-
tegration of an aqueous silicon diexide removal proc-
ess with an evacuated, multichamher wafer process-
ing tool designed to minimize particulate contamina-
tion is difficult. Hence, & process that takes place in
the gas phase at low pressure, instead of in a liquid,
Is naeded.

Silicon dioxide has baen succassfully etched or
removed fram the surface of a silicon wafer by a num-
ber of methods thatdo notuse aqueous solutions and
which take place with medium or fow pressures of re-

t 80

In etching of sificon dioxide, prior arthes reporied
different etch rates for TEOS, thermal silicon dioxide,
and other types of silicon dioxide. The rate is limited
by the reactivity of the reactant toward silicon diox-
ida. The reactivity varies according to structural and
compositional differences in the sificon dioxide. The
rate of passege of reactant through a film did notlimit
the rate of reactlon with these oxides. :

U.S. patent 4,264,374 to Beyer and Kast! disclo-
Ses & way 10 use gaseous vapor to remave native ox-
ide from silicon. Oxide etching by exposure to gas-
eous mixtures of HF, H20, and N2 near atmospheric
pressure has very high selectivity for removel of sili-
¢on dioxide without remaving sllicon. A3 the prassure
of a process increases, problems from cantamination
by particulates and geseous impurities increase.
Hence, a lower pressure process Is needed.

- The equipment described by Deal et. oI (J. Appl.
Phys, 38:3370, 1985) and Novek (Solid State Tech-
‘nology, 31:89, 1988) is currently avatlable and s de-
signed (o etch oxide layers using gaseous mixtures
containing HF and H20, However, the equipment is
not designed to control the surface residencs time,
the thickness or composition of condensed films in
the etching system. An inert gae is bubbled through
water or through a solution of HF in waterina contaln-
sercealled a bubbler. The pressure of watervaporor HF
and water vapor entralned in the inbtt gas is equal to
the vapor pressure at the tempserature of the bubbler.
Flow controflers regulate admisalon of the gases lnto
anunheated chamber holding the substrate. The bub-
blers and gas lines are hested. In equipment descr-
bed by Deal etal supra, the substrate can be heated,
andthe total presaure can be regulatad by altering the
pumnping speed of the system. There is no quartz
crystal micfobalance In the system, and tha substrate
cannot be coaled: Etching is restricted to high cham-
ber pressures, It ie a-flow system with no capability
fo isofate the reaction chamber from the vacuum
pump.
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Jayers is not used. Often, only a precise anount of the |ayer shoul d be
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in summary, prior art apparatus for etching with
condensed films conteining reactant is not designed
to control the composition and residencs time of the
film. The following items are missing in priorartequip-
ments: amonitorofthin filma such as a microbatance,
ameans to maintain the wafer as the coldest pointin
the chamber, separate gaseous sources of NH3 and
HF, sources of NH3, H20, and HF, an ammonium bi-
fiuoride source, and low pressuresaurces such as ef-
fusion cells, or sources with a differentially pumped
region, there is no ability to maintéinthe chamberwall
tempersture above the tempersaturs of any reactant
source which Is a condensed liquid or solid, the va-
cuum pump cannot be isolated fromthe chamber, and

there is no sbilty to simulaneously open/shutoff :

valves batween gas sources and chambers.
Thedesign ofthe pﬁorarteu\msymmsneo-
essarily dependent on the devices and methodolo-
gies kKnown at the time and can be understood by
considaring the design of available systems, such as
reactive ion elching systems, used for etching a sur-
facewhen the reactant does not condense on the sur~
face. The rate at which reactant etrikes the surface to
be etched Is proportional fo the prassure of the reac-
tantin the chamber. As long ssthereadantpressue
Is below its vapor pressure at the temperature of the
substrate, reactant may adsorb on the surfaca fora:
short period of time, but Is does not condense to form
@ muitiiayer. The pressure of reactant. and therefore
the reaction rate, is controlled by varying the rate at
which the reactantls admitted to the chamberand the
rate at which the reactant Is rernoved from the cham-
ber, e.g., by the pump attached to the chamber. The
admission rate of reaétant to the chamber can be

- regulated with a flow meter. This type of equipment

Is aleo used In the prior art to carry out reactions
when the reactant condenses on the surface of the.

substrate {0 be etchéd even though inltistion and.

control of the reaction is very different when a con-
densed reactantfilm forms on the surface o be etch-
ed, The differences are more fully set forth below.
When a condensed reactant film- forms on the
sucface, the composition of the condensed fiim Is
more important then the composition of the gas
phase. The partiai pressure of reactant in the gas

&0
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orm on surfsees other than the
layer to be etchad, such as chamber walls or areas of
the wafér-mount which may be colder than the sur-
faco of the wafer, The layers that form on these ex-
traneous surfaces can serve as a source or sink for
reactant $0 that there Is no longer & definable rela-
tionship batwean the composition and timing of gas-
s admitted to the chamber and the composition and
rosidonce time of reactant layers on the surface of
the waferto be eiched.

Deal et al, supra, mention the pressnce of an
aqueousfilm onthe surface of the axide during vapor
phass efching, but do not recagnize the importance
of controliing thefilm. Instead, the systems described
by Deal and Novaek use flowmeters to admit reactant
tothe chamber. Referring {o Figure 29, the operation
of the prior art equipment may be described as fol-
lows: nitrogen from reservoir A passes through mass
fiow controliers B and Into a bubbier C containing wa-
ter orbubbler D contalning a mixture of HF and water.
After passing through the bubbler, the gas enters
chamber E where a wafar F is mounted on a room
temperatuce holder G. In some equipment, the gas
and reaction products pass from chember E through
& regulating vaive H bafore belng pumped away.

Although suitable for etching reactions notinvolv-
ing a layer of condensed raactant, this system can
cause difficully in any reaction which oceurs when
condansed reactant forms on the surface of the layer
to be- etched. When a flowmeter admits gas fo @
chamber ata constant rats, the pressure rices glowly
until the pressure is high enough for the chember ve-
cuum pump to remove the gas at the sams rate at
which It IS admitted to the chamber. This slow pres-
sure rise comnibutas % an ambiguous onset time for
condensation, anindefinite flimthicknessand an am-
biguous compasition.

Theformatlon of a film on a surface from constit-
uents in the gas phase is known to be regulated by
the temperature of the surface and the partial pres-
sures of the gaseous constituents. Once the partial
prossure of the gaseous constituents rises to a velue
equal to or greater than the vapor pressure, & con-
densad film witl fofin. If the prassuro rise is siow, the
onsettime for condensetionis ambiguous. Once con-
densation bagins, the partial pressure of the gaseous
constituents of the fikm will remain equasl to the vapor
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aqueous sol utions containing HF can yield pristine SI surfaces chenically
passivated by hydrogen atomtermnation of silicon dangling bonds. Chem cal

" passivation reduces reoxidation of sili con upon exposure to air, but is
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art duced as a byproduct, Thus, the surface area of oxide tive radicals or molecules In the gas phase can con-
_ being etched can affect the gaseous compoaition. Fl- sume, reactwith, orchambﬂlymmmmmsenthe
nally, condensation on the walls of the chamber .  waferorwalls.
$01ves 88 8n sdditional unpradictable source orsink 29 The Nishino patent taachos that a discharge in
for HF because the gaseous HF will exchange with NH3 and NFS$ forms HE which can combine with amn-
HFinthe condensed filmon the wells of the chamber. monia t© form ammonium flyorde layers thet react
Exchange of constituents in the gas with constit- with 8102 ta form an emmonium hexafluorosiiicate
uents in the condensad film can be understood by re- product. Reaction can also otcur by dissolution of re-
ferring toFigure 2b from p. 148 of Physical Chemistry 26 actant within the product fayer. The resuits indicate
by Farrington Daniels and Robert Alberty, 3rd ed. that not ali the siiicon dioxide which reaots Is feft be-
* 1966, Wiley: N.Y. It shows how the equilibrium com- hind as a fiim on the surfaca ofthe oxide. Figure 2 of
position of the vapor of a two component mixture of the Nishino patent shows the etching rate and film
benzene and toluene varias from the composition of thickness for a 10 minute etching time as a function
the liquid as a function of temperature. Similar 3  of the NH3 fo NF3 ratio. The, efching rate of eround i
curves hold for alf binary mixtures including HF/H20. . 10-40: Angstroms/min corresponds to removal of 100
The x axis shows the fractional compostition of the to 400 Angstroms of silicon dioxide, If alf the reacted
mixture and the y axis shows the temperature. if va- siticon dioxide were converfed to ammonium hexa-
poris admitted to a chamber with the composition of fivorosificate product rasident on the aurface, the
point b, it will condense on an object whose temper- 35  thickness would be approximately 300 to 1200 Ang-
ature is below about 94C. The compoasition afthe va- stroms, far thicker than the fiim thicknesses shown
por, represented by pointd, is very different thanthe InNishinc's Figure 2. Some ofthe silicon from there-
composition of the liquid represented by point ¢, In attad silfcon dioxde does notremain resident on the
other words, as acon es condensstion occurs, re- surface in the form of ammonium hexefluorosificate.
evaporationwill alterthe compositionof both thecon- 4 Whenthe productfiim isthin, it can be “broken away”,
densed film and the gas phass. but after continued etching it can no longer be “brok-
The exact detalls of how these compositions on awey" and etching Is terminated. The termination
changewith time will have a complex dependance on thickness of elched oxide in Fig. 15 of Nishino patent
the absolute and relative amount of condensed film fe about 1000 Anpstroma, a thicknass fartarger than
onthewalls andonthe substrate, fiowrates, absolute 45  needed to prevent undercut shown in Fig 1 of this ap-
pressures etc. The absolute amount and relative plication. The decrease in etching efficiency is pro-
amount of condensed flim on the walls of the cham- sented as a problem which can be remedied by alter- .
ber and on the substrate will also depend on the am- nating several shortreaction and product desorption
bient temperatura and on the temperature difference cycies Insiead of elching for one long period of time.
between the substrate and the chember. The actual &0 if a thin film is formed with a shoet 10 minute dis-
curve for HF/H20 binsry mixtures shows the exis- charge, the film remains permeable to reactant, If hy-
tenco of an azeotrope. Azeotropes are certain frac- drogen fe subatituted for ammonia in the discharge
tional compositions of a binary mixture where the va- HF Is formed and in fact the presence of the film in-
por, and liquid in equilibrium with the vapor. have the craases the reaction rate. The flim does not inhibit

same composition. Although Desl et. al. mentionuse 6 thereaction. .

of tho azeotrepe in a bubbler as a supply of HF end " Nishino further teaches that radicals such as 02
water, they combine this with a bubbler containing *  and fluorine atoms in the discharge influence the re-
walter $o that the gaseous composition inside the actions In several ways. They can affect the selectiv-
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recogni zes the existence of filns and the role they play in etching, but
doés not recogni ze the inportance of the filnms, nor how to properly control
them Inaccuracy and lack of control in the prior art often arise when
there is nt tranS|t|on betmeen régi nes, as 33§3§%§“ h re|n i nfra.
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Iy, there Js no reaction Initiafly, because an adsorbed

. fiimdoes notform. As the pressure of reactant slowly

increases to near the vapor pressure at the tempara-
ture of the wafer, then an adsorbed film can form

which etches the surface. The adsorbed lim compo- -

sftion is clossly related to the composition of the gas-
es in the chamber, When the pressure exceeds the

1%
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wheraln the components are s¢ arranged that
whien sald raactant is suppliad ta eald chambar, sald
reactant forms a film on the surface of saki materiat,
the nature and duration of soid film being $o control-
led by sald controlling means that said film leads to
tha removal of an accuratelycontrolled amount of said

vapor pressure of the matsral in the chamber, there material on aald substrate,
Is condensation of a multitayer. The multileyecforms 20 The method comprises the steps of
.@ 1eservol, espaciafly if it is a tiquid multilayes, the (a)supporting, in 8 vacuum chamber, 8 substrate
. composition of which Is no langer directly connectad having a material to be eiched;
to the composition of the gases in the chamber. No {b) edmitting reactant containing gas into sald
prior art gystom is designad and operated to stay in chamber at a sufficient pressure 80 82 fo form a
the ragime whare anadsarbed fllm of a layer arless 25 film of the reactant on the strface of said mate-
is responsible for etching. . tial;
Furthermore, constant siow rate admission ofre- (c) controlling the composition and residence
- gctont with flow controllers to a chamber using eppa- time of $aid fiim on the surface of said materis!
ratus mentionad in the prior art does not lead ta ac- so as to efch an accurats amaunt of matetial on
curate efching or removel of thin layers, becausethe 0 said substrate; and i f
. composition and residence time of the reactant film {d) removing any unwantod reactant and reaction
is not controlled: e.g.. the time atwhich & condensed products from the chamber or surface of said
flim of reactant s formed on the surface ts unceriain, substrats, '
thelangth oftima condensed fiim remains on the sur- 1t is a further object of the invention to carry out
face is unknown, condensed film cen form onthe 35 elching over @ wide range of chamber pressures.
walls of the chamber or pattions of the wafer mount Etching of the layer on the substrate takas place by
which are colderthan the wafer, the fraction of the ro- chemical reaction of the reactants in the condensed
actant which is admittad ta the chamber and eventu- filmor cluster(aggregate) of moleculas formed onthe
elly condenses and reacts is unknown, the substrate fayer to be efched.
is notcooled sufficiently fofacilitate use of alowpres- # An importsnt feature of this invention is thet the
surs source, the self imiting reaction thickness of apparatus and method used for the etching reactlon
solld products fs uncertain, a wafer Is not held ator gre dosigned to control the condensed or adsorbed
slightly above the temperature of a source of con- film of the reactant forming on the surface ofthe sub-
densed reactant 3o that reaction can accur within the slrate. In contrast, a constant rate of admission of the
adsorbed film regime, and the presence of activated 45  reactant gas info the reaction chamber, as described
. radicals ormolecules can complicate the composition In the prior art, does not sliow control over the com-
"of fiims. position, thickness, or surface residence time of the
it \s clear from the above that improvements in film,
the prior art apparatus and method are needed, . The present invention for the first time provides
_ : 50 means forcontrolling the composliiion, thickness, and

SUMMARY OF THE INVENTION

itis, therefore, an object of the present invention
to provide a pracsss and a device, comprising means
for controlling: (1) the thickness, (2) the compasition,
and (3) the duration or the surface residerice time of
condensed reactant film for the purpose of accurately
etching a desired thilcknass of a layer an a substeate.

Sheet Has Been RTlaced

T

ot -\*’&

surfaca residence time of the film of condensed re-
actanton the surface to be etched, thereby procisely
controfiing the extent of the etching reaction.
Several aspocts neod to ba considered in order
to control the candensad film over e wide range of to-
tal systom pressurs and with a wida range of reactant
molecules. As will be discussed more fully, infra, con-
trol oc elimination of condensad fiims on the surface



-siljcon dioxide wthout renoving silicon. As the pressure of a process
. increases, problens from-contam nation by particul ates and gaseous
inpurities increase. Hence, a |ower pressjire process S needed The
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_various espects of the inveation, each individuaf as- cise etching of a thin fayer by controffing the film oon-
pect of the invention Increases the degres of control 20 densed on the surface. The device incorporates a

over the condensed reactant film and constitutes a gourca of resctant, an effusion celt capable of oper-
distinctive feature of the presentinvention. . ating with a low chamber pressure whan limited col-
Indeed applicants found resulte conteary bo those lisions are experienced by reactantmolecules travel-
of Nishino when anwnonla and HF are added ditectly lin from the source 10 the substrate.
instsad of being synthesized ina dischargewhichcan 25 Figure 8b is amass spectrum of gaseous mixture
also creats reactive radicals. The stoichiometric presentin the chamber whenetching of an oxide layer
smount of emmonium hexsfivorosilicate product Is is done with a mixture of HF and ammonle. Water is
focmad (n a layeron the surface. The reaction Is self- aiso present.
limiting by a different mode than with Nishino's acti- Figure 4 Is a cross-sectlonal side view ¢f an em-
vated reactants, with the abliity o “break eway"the 30 bodimentofthe present invention for precise etching
flim playing no role in termination of the reaction. A of 2 thin layer. The apparatus uses a source of gas-
termination thickness is found small enough (less aous reactantwhich can rapidly deliverreactant to the
than 200 Angstroms at room temperature) to mini- wafer.
mize the sort of undercut shown in Figure 1. At tem- Figure 5§ shows a plot of amicrobalance signal as
peretures below Nishino's, there is o drop In the s5 @ function of time during control of 8 condensed film
amount of sllicon dloxide removad which indicates . . of ammonia and HF on an oxide covered sllicon sur-
that diffusion of reactant through the film is inhibited, face. .
and that the termination thickness can be controlied. Figure 6 is a thermal desorption spectrum show-
laventors also observed other sumprising results, {ng the mass of gas phase moleculea from a layer of
Forinstance, initial etching of TEOS, thermal sliicon 40 reaction products which desorbs into the gas phase
dioxide, and other oxides that era pradominately near 100C.
S102 occurs at different rates, but the product layer Figuro 7 ehows a cross-soctional gide view anar-
increases in thicknese and rates become similar as rangement of the spperetus for ecourate etching with
the rate of diffusion of reactant through the product an adsorbed layer of reactant.
layer becomes rate limiting. The diffusion through <« Figure 8 is the detailed viaw of the wafer mount
product layecs is conetant sa that even though the in- and temperature control system.
herent reactivity of HF Is greaterfor TEOS than for Figure 8 shows the rate of product formation as
thermal oxide, the termination thickness dstermined 8 function of the thickness of product when sputter
* by diffusion i simitar. Amnonium bifiuoride efches silicon dioxide is exposed to vapors above a cell of
ata considerably lower pressure than ammoniumfly- 50 ammonium bifluoride,
oride. At femperatures below-35C, it s possible to op- Figure 10 compares the eich rats on TEQS oxide
orate at pressures many orders of magnitude lower and thermal silicon dioxide following exposure to va-
than in any prior art. with essentially every reactant pors abova a cell of arnmonium biftuotide as & func-
_ molecule which strikes the surfaoe sticking without tion of exposure time.
re-avaparation. 5 Figura 11 typifles the flims and the leyers pres-

ont on the substrate in the embodiments of the pres-
ent invantion. The tagi layer is the condensed or ad-
sorbed fiim of reactant or reactant diffused in a con-
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_reaction chamber fromthe vacuum punp. Another nethod for renoving oxide is
mentioned by Nishino et.al (Proceedings of the Synposiumon Dry Process,
*Inst. of Elec. Eng. of Japan, Tokyo, Cct. 30, 1989, p. 90) In a report on

ni crowave discharge cleaning of silicon. Exposure of silicon covered with a
native oxidgesed @ ﬂ'sesnmmmwwwm ai rfehepirstps sadiMethod For RanitReiverviof | uori de
or to a m% AR g; cfillicon diggide NFS'Ba@"?oIIowed by ralsmg the
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HF and sul g4l SEinah ,‘,‘, g ﬁ% ng qﬁ kﬂm m hgcul es
in a di schﬁgm D Rditgakt 10ES NOt deal eontmllm
illustrated in Flgure 1 nor With any Othel’md.ﬂld&ﬁu oeirfam Btahy
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condensed filnms containing reactant is not inbederiguapidly admitrastatty apteadtantand cat-

conposi t i on Tansbovesni vhdens ctheriobjectasind sdvan-f j b malystitethe reactfon chember 13. Gas admission is

tages of the invention sre achieved by an apparatus: rapid becauss the open diameter of valves 10, 11 and
and a mathod designad to contral the formatian of 1218 largor than the diameter of the regulating valve
surface films. The invention employs means for de- Inafiowmster. iImmediately after admission, the pres-
tecting end controlling films ofless thanalayerthick-  sure of the admitted gases ls malntained above the
ness under real reaction condltions, This fs accom- 15 condensation pressure atthe tamperature of the sub-
plished, inter alia, through the usa of a quartz crystal strate 14, This results in the formation of a con-
microbalance and well defined reactants, thereby densed fiim 15 on the surface of the substrate 14. it
helpingta cigssify thistype of reaction into eeveral re- is 10 be noted that while the pressure of the admitted
gimes and to define praferred embodiments ofthain. gasas is above the condensation pressure atthe tem-
vention over a broad workable range of pressures 20 perature of tha substrate 14, the pressuce of the ad-
and temperaturas. The main regimas are reactions mitted gases is below the condensation pressure at
stemming from (1) adsorbed filma of a layer orfess, the temperature of the chamber 13, because the
(2) condensed lquid films, and (3) condensed solid chamber is heatod to above the substrate tempera-
films. In a fourth regime, when there is no surface ture by heater 16. The aubstrate can be heatad by
film, there is no reaction. 25 heater17 orcodled by flowing coolantinfubes 18 and
Unless defined otherwiss, gll technical and sdl- 18. Both, a quariz crystal microbalancy 20 containing
entific terms used herein have the same meaning as a crystal coatsd with the same matordal as the lsyer
commonty understood by one of ordinary skillinthe - tobe etched, andthe substrate 14 are attached tothe
art o which thig invention belongs. Although any substrate mount 21, The signal from the quartz crys-
methods and materfals slmllarorequlvalenttothose 1 3 tal microbalance 20, reservolr progsure monitor 29,
dasalbedhemlncanbemedlnthepradbeothst— chambar pressure tnontter 30, chamber temperstur-
Ing of the present invention, the methods and mate- emonitor 31, and wafet/microbalance temperature
rials described hersin are preferred. Unless men- " monitor 32, goes to a controller 21a, which deterrni-
tioned otherwise, the techniques empioyed of o0 aes and regulates the pressure {0 which the reser-
templated herein are standard methodologies well 35  voirs 22, 29, and 24 are fllled. The reservoirs are fii-
kniown to one of ordinary skill in the art. The materi- led from a source of the raactant 34 containing H20,
als, methods and examples are only lilustrative and 35 containing HF, and 38 containing NH3; through
not Himiting. vaives 25, 26 and 27, respectivaly. Alternatively, re-
In accordance with the present invention, desm- servoirs can hold solutions containing HF orNH3 and
bed herein is an apparstus for rapld delivery of am- 40 @ non-reactiva gas could be bubbled through the sal-
. monia and hydrogenfiuoride gas with the optionofan utions. The reservolr could be merely a length of tub-
elovated substrate temperature (Figure 4); an appa- ing ora chamber. The pressures in the reservoirs and
" ratus forrapid delivery of hydrogen fluoride and water chamber are regulated by connectlona bétween the
{Figure 4); apparatus for low pressure etching which controller 21a and valves 25, 26, 27, 10, 11, 12, and
uses g differentially pumped sourco suchas aneffu- 45 28, Not all connections are shown In the drawings for
slon cell or molecular beam for delivering vaporsto a the sake of simplicity. All sources, reservoirs and tub-
substrate coated with SIO2 (Figure 3); and the com- ing leading to the reaction chamber can ba heated to
binatlon.of @ microbalance with any of the above ap- obtain reactant pressures greater than the soom tem-
paratus to control the etching reaction. Furthermore, perature (_ 22-23C) vapor pressure. A heating
method and resuits ere presentoed (1) to distinguish &  shroud 37 is shown on one gas line source and reser-
when a reactlon occurs by condensation of reactant voir. The signal from tempaerature sensor 38 is sentto
orby gaseous exposure, and (2) to show that reaction controller 24a which monitora and controjs the tem-
Is controlled by a condensed film. The specific sys- persture of the shroud 37, The shroud 37 and sensor
tem comprises the etching of S102 when a condensed 38 is shown for only one gas line to yield a simpler

film is formad from HF and emwnonia precursorgas- 55, drawing. However, -all ines may have a heating

es. « shroud and sensor controfied by 21a. The controlier
Various embodiments of the invention are now ~ 21a monitors the temparature of chamber 13 with

sel forth. _ =ensor 31 and controls the temperature hrough the
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ularly to Figura 8, there is shown a preferred arrange-

above ths vapor pressure at the temperature ofthe 20  mentforaccurate etchingatiow chamberpressure. A
wafer 14 80 that a condensed tayer 15 fs formed and - Keyfeature s a differentislly pumped source of resc-
reaction with the surface of the layer to be etchedis tant vapors. An effusion cell opsrating at low pres-
initiated. Since vaive 28 s open. the condensed film sure & a particularly desireble feature whereby the
16 decreases In thickness with ime as HF and NH3 wafer cannot be axposed o contaminants which tnay
atthe vapor pressure oftho condensed filmispump- 25 bo gresent at higher prassures. Alterastively, a su-
ed out. Finally, all the condensed HF and NH3 which personic source can be used.
is unreacted evaporates and is pumped out. Ex- The reactant source 40 is filled with ammonium
change between reactant in the condensed film and bifivorde and Is heated with heater 47 In order to va-
resctantinthegasphese isminimized bocausocfthe - porize tho eolid. it delivars the reactant through apee-
- short period of time during which thereactantiscon- 30 ture44. The pressure in the chamber 42and chamber
densedon ;hesmﬁceazthe lowambient pressure in 45 is low-enough go that the reactant molacules ex-
the chamber. The ‘amount of the efched fayer which perionce a small number(_0403) of collisions esthey
is removed depends on the substrate temperature, pass from aperture 41 to substrate 48, Low pressure
composition and realdenca tima of the reactant film. is insurad by pumping chamber 42 through apening
Factorsinfluencing the amountremoved includesva- 35 44.and chamber 45 through opening 46. The incident
porpressure of the reactant atthe tomperature ofthe reactant molecules candense when they strike the
substrate, the amount of reactant admittad ta the cooled substrate 48 ormicrobalance 49 toforma con-
chamber, the pumping speed, and the reaction rate densedlayer 50 of HF and NH3. The substrate 48 and
between the reactant and the layer 10 be etched, 21l microbalance are attached to mount 51. The temper-
of which can ba regulated by tha controller. <« ature of substrale 48, required for condensation
Separats gassous sources enable easy opera- when reactantis present atiow pressure, is below the
tion at elevated wafer lemperatures when high partial temperature required when reactant is at high pres-
pressures of ammonia and HF are required and en- sure, Valve 52 regulates the coolant flow through
ables varlatian of the HF: NH3 ratio. tubes 53 and 54. Since the chamber 45 pressure is
45 low, there la little exchange between reactant in the
3. Admisgion of HF/H20 . gas phase and reactant condensed in the film on the
surface of the aubstrate. The mass spectrum of Fig-
I another mode of operation, the valve 28 to the ure 3b was taken during condensation of reactant on
pump is closed during the admission of reactant. Re- the surface. it shows that the vapor predeminantly
servoir 22 is filled with H20 vapor, and reservoir23 5  contains NH3 and HF with traces of H20. The H20
is filled with HF, then valves 10 and 11 are openedto may desorb from the chamber walls. Once the reao-
flit chember 13. The reactant condenses on wafer 14 tion Is complete, evaporation of excess reactant and
and microbalance 20 to form a condensed flitn 15 un- reaction with the layer to be etched can be facilitated
{il the pressure in the chamber drops to the vapor by lncreasiag the substrate temparature with heater
pressure of the reactant at the tempergture of thewa- &  55. A controller 58 monitors the wafer temperature

fer 14. if the condenaed fiim I3 a liquid, such as with
admission of HF and H20 with a wafer temperature
abovs 0C, then reaction can be continuad untit alf ra-
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with sensor 56, and cantrols it with vaive 52 and hea-
ter 55. The sams controlier monitors the microba-
lanca 49 signa!. andcan vary the pressure of reactant



Is controlled by varying the rate at which the reactant is admtted to the

chanber and the rate at which the reactant is renoved fromthe chanber,
e.g., by the punp attached to the chamber. The admi ssion rate of reactant
to the cha a fd ow neter. ' f‘e ui. prrent
is al so uged Ly out & J
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then inserted in @ tadiative heater consisting of @

tungsten filament shielded by an outer covering of
tantalum. Vapors from the ammonium bifluoride pass
throuigh 8 4.5 mm diameter hole inthe center ofacop-

per gaskat which covers the cell, The assembly is -

housed in @ small chamber pumpad with & turbo- 20 nium biflurcide. Thie e accomplished by the tamper-
pump. iimounte on the silicon wafer dosing chamber - ature controlled stroud 137 which is controliad with
pumpedwith a turbopump, The effusion cell isheated thermocouple 138, and confroller 121a, Alternatively,
to 75-85C and vapora from the ammonium biftuoride thethermocouple could be attached to container 134.
are condensed on the -35C wafer for sbout 20 min- The walls of chamber 113 contain a heater 118 8o that
utes. Although ammonium biflucride is evaporated 25  thatemparature of the walls are maintained at a tem-
from the effusion cell, the composition of condensed peraturs greatar than or equat to the temperature-of
raactant on the surfacs is natdetermined and is prob- container 134. Thermal conduction maintalns the
‘ably not stoichiometric NHSF2, The wafer is heated to temperaturs of shroud 139 and portions of wafer
5-15C over the course of 10 minutes, sometimes mount 121 et atemperaturo above both container 134
while still exposed tothe smmonlumbifiuoridevapor. 32 and the surface of wafer 114. Thermocoupies 131,
The daclining quartz crystal frequancy shown In Fig- 132, 138 and controller 121a ensurs propar tamper-
ure § is due fo the condensation of reactants, After aturs. The surface of the wafer 114 has two different
heating begins at ebout 1600 seconds, condensation typss of silicon dioxide expossd, for example TEOS
of reactants continues until sbout2000 seconds after oxide and thermal oxide. In the simplest mode of op-
which excess reaciant rapidly desorbs. Asmmonium 35 eration, the wafer 114, ammontum bifluoride contain-
bifiuoride I condansad for a total of about 30 minutes or 134 and chember 113 are all at room temperature.
with desorption during the last 3 minutas of the 10 Chamber 113 Is evacuated, vaive 128 fo the vacuum
minute heating phase. The frequency at point B is purty is closed and both the cegulating valve 125 and
slightlylower than at point A, because ajayer contaln- shutoff valve 110 are opened. HF and NH3 from the
ing Si02reaction products isnotvolatileat 14Csam- <  ammoniusmn biflucride cell 134 fills the chamber 113,
ple temperature. After desorption of the reaction rising withiniess than a minute to a “termination pres-
products, the frequancy at point C Is higher than point sure®, whichis approximately equal to the vapor pres-
A, becauss part of the oxide layer s etched, sure of the ammonlum bifluoride at room femperature
After dosing, the water can be diractly insertad and delacted by pressure monltor 130. Termination
iato 8 UHV surface analysis chamber with a bass 4  prassure approximately equal to tha vapor prassure
pressure of about 10-8 Torr without exposure to the of the condensed reactant in the source and is deter-
atmoaphere. Thus, the appamtus foriow pressure 0x- mined with the sources wafer and chamber ali atthe .
ide removal can be intagrated with other vacuum sys- samo temparature. Once the ‘termination pres-
tems. . sure® Is determined, the tsmperatures and pumping
Apparatus and Methad for Etching in the Adsorthed 60 spead can change and reaction will romain In the ad-
Reactant Regime Akey feature of this embodirmantis sorbed film regime 2as long as the pressure in the
a sourca of condensad reactant held at a temperature chamber Is aqual ta or below the terminatian pras-
below the tempecature of any other surfacs in the re- sure at the temperature of the wafer. (See the de-
action chember. Underthese conditions afl molecules scription of the manufacturing system below.} After
from the source can adsorb only on surfaces andere &, velve 110 is opened. afilm 115 of amonolayeroriess

not able to condense ta form mitilayer films. in this
regime, there is a direct relationship between the
composition of gases in the chamber and the compo-
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uladybl‘—‘iguunand 8, thare Is shown @ preferred
armangemant for accurate etching in the adsotbed re-
actantfilm regime. Ammanium bifiuoride 2olid is held
within contginer 134 which is maintained at atamper-
sture equal o or fower than the temperature of any
other surface exposed tothe vaporabove the ammo-

in thickness, containing ‘reactant, s adsorbed on the
surface of wafer 114 and anthe surface of the quartz
crystal microbalance (QCM) coated with siticon diox-
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and because thick reactant layers which could com-
plicate the measurament, do not form on the sub-
strate when reaction occurs in the adsorbed filmre-
pime. Aftercontrotier 121a determinas thatthe signal
from QCM 120 is indicative of the desired amount of
silicon dioxide having been etched, vaive 110 s
closed, valve 128 s opened and evacuation of the
chamber 116 la begun. Preasure moaitor 130 Is used
to detect any formation of multllayer reactantfiima in.
side the chamber by an elevated pressure during des-
omtion of the reactant fEim, If an unwanted multilayer
reactant film is formed somoewhere in the chamber,

. the pressure inside the chamber will not drop imme-

diately when chamber evacuation begins, Further,
unwanted reaction, indicated by QCM, can ocourifre-
actant presaure rises high enough during desorption
of any unwanted condensed reactant film. The tem-
perature of the heat transfer fluid circulating inside
coacentric tubes 140 is raised to near $00C in order
to heatwafer 114 and to desord the productlayer. The
pressure, measurad by monitor 130 and sent to con-
troller 121a, tises during product desorption. When
the pressure drope, desorption is complete, and con-
troller 121a lowers the tamperature ofthe heat trans-
fer fluid circulating inside concentric tubes 140 back
to room temperature or slightly above. The processed
wafer can bo remaved, a new wafar loaded, and the
system Is ready to repeat the oxide removal process.

Similar amounte of TEOS and thermal sificon di-
oxide can be romoved as discussad herein. It is pos-
sible to control the thickness of the layer of reaction
products and, therefore, the amount of silican dioxide
which is etched by varying the temperature of the re-
action.: or by altering the HF:NH3 ratio. Controtier
121a can lower the temperature of shroud 137 which

- contrals ths temperature of the ammonium bifluoride

reactant and can Jower tha temparature of the wafar
114 mounted to holder 121 by lowering the tempera-
ture of the heat transfer fiuld circutating in concentric
tubes 140. Altarnatively, the temperature can be
raised. Once again, the temperature of the con-
densed sourcs of reactant Is malntained below the
tamperature of every other surface that is exposed tos,
the reactant vapor so that no condensed multitayer:,
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appropriate thin flim monfior such 8$ 8 QCM may be
necessary to clibrate the process so that the oper-
ation remains In the adsorbad reactant regime.

For instancs in soms manutacturing systems, It
may be difficult to completely cloge valve 128, ftcan
then bo advantageous to heat shroud 137, container
434, sliroud: 139, and chamber 116 to a femperature
above the temperature of the wafer 114, If valve 128
does not close all the way. then the pressure will be
reduced below the termination pressure, Since the
optimum pressure of the reactant Is near the tsrmin-
atlon prasaure, heating the reactant source 134 wilt

" boost the pressure back to the tarmination pressure.

However, the invention'will work &t pressures 1010
20 times less than the termination prassure. Rago- -
tant will continuously flow from the source 134 into
the chamber and out vaive 128. Tests with system
where the valva 128 eanaedoaedotwltha.numoat-
ed QCM crystal enabla rapld calibration of the man-
ufacturing system go that it can simultansously opar-
ate at the optimum “termination pressure™ while
avolding condenaation of @ multifeyer reactent film.

Fig. 11 represents the films and layers presant
on the substrate in the embodiments of the present
Invention.

Temperature Control System

It Is preferred thet the tempersture control system
maintains the surface of the wafer as the coldest sur-
face in contact with the reactant gases to avoid the
posaibliity that a condensad muititayer film will form
on any other part of the wafer mount The ternpera-
ture control systom should siso offer & convenient
way to cool and heat the wafer between -40C and
100C for removel of silicon dioxide by treatmant with
HF and NHQ3. Figure 8 shows a solution thatuses con-
centric tubing filled with heat transfer fluid with the
cooled Inlet in the center and the hotter.return on the
outside, thus the hotleroutside tube is in contactwith
reaclantgases. There are (wo phases of temperature
control. In the ficst phase the wafer is below 100C and
reaction of the oxide layer occurs. tn the second
phase, the wafer is hoated to nesr 100C to remove
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duced beeausethareisnoﬂmdﬂuwﬂmughtlwhaa—
ter. Inthe second phase, the tomperature of thewafer
114 must be ralsad to near 100C as monitored by

" thersnocoupla 468, Controtler 1212 closes valva 151

and opens valve 152 8o that fiuid must flow through
flow restrictor 453 then through Inilne hester 154,

. Thermocouple 156 is used to monitor the tempera-

ture of the fiuld leaving heater 154, Controller 121a
adjusts the powoer applled to the heater 154 or the

* rate of flow through the flow restrictor until the tem-

perature measured by thermocouple 156 is near
100C.

Thin Film Monitor

Theinventionusestwo types of film monitor. One
type can detact fiins on a surface, and the othertype
can detect films that are desorbing from a surface
into the gas phase, To be useful the surface flimmon-
itor must be able to detact flims oftess than 700 Ang-
stroms thickness. The Quartz Crystal Microbalance
is preferred because of the sensitivity, accurate cali-
bration of gbsolute amounts of fiim and egse of use,
butan ellipsometer or an Infrared beam which strikes
the surface can also detect surface flims and aid In
their control. Other monltoring devices may also bs
employad. A pressure monitor can detect films that
desotb Into the gas phase, Any pressure seqsorable
to datectfractions of a milliTorris preferred. However,
aninfrared beam which passes through the chamber,
Or 2 mass spactrometer could aisc be used to detect
pressure changes in the chamber.

These monitors aid control of elching in @ number
of ways. For instance, when etching Slo2 with NH3
and HF in the adsorbed film regime, the amount of
product flim Is proportional to the amount of silicon
dioxide etched. This film can be detectad on the sur-
faca and the reaction terminated by the controiler. In
other stching systems, the onset of condensation can
be determined, and fiim thickness changes can be
detacted so that the correct amount of reactant and
correct residence time is ensured by tha controller. A
QCM coated with SI02 can detect loss of SiO2.

A monitor of filme desorbing into the gas phase
can determine I unwanted flims are condensing
somewhere inside the chatnber; if they are, the con-

nitrogen fromreservoir A passes through nmass
C contai ni ng wat er

or bubbler D

After passi ng through t he bubbl er,
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an RF choks {not shown in the drawing). The oscilia-
tor signal on the voltags supply line Is AC coupled to
the multichannei scaler. :

Flgure 6 shaws amicrobalance signsl during con-

_densation of areactant layer fromamixture of HF and

NH3 gases onto silicon dioxide. Static frequency
maasurements, such a3 for determining the frequen-~
cy difference between point A and point B In Figure
§, are made at the same temperature to eliminate a
emall tomperature dependenco of the resonant fre~
quency of the crystal. Statle frequency measure-
ments aro made with a more accurate oven stabillized
frequancy counter rather than the muitichannel scal-
er. The QCM frequency is stabie to a faw tenths of 2
cydle per sacond over the course of an expseriment.

The quartz crystal microbalance is used to doter-
mine the thickness of adsorbod layers, reacted lay-
ors, and removed Si02 layers. The measured reso-
nantfrequency shown in Figure 5, mustbe converted
lnta athickness. Asimplified version of the Mitler and
Bolef equation relating to crystal frequency and de-
posited film thickness is:

T=(NAJR) {(1ixZ)tan 2 tankx (g - QD) (1)
where Ng is 2 1.668x1013 Hz- for crystalline quartz,
dq ls the denslty of quartz,- df Is the densRy of the
deposited film, fc is the measured rosonant frequen-
cy of the crystal, fq is the resonant frequency of the
uncoatod crystal, and Zis the acousticimpedance ra-
tio of the quartz crystal and deposited film. Since the
layeronthe quartzcrystial is predominantly sputtered
102, 8 Z of 1,07 and density of 2.2 g/om3 for fused
silica Is used in equatlon {1). For thin layers orforZ
closs to 1, the expression inside the { brackets does
natdiffersignificantly from (fq-fc)/fiq as Is the casefor
the experiments described here. The density of am-
monium bifiucride or ammonlum hydrogen fluoride Is
1.5 glem3. A value of 2.08 g/cm3, midway between
tha two known crystalline forms, Is used for the am-
monium hexafluorosilicate product 12. Conversion
factors for the Si02 cosated crystal are 0.565 7Hz for
$i02, 0.83 MHz for ammonium Dbifluoride, and
0.80 /Hz for ammonium hexaflucrosilicats.
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6 The formation of a filmon a surface fromconstituents in the gas phase
Is known to be regulated by the tenperature of the surface and the parti al
pressures of the gaseous canstituents. Once the partial pressure of the
gaseous constituents rises to a val ue e?i to or greater t han t he .vapor
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The éimbodiment using an effusion cell as low
pressure souros of smmonia and HF reactant and 8
silicondioxide eurface held atlow tamperature shows,
thatthe gaseous reactant does not react divectly with

the surface. 20 * . Whon a solid layer of products is formed on the
mmofdedmeoftheocmmncyslwn surface, then the amount of the etched Isyer which is
In Figure & dasing curve gives a lower limit estimate removed is determined by a combination of the reac-
of the reactant flux striking the surface of sehout tion rete of the reactant fitm with the material of the
7#sec. There is aless than 1 Hzor3 Hz changeinfre- layer to be etched and y* the diffusion rate of reac-
quency when the SiD2coated QCMisexposediothis 26 tant through the solid layer. Since a salid layer of
reactant fiux for 6 minutas at 18,3C or for 20 minutes products §s formed, &t is necessary to heat the sub-
at 100C, respactively. This indicates little or no can- strate after termination of the reaction in onder to re~
densation of reactant on the suiface and little or no move the reacted layer.
reaction with SiO2, Presence of a reacted layer on the surface tm-
Without being boundtnanyspeciﬂclheory fls a0 proves contro! over the reaction of HF with the Si02
postulated that there are two possible explanations layer. HF must pass through the reacted layer fo
for the observation thet removal of silicon dioxide reach unreacted Si02, Figure & shows that the rate
procaads following condansation or adsorption of re- of reaction of HF with SiO2 declines with ime as the
actant. One explanation is that condensation boosts thickness of the reacted layer increases. Atlong ex- -
the concentration of a reactant at the surface by 35  posure times, the rate of diffusion of HF through the
many orders of magnituda talative to a gag phase re- reactedlayer spproaches zero, and the reactionis es-
actant. Ammonia and HF condensed on a2 cooled sentially terminated. Therefore, the amount of oxide
QCM has a concentration of about 26 molesfliter removed is controlled more by the inherent ability of
compared to an estimatad molar concantration of HF to diffuse through the reacted layer than by the
about 10-10 molesliter for the flux of gaseous reac- 4  reactivity of the oxide surface. Figure 10 compares
tantsincidenton a heeted QCM. Asecond resson that TEOS and thermal oxide stching with both the silicon
the reaction could occur in the condensed phase at dioxide surfaces and the ammonium biflucride
a higher rate than in the gas phase, is that the form source of reactant at 25C. {tis clear that at shorter
of the reactants can change when condensad, more times more TEOS oxide than thermal oxide reacts,
specifically, fons can form. High dielectric constant <5 because the reaction rate is controlied by the inher-
solvents efficientiystabilize ions or reaction transi- entreactivity of the oxide rather than by diffusion. Af-
tion states passessing lonfc chamcter. The best high terabout 70 Angstroms ls reacted, the amounts reect-
dielactric. constant solvents are hydrogen bonding ed ara similar because the rate of diffusion of reac-
solvents such as water, ammonia, and HF because tant through the product tayer begins to dominate. It
the polar hydrogen bonds can reorient In the Viclnity 50 I3 not necessary to walt for ¢he self-limiting thickness
of anlon to provide additional stabillzatlon. A solution in arder to etch simllar amounts of diffarent types of
of HF in water results in formation of the bifluoride oxide.
lon, HF2-, which has a reactivity towards SIO2 about The thickness required for diffusion of reactantto
§ times that of HF. IR spectroscopy detects HF2-in {imit the reaction rate can be controlled by changing
condensed layers containing ammonia and HF. The &  the temperaturs of the reaction. The selflimiting

relative reactivity of HF2- end HF in condenged films
containing HF and NK3 is not known.

~- am%ﬁmmw e

eontmnlngmmvny The neoofeondensedlaymh
control of & surface can be applled to sys-
tems other than the reaction of HF with silicon diax-

ide In a condensed fiim ef HF end ammonia.

thickness can be Gontrofled by changing the temper-
ature of the reaction. When the temperature is lowet,
the diffusion rates are lower and the seiflimiting re-
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A4HF = SiF4 + 2H20), HF is consuned and H20 is produced as a byproduct.
Thus, the surface area of oxide being etched can affect the gaseous

* conmposition. Finally, condensation on the walls of the chanber serves as an
addi ti onal unred| ctabl e source or SI nklior HF because the gaseous HF wi ||
exchange g F‘WE”'MP@EG" Ptn on ARMANTASEQLISHE! ﬁqfﬁ ON
Exchange QF G@ilSt "4 th c stlwents %Qe condensed film
can be undgy Y =M Aol h&Hre 2 ddt: e A Phys%::tal_
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whose tenm

ained” with ammonhm blﬂuodda
(HF:NH3=2) can be obtained by varying the HF to
NH3 ratio in the gas above ths oxide surface. An e5-
pecially preferred way to minimize the type of under-
cutahown n Fig. 11sto use productiayer control. Fur-
thermaore, the self-limiting thickness can be tatiored
fo match the thickness of layer 2, '

Characterization of the Reacted Layer

The reaction of HF with silicon dioxide when in
contact with condensed ammonium bifluoride is sim-
{lar to the reaction In aquecus salution,lLe., SIO2 +
4HF = SiF4 « 2H20. Howeves, instead of being re-
leasad {o the solution, the SiF4 product is trapped
and reacts within the condensed film to produce am-
monium hexafluorosilicats, (NH4)2SiF6. The ammo-
nium hexafluorasiticats 1s observed in IR spactra of
reavted layers. Microbalance resuits also show the
prasance of the reacted layer. Condensation of ame
monia and HF followsd by desorption of the unreact-
od excees producss a frequancy dedline of 401 Hz,
correaponding 1o reaction of 84 of the several thou-
sand angstrom thick layer of ammonia and HF that
initielly condensed. The minimum frequency nearthe
2000 secand palnt In Figure § corresponds to an ink
tiatlayer of 8700 . Aftarheating to 100C there laa 103
Hz increase of resonant frequency corrssponding to
removal of 58 of silicon dlaxide.

Thermal desorption epectra of silicon containing
matecules of reactlon product are shown in Figure 6.
The identical time dependence of peaks at masses
47, 85, 33, 48, 86, 49, and 87 indicates simultaneous
releasa from the reacted layer and are the masses
expected from an SiF4 parent. Massas 85, 86, and 87
come from SiF3+ containing the mass 28, 28, and 30
silicon nmpes. masses 47, 48, and 49 are from SiF+
and mass 33 is SiF2++. These thermal desorption
spectra are consistent with SiF4 released upon ther-
mal decomposition of the reacted layer of ammonium
hexafluorosliicate. Starting from an unreacted $i02
fayer, the decline in the microbalance frequency from
a reacted layer conslsting entirely of ammonium hex-
afluorositicate fs two times the frequency Increase
from removal of $i02. The product layer can also be
removed by rinsing in a solvent, such as watsr.
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pectratiostructures ontha wafer, andﬂxerelssimp!e
control of the amount of reactant depasited on the
substrate and, therefore, the amount of the etched
layer which is removed. Since the flux of reactant
feaving this type of source and striking the surface of
the wafer to be etched is constant In time, end is not
strongly affected by coflisions between gas mole-
cules in the reaction chamber, the amount deposiied
is easily controlied by an accurately timed opening of

- ¢ shutter 59 shown in Fig. 3, or a valve which could

raplaco the shuttor. The saurce can be the effusive
source described in a section, supra, setting forththe
fow pressure operation, & supersonic molecylar
beam source, or any other source operating with fow
collislons batween the source and the wafer. -

Aspects Relating to Temperaturea
!

There are a number of different temperature re-
gimes with differing modes of aperation. Some im-
portant aspects which relate to temperatures of the
suhstrate, chamber, and the source are nowsetfocth.

Since the vapor pressure of a reactantincreases
with temperature, the low pressure operation deserl
bod above requires a relativaly low substrate temper-
glure. In the example desctibad using ammonia and

-HF or smmonium bifluoride, the temperature mustbe

towered to facllitate condensation of reactant, then
raised %o facilitate evaporation of the reaction prod-
ucts, Operation at a constant temperature is not pos-
gible. Both substrate cooling and substrate heating

. are faquirad, although a heating coll 18 shown in the

Figures (heater 55 in Figure 3 for example), any form
of hoating is possible, with greatest benefit from a
rapid made of heating. Time scales for heating could
range all the way from jess than a few nanoseconds
iflight from a laser is used, alt the way to many sec-
onds if a mdre conventionat approsch ls used. Some
possibilitissfor heaters lncluds, pulsed light from a
faser or lamp, & resistive heater, an induction heater,
aor an electron ar lon beam haater and the ke,
Another desirgble mode of operation would be
the ane that does not raquirs cydiing of the tempera-
ture. In the case of oxide Temoval using gaseous HF
and NH3, the tamperature would have to be fixed at
a valie above that required for desorption of reaction



7 bel ow about 94C. The conposition of the vapor, represented by point d,
dis very different.-4han the conposition of the liquid represented by point
c. In other-words, as soon as condensation occurs, reevaporation will alter
the conposition of hoth the condensed fi3m and the gas phase. The exact

det ai | s oprodyvehFigurtshownthytastitdmperstureniitange Wi ndt pertiodierty,Molatfle. Thusethere costditecnc
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Monpmduetnn notvaryvolatﬂe.w::en thewafer modification withis the epirk and scope of the ap-

is below-35C 10 -40C, moleculesinthavaporfroman ~ pended claims. For Instance, the sépparatus and
ammonium biffuoride cell stick to the wafer whers method can be Used to prapars the chemical compo-
they stiike the wafer. The vapor prassure is below sition and gtructure of a single layer or partial fayer
_10-8Torreothatre-evaporationisneglighlaandthe 20  onthe surface of a substrate, Towdt, removal of axide
sticking coasfficlent Is high. Other reactants less val- from silicon with vapor from ammoaium bifiuoride
atile will stick where they hit when the waferis ata iaavas a surface fayer containing Si-F. Sequential ap-
higher temperature than -35C. More volatile reac- plication of vapor from emmonium bifluoride followed
tanta would require a lowar wafer temperature. by H20 would remove the Si-F and replace it with
26 otherchemical species.

Aspocts Relating to Chemistry o {tmay be notad that sithough the preferred em-
o bodiments show a singls wafer In the reaction cham-

Although the reactions discussed herein are de- ber, k will be easily suggésted to the skilled artisan
gigned to remove oxide from sificon, other combina- to perform the invention simultaneously on multiple

tions ere possible. Forinstance, anumber of different 30 wafers within the reactiop chamber. ;
chemistries commanly used with aqueous solutions
could be employed in the devices of the present in-
ventlon dasigned for accurate efching.
Some of the spacific sources Include the gas-
aaus vapor from solid ammonium bifluorids; a solu-
tion of HF, NH3, and H2Q; separate sources of HF,
NHS, and H20; saparate sources of HF end NH3; a
solution of NH3/H20 coupled with a gassous or sol-
" utlon Source of HF, and the like, Soivents or solutions
ather than water could be uygad; for instance water
could ba replaced by atcohol. HF-baged chemistries
can be usad to remove oxide from other substrates
besides sificon. For instance, the sillcon dioxide
which forma on many silicides could react with con-
densed layers containing HF. Other axides besidas
silicon dioxide will react with condensed layers con-
talning HF and NH3 or H20. For instance, experi-
ments show HF vapor chemistrdes, including the va-
por from ammonium biflucride golid, can remove ox-
ides which incorporate germanium. Even purs ger-
manium oxide will react.
It may be noted that thers are a number of low
pressure, or high temperature chemistries which use
& source of a solid containing ammonium lons orsep-
arate sources containing ammonia and an acid. Am-
monia seems fo be rather unique In thatammonia has $ “ -
a high vapor prossure end yetthe ammonium ioncon- ™=
taining salid which forme upon reaction withs an acld

v 2k
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.U S patent 5,030,319 to Nishino et. al. provides am
et ching nechani snms where filns that coptain reactant m H“L

* However, the etching apparatus and met hod are in son‘ea\m V“‘M\

to use desp| te an inproved understanding of the fil ¢l nstdncd, a flow
systemis used to admt gases vekalmsal | t he pol@nt [ aI _probl ens nentioned
above. In addition, reactant is creat ed throu n,of precursor

mol ecul es acti vat ed by a pl &naldf " ges Mﬁ%aﬁ"&a admi ssi on of
the reactant. The formati on of con paat!l ti | ayer reactant filns,
therefore, depends not only on temermmaﬁmagmunpl ng speeds
etc; but also on the characteristpgs of the discharge..and the reaction of
activated precursor nol ecul @s. Furt hermﬂdaon g shetbvedmeatiingdal s or nol ecul es
in the gas phase can consume, reastistobeekhedbysaldssedtal |y. transformfilms on
the wafer or walls. The Nishino pat erteas@esunpertingspidau "’Aﬂéfﬂ%harge in NH3 and

NF3 forms HF which can conbi ne w’é‘ﬂ"ﬂam?ﬂi n| um fl uori de
| ayers that react with Si 02“;0 fo&wdm‘ l"%““““";’&"g%‘mm .

. ' maeans for controlling the natuns and dur-
- ationof sald film;

b ] whereln the components ere o arrangsd
that when said reactant ts supplied to sald cham-
50 ber, aald roactant forms a film on the surface of
saldmatscial, the nature and ducation of sald film
belng 80 controlied by said controlling means
thatsaid filmlsads tothe ramave! of an accurate-
Iy controlled amountcf said material on sald sub-.

& strate,

2. The apparafus as definad In clalm 1, wherein
said flim is & condensed or edsorbed layer of the
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.an anmmoni um hexafl uorosilicate product. Reaction cah
di ssol ution of reactant with the product |ayer. The'r
‘not all the silicon dioxide which reacts is left behi
surface of the oxide.

\&\\B\\\hm

it
actiM mson*t he

Figure 2 of the Ni shino patent shows the etchl ng rate

and filmthigkness for a 10 mnute etcflng ti Qatk €l I ]
to [err] ratro. %ﬁg’"e ching rate of ardund 1@%@@% @b&mg,orresponds
to renovag, e dightatbdasEbBned W ELMOWhddia S | i con di OXI f all the reacted

silicon di oxhiflifeaht fof con@ihing

Ediceébnddnssd RO NI UMis) Sreddppariiz Qs idkfinadin @lair 2) GRierain

Tesident on coaipfises archaingemedni® enfire thatahes woul d sikirestianticamprises melbople@GHAIF; 201 200
Angst rons, feeldestphintirthe chiinizonis thie sutistriten t hi C k ne % Smembnimn biflyeride of [A spabidatiBh gur e

2. Some ‘of the silicon fromthe reacted sili 819H°’3d| oxi de does not remain
resi dent #n T _ %Pc@"'l‘eﬂ ﬁ%""f’o ammmonium hexafl H osi Li.c \Wien
the product 549 P4A" ke'n" %

etching it ¢ et chni ng I's term nate The
termnationg e,sﬁ;,q thg oPahly | n Fi g 15 of Nishino patent i s about

1000 Angst r,.at,t-.mn
shown in Fig 1 of this appllcatlon

pr esent eds.aZhecapparatis sdefided drhdaim 12, hereine nesdi ed

4 ar Iarger t hasg, mRaphaRtué 6 ciiin@z, ehéreir theboiraLor
The decr eskHF molsculss islulstiingt fomfthocbwe®y | S
Bgemfmtbhort

sdif H2Q! moleculeg twh

reaction an@m@cmupmwwms i NSt e8eyregef said NH3 mol

comptises a reservolr with a valve dispased
tween said means for supply of reactant and und
chamber, so that an accursgte amount of said re-

15. The apparatus of claim 14, whereinthe source of
supply of H20 is H20 molecules desarbed from

actant can be rapidly admitted to said chambér 20 the walls of said chamber.
from sald reservolr when sald valve Is rapldly
opened. 46. The apparatus as defined in claim 42, whereln
the source of sald molecules is a solution of NH3,
6. The apparatus as deflned in claim 2, furtherin- HF, ar H20,
cluding a pump connecied to said chamnber. 2 . )
17. The apparatus a8 defined In claim 12, whergin
7. The apparatus es defined In claim 6, whereln sald reactant la ammoniun bifluoride which s
said means for controlling said condensed film supplied in a gasedus phase.
comprises means for delivering an accurate )
amount of sald reactant to sald chamber,anda 30  18. The apparatus of claim 12, whereln sald reactant
valve disposed between said chamber and said is a mixture of HF and H20.
pump, so that when said valve is closed, the re-
actant remalns in sald chamber untl]l substantlal- 19. The apparatus of clalm 12, wherein said reactant
ly reacted with said matecial. is a mixture of ammonium bifluoride aad HF.
35
8. The apparatus as defined in claim 6, wherein 20, A method for etching, comprisiag the steps of:
said means for controlling ssid condensed film (a) supporting, in a vacuurn chamber, a sub-
comprises means for differential pumping dis- strate having & material to be etched;
posed between said means for supply of reactant (b) admitting reactant containing gas into sald
and said chamber, and a pump connectedtosaid & chamber ata syfficiont pressura so as to form
means for differential pumping, so that mole- a film of the reactant on the surface of said
cules from sald source of the reactant travel sub- matarial; )
stantially without collision while in transit through (c) controlling the composition and residence
said chamber t0 said substrate yielding a compo- time of sald film on the surface of said mate-
sition and flux that are constant In time. 45 rial 50 as (o etch an accurate amount of mate-
rigl on sald substrate; and
9. The apparatus as defined In claim 2, whereln {d) removing any unwanted reactantand reac-
sald means for controlling said condensed film tion products from the chamber or surfacs of
comprises a computer and a program maans ena- said substrate. .
bling said computer to carry out predetermined 5 .
operations. 21. The method of daim 20, wherein said film is a
condensad or adsorbed layer of reaclant mole-
40. The apparatus as defined in claim 2. wherein cules, and controlling the resldence time and
said reactant comprises a single or a phurality of composition of sald condensed or adsorbed film
gsseous molecules. -] comprises maintaining the temperature of said
R substrate below the temperature of ary other
11. Tho apparatus as defined in claim 2, wherein surface in the chamber so a3 to substantially
said means for controlling said condensed film eliminate condensation of sald reactanton any of
16
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etchi,ng for one long period of time. If athinfilmis formed with a short
10 minute discharge, the filmremains permeable to reactant, if hydrogen is
substituted for ammonia in the discharge HF is formed and in fact the
presence of the filmincreases the reaction rate. The fil m does not inhibit
the reaction. N shino further teaches that radicals such as 02 and fluorine
atoms in the discharge influence the reggtions in several ways. They can
affect the selectivity of etching silicon vs. silicon dioxide. Wen [err]
and HF are forned in the discharge, fluorine atons are consuned within the
condensed filmwhen it is thick, but fluorine atons are not consumed when

t he condensed DEVICE ANDIMETHODNG@R ACORRATE ETCISINGDAND REMDVAQIOF THINtRLMED; when
the filmis thick, silicon is not etched. These reactions can conplicate
control |l ed etching. 9 -

ABSTRACT

New device and method are described for accurate etching and removal of thin layer by
controlling the surface residence time, thickness and composition of reactant containing film.
Etching of silicon. dioxide at low pressure using a quartz crystal microbalance is illustrated.

Usefullness of the invention in the manufacture of microelectronic devices is shown

Figure. 3A
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It may be further noted that any apparatus using a condensed source of
reactant at a tenperature hotter than the wafer surface is able to nake a
transformati on between regines. If reactant is admtted slowy, there is
not reaction initially, because an absorbed filmdoes not form As the
pressure of reactant slowy increases to near the vapor pressure at the
tenperature of the wafer, then an adsorbed film can form which etches the
surface. The .adsorbed filmconposition is closely related to the
conposition of the gases in the chanber. Wen the pressure exceeds the
vapor pressure of the material in the chanber, there is condensation of a
multilayer. The multilayer forns a reservoir, especially if it is aliquid
mul tilayer, the composition of yjmisch is no longer directly connected to the
conposition of the gases in the chanber. No prior art systemis designed
and operated to stay in the regi ne where an adsorbed filmof a | ayer or

| ess is responsible for etching. Furthernore, constant slow rate,adm ssion
of reactant with flow controllers to a chanber using apparatus nentioned in
the prior art does not lead to accurdte etching or renmoval of thin |ayers,
because the conposition and residence tine df the reactant filmis not
controlled; e.qg., the tine ith a condenked fi'l mof reactant is forned
on the

FIG.1
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: surface is uncertain, the length of tinme condensed fil mremains on the
surface i s unknown, -condensed filmcan formon the walls of the chanber or
portions of the wafer nount which are colder than the wafer, the fraction
of the reactant which is admtted to the chanber and eventually condenses
and reacts i s unknown, the substrate is not cooled sufficiently to
facilitate use of a | ow pressure source, the self |imting reaction

t hi ckness of solid products is uncertain, a wafer is not held at or
slightly above the tenperature of a source of condensed reactant so that
reaction can occur within the absorbed filmreginme, and the pressure of
activated radicals or nolecules can c ki cate the conposition of filnms. It
is clear fromthe above that inprovenents in the prior art apparatus and
met hod are needed. Summary of the invention It is, therefore, an object
-of the present invention to provide a process and a
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devi ce, conprising neans for controlling: (1) the thickness, (2) the
conposition, and (3) the duration or the surface residence tine of
condensed reactant filmfor the purpose of accurately etching a desired

t hi ckness of a layer on a substrate. The apparatus conprises the follow ng
conponents: a chanber; neans for supply of reactant to said chanber; a
material on a substrate, said naterial able to be etched by said reactant;
means for supporting said substrate within said chanber; a film conprising
said reactant on the surface of said material; nmeans for controlling the
nature and duration of said filnm wherein the conponents are so arranged
that when said reactant is supplied to said chanber, said reactant forns a
filmon the surface of said material g nature and duration of said film
bei ng so controlled by said controlling means that said filmleads to the
removal of an accurately controlled anount of said material on said
substrate. The nethod conprises the steps of: (a) supporting, in a vacuum

chanber, a substrate having a material to be etched, ] i
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-(b) admtting. reactant containing gas into said chanber at a sufficient
pressure so as to forma filmof the reactant on the surface of said
material; (c) controlling the conposition and residence tinme of said film
on the surface of said material so as to etch an accurate anmount of
material on said substrate; and (d) renoving any unwanted reactant and
reaction products fromthe chanber or surface of said substrate. It is a
further object of the invention to carry out etching over a w de range of
chanber pressures. Etching of the |ayer on the substrate takes place by
chem cal reaction of the reactants in the condensed filmor cluster -
(aggregate) of nolecules forned An inportant feature of this invention
is that the apparatus and net hod usggafor the etching reaction are designed
to control the condensed or absorbed filmof the reactant form ng on the
surface of the substrate. In contrast, a constant rate of adm ssion of the

reactant gas into the reaCtIOH‘UﬁHﬂbETT‘HS‘UEStTfWed in the prior art, does

not all ow
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e

control over the conposition, thickness, or surface residence tinme of the
frlm The present invention for the first tine provides nmeans for
controlling the conmposition, thickness, and surface residence tine of the
filmof condensed reactant on the surface to be etched, thereby precisely
controlling the extent of the etching reaction. Several aspects need to be
the condensed fil mover a wi de range of
total system pressure and with a wi de range of reactant nolecules. As wll

considered in order to contro

be di scussed nore fully,

infra,

control

or elimnation of condensed fil ns

on the surface of the chanber aids in the control of the condensed film on
A m crobal ance (quartz crystal m crobal ance, QCM.
el li psoneter or other nonitoring devices well known to a skilled artisan,

t he substrate.

provi des contr

ol

of the reactant fig

t hi ckness over the entire range of

pressures. Rapid delivery of gaseous reactant to the substrate establishes

a precise tinme for
contributes to a constant

pressures, a c
collision-free
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- copponents to he chanber at the conposition of the azeotrope aids the
formdti on and control of the absorbed film Although the preferred
enbodi ments descri be various aspects of the invention, each individual
aspect of the invention increases the degree of control over the condensed
reactant filmand constitutes a distinctive feature of the present
i nvention. |Indeed applicants found results contrary to those of Ni shino
when anmoni a and HF are added directly instead of being synthesized in a
di scharge which can al so create r%Z? ive radicals. The stoichionetric

cate

amount of anmoni um hexaf lfuor osi | i product is 12 formed in a |layer on
the surface. The reactjon is self-limting by a different node than with
Ni shino's activated re ants, with the ablllty t away" the film
playing no role in term ' term nftion thickness is
found small enough (I essfTthan 200 Angstrons at room tenpgerature) to
mnimze the sort to und¢rcut shown in
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Figuré 1. At tenperatures below Nishino's, there is a drop in the anmount of
reactant through

silicon di oxide renmoved which indicates that diffusion of
and that the term nati on thickness can be
For i nstance,

the filmis inhibited,
controlled. Inventors al so observed other surprising results.
etching of TECS, termnal Silicon dioxide, and other oxides that
but the product | ayer

initial

are predomnantly SiQ2 occurs at different rates,

increases in thickness and rates becone simlar as the rate of diffusion of

reactant through the product |ayer becones rate limting. The diffusion

through product layers is constant so thgg even though-the inherent

reactivity of HpP-+s—gLreater for TECS than for thermal oxide, the

term nation thi gkness determ néd Dy—ei~sion_is simlar. Anmonium

bi fluoride etches at a=onsiderably |ower pressurd than a ni um fl uori de.

At tenperatures bh[ -&bC, it is possible to operfate at pressures nmany

orders of nagnift udg gl r than in any prior art, JMth -essgntially every
but

i'ch"strikes the surface stickifng with
egoi ng and ot her

react ant nol ecyl gy

re-evaporationf{ Br]& description of the draw ngsj$he for

obj ects, aspec}s ahd s wll be better ungerstoqdfromthe

follow ng deta] | ed description o : odi nredts of the
- O

i nvention !
: ]

ferred

20

I~
-f €N
!

1.2 1.6
7ME/HMO(SR3
=
TﬂW%ﬂMﬂﬂﬁf«»
FIG.5

0.8
t
~35

|
]
|
I
!
|
|
|
|
|
!
[
!
!
!
|
|
}

5.940 —

936
9.932
S.

928 5

() AonanDzuy

This Sheet Has Been Re'placed




- wWth reference to the drawings in which: Figure 1 is a cross-sectional side
vi‘ew.of a-prior art sem conductor wafer followi ng uncontrolled isotropic
etching of one layer; Figure 2a is a cross-sectional side view of prior art
equi pnent for etching a thin [ayer. The apparatus uses a source of gaseous
reactant which incorporates flow neters. Figure 2b shows the equilibrium
conposition of a two conponent |iquid m xture and the vapor pressure above
the m xture. 13 Figure 3 is a cross sectional side view of an enbodi nment
of the present invention for perfor&Hhy precise etching _of a thin’layer by
controlling the filmcondensed on the surface. The devi cegyncorporates a
source of r . i FrgPith a |l ow
chanmber pressure when limted collisions are experiencedey react ant

mol ecul es tjravelling fromthe source to the substrate. '
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Figure 3b is a mass spectrum of gaseous m xture present in the chanber when
etching of an oxide layer is done with a m xture of HF and ammoni a. Water
is also present. Figure 4 is a cross-sectional side view of an enbodi nent
-of the present invention for precise etching of a thin |ayer. The apparatus
uses a source of gaseous reactant which can rapidly deliver reactant to the
wafer. Figure 5 shows a plot of a mcrobal ance signal as a function of tine
during control of a condensed film of amonia and HF on an oxi de covered
silicon surface. Figure 6 is a therngl3desorption spectrum show ng the nass
of gas phase nol ecul es frjom a Iayer of reaction products which desorbs into
t he gas phase near 10053 Figure 7 shows a cross-sectional side view an

arrangenent of the app3jdtus for accurate etchi ngrwrttr—ar} absorbed | ayer of
reactant. Figure 8 is t fer nourdt and tenperature
control system Figure 9}Jshows the rate of product format{ion as a function
of the thickness of prodyct when sputter silicon dioxidelis exposed to
vapors above @ cell of arfmoni um bi fl uoride. .
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- Figure 10 conpares the etch rate on TECS oxide and thermal silicon dioxide
fol | oW ng exposure to vapors above a cell of ammoni um bifluoride as a
function of exposure time. Figure 11 typifies the films and the |ayers
present on the substrate in the enbodi nents of the present invention. The
top layer is the condensed or adsorbed filmof reactant or reactant
diffused in a condensed film ThelB&d Iayer underneath is thH|4 ayer of

t etraet hoxy si | ayer of

t her mo 14 i te—rs—that—of—SrHcom—orhe types of

Si 02 which cd W W and the i ke
coul d, of coyr @' ~totedy De g}lﬁﬁ—d-egrr-i—pﬁ-o'n-of-‘%je I nvention The
above and varfi ous other objects gnd pdyantlages of the inventipn are

achi eved by gn apparatus and a mithod q;lesi gned to control thepj_mfration of

surface filng. The
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. invention enploys neans for detecting and controlling filnms of |less than a

| ayer thickness under real reaction conditions. This is acconplished, inter
alia, through the use of a quartz crystal m crobal ance and well defined
reactants, thereby helping to classify this type of reaction into several

regimes and to define preferred enbodi nents of the invention over a broad
wor kabl e range of pressures and tenperatures. The nmain regines are
reactions stenmng from (1) absorbed filns of a |ayer or less, (2)
condensed liquid films, and (3) condensed solid films. In a fourth regine,
when there is no surface film there is no reaction. Unless defined
otherwi se, all technical and scientific terns used herein have the sane
meani ng as conmonly under st ood by of ordinary skill in the art to which
this invention belongs. Al though any nethods and material simlar or

equi val ent to thosgdestrrbed—ierer T tambe-used—in the practice or testing
of the present invgntion, the nethods and materials descri bed herein are
preferred. Unless nentioned ot herw se, the techni ques enpl oyed or
contenpl ated hereirn are standard nethodol ogi es we§& known to one of
ordinary skill in tlhe art§. The naterlals met hgds and exanples are only
illustrative and ndqt |if@ting. -
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- I'n accordance-with the present invention, described herein is an apparatus
for fapid’'delivery of amonia and hydrogen fluoride gas with the option of
an el evated substrate tenperature (Figure 4); and apparatus for rapid
delivery of hydrogen fluoride and water (Figure 4); apparatus for |ow
pressure etching which uses a differentially punped source such as an

ef fusion cell or nolecular beamfor delivery vapors to a substrate coded
with SiQ2 (Figure 3); and the combi nation of a m crobal ance with any of the
above apparatus to control the etchiipgiyeaction. Furthernore, nethod and
results are presented (1) to di stingui sh when a reaction occurs by

condensati on of-reactant—et—By—gaseous—expostrer—ame—t2—40 show t hat
reaction is coptrolled by a condensed film The specific $ stem conpri ses
the etching of | Si2 when a condensed filmis forned fronr} and amoni a
precursor gaseg. Various enbodi nents of the invention arejnow set forth. 1.
Appar atus and |Method for Rapid Delivery of Reactant
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Referring now to the -drawi ngs, and nore particularly to Figure 4, there is
,shomn a preferred arrangenent for precise etching of a thin Iayer by
controlling the filmcondensed on the surface of a substrate. Valves 10, 11
- and/or 12 are sinultaneously opened in order to rapidly admt reactant, or
reactant and catalyst, to the reaction chanmber 13. Gas admission is rapid
because the open dianeter of valves 10, 11 and 12 is larger than the
di aneter of the regulating valve in a flowreter. Imrediately after
adm ssion, the pressure of the admtted gases i s naintained above the
condensati on pressure at the tenperature of the substrate 14. This results
in the formation of a condensed film 15 on the surface of the substrate 14.
It is to be noted that while the J¥/@38sure of the adnitted gases i s above
t he condensation pressure at the tenperature of the substrate 14, the
pressure of the admtted gases is bel ow the condensati on pressure at the
tenperature of the substrate 14, the pressure of the admtted gases is
bel ow t he condensation pressure at the tenperature of the chanmber 13,
because the chanber is ated to above the substrate tenperature by heater
16. The substrate can beg eatqj by héater 17 or cooled by flow ng cool ant

in tubes 18 and 19. Both, a qugrt 2 ystal m crobal ance 20 containing a
crystal coated with the Sane et e as the layer to be
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=etched and- attached toj Lnengg@gﬁgngn@mﬁ?l sthe
stgnal fromi he m cr obal ance &3 m; {r %‘E berdB &".T.‘..Or’
< 29, chanber. | gwm E P chanber te é f;g,t e — ;
“waf er/ mcrob I noni tor 32, gde

_(‘}“ ;:& n’[ éé’r /{g .....
deternines and regul ates the pressure to whidh J"‘r‘\sms,\éfrvf)“r g{éz’: % nd 24
are filled. The reservoirs are filled from |sBGRBE SE t he2geR L6 RPHEES -
cont ai ni ng H20, 3 ing HF, and 36 contjai ni ng NH3; throu eﬂ%
16 25, 26 and 27 éar!gggse-f?t |Bvel y Al ternati vel D&Er&blﬁﬁﬂdgﬂf EZLZVNIW

solutions containing HFE, or and a non reaT VE das coul d be bubbled .
t hrough the sol utTng‘eui‘ﬂ‘é q’@%?\/%']’r %ﬁl%@mhﬁ'ﬂe’r' a l-ength of tubing or

a chanber. The prisidancs imsand thecampasiionpsaldetber are regul ated by
connecti ons bet wedengddSilovéhmptibes agmiitingdaidapseiant®, 26, 27, 10, 11, 12,
and control | er 28g hiyh emdugiratees sista mimrzesirasntdintyt he dr awi ngs for the

sake of sinplicity tndl bnstRYIrhE tor CERRIINEAIIGHE ofdsld kekd-ng | eading to the
reacti on chanber tant.

D O

The method of claim 20, whersln controliing seid
residsnce time and composition of said con-
densed film comprises using a microbalance to
detsct the presence of the reactant flim,

N The method as defined in cigim 20, wharsin said
' controlling comprises admitting an accurate
amount of sald reactant into sald chamber which

ta connscted to a pump through a closed valve

" untli sald resctant in sald chamber has sufficient-

ly reacted with the materis! to be efched, where-

-

upan the vaive s openad. REPLAGEMENT SHEET
Therasthod of claim 21, wherain controlling corn-

prises amploying an effusion cell or fow pressure 22 NOV 199
and cooling the substrata.

The method of ciaim 21, contralling comprisss
emplaying differentially pumped source and
maintaining chamber pressure below 10-4 Tarr. .

The method as defined in clalm 21, whersin con-
troliing comprises maintaining the substrats tem-
perature below solldification temperaturs of sith-
er product or condensad fiim so that etehing is
determined by & combination of diffusion
through the solidifled film and the reaction rate
at the substmts tempereture and whers etching
occurs without felling away. of the product at & - .
thickness below tha aelf-limiting thicknesa. T

This Sheet Has B

Tha meathed of claim 21, whersin controlling com-
prises walting for sufficlent time to aflow diffu- ,” m, m m
sion of reactant so that the sgams amount of ma-

tarisl Is etched.

Ths methad of claim 21, utilizing S102, NH3 and

HF as reactant at a tamperaturs less than 50C e s o MY
[ R .."- ; 5 p jl‘ -

during dosing with tamporat‘_tg_g_a cycling. S FR S



gan, be heated to obtain reactant pressures greater than the room
tenperature (22-23C) vapor pressure.. A heating shroud 37 is shown on one
gas |ine source and reservoir. The signal fromtenperature sensor 38 is
sent to controller 21a which nonitors and controls the tenperature of the
shroud 37. The shroud 37 and sensor 38 is;shown for only one gas line to
yield a sinpler drawi ng. However, all |ines nay have a heating shroud and
sensor controlled by 2la. The controller 2la noni:tors the tenperature of
chanber 13 with sensor 31 and controls the tenperature through the
connection to r C r [ of the
waf er 14 and n'p g?@%ﬁ '\i[gé"e&g@”w%‘@ékgé?g%ﬂﬁ@ A&@r’]??\t’lo{ag# m’%gﬁture

t hrough the connection to heater 17 and cool ant regul ating val ve 33. There

are two nodes of operation dependi ng on whet her valve 28 which |leads to a
vacuum pm?ﬁ%rrshom) is open or closed during adm ssion of reactant. 2.
Adm ssion o and HF Now described is the first node of operation where

the val ue 28 N@wtdhﬁ?idéaéﬂd_liﬁétﬂlddfﬁfé SeseHB& Y E\Ediﬂaté@fﬂ'hﬁ%\lﬁﬂ *hovaPst i layer by
Reservoir 23 is filled with HF and reservoir 24 with NH3. Then val ves 11

and 12 a¢ontrolling tHRneefist Yesidshce ajhél| thickpesnadd compesitioh of reactant containing film.

Etching of silicon dioxide at low pressure using a quartz crystal microbalance is illustrated.
Usefullness of the invention in the manufacture of microelectronic dévices is shown -

Figure. 3A
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fills,the chanber and rapidly condenses on wafer 14, m crobal ance 20 and

mount 21 for a suf

ficiently short period of tine:

and HF is above the vapor pressure at the tenpera

t 14 so
ayer 15 is formed and rléactionévﬂmm)mmgwummuf t he
: ¢t her

| ayer to be etchedsaid surfecé.at ed. Since val ve 28 i.s
15 decreases in thickness with time as HF and NH3 at the vapor pressure of
the condensed fi2kmrhe mutngeel dhalin 2 F;iwhatdiy conddoliing e condensed HF and -NH3

t hat a condensed |

17 which i s unreac

reactant in the cogdefts@fimido

because of the sho
.on the surface at
the etched | ayer
conposition and re
t he armount renoved
tenmperature of e

24,

25,

26.

28.

29.

30.

FibeRiva BIPHead iRt hB REmbSsifaH BTadidUsh-

C-

L thidhEdricREh te Eéta Q?FoceeriHnﬁ\ge M‘Arye;tﬁini
nhﬁlﬁ Sh¥e ] e%'rdcaglgg sﬁaﬁgﬁ St]s%i ge

€ pressure of NH3
epen, céndénsed film

Exchange between

i88¢adrRafoRAld rbaktd gt 9as phase i's minini zed

e reactant i s condensed

chanber. The anount of
Substrate tenperature,

|n§ 'S renpve
d%ence time of the reactant film Factors influencing
I ncl udes vapor pressure of the reactant at the

The method of claim 20, wherein controlling said
residence time and composition of said con-
densed film comprises using a microbalance to
detect the presence of the reactant film.

The method as defined in claim 20, wherein said
controlling comprises admitting an accurate
amount of said reactant into said chamber which
is connected to & pump through a closed valve
until said reactant in said chamber has sufficient-

ly reacted with the material to be etched, where--

upon the valve is opened.

The method of claim 21, wherein controlling com-

This Sheet Has Been Reﬁaced
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prises employing an effusion cell or low pressure -

and cooling the substrate.

The method of claim 21, controlling comprises
employing differentially pumped source and
maintaining chamber pressure below 10-4 Torr.

. The method as defined in clair'in 21, wherein con-

trolling comprises maintaining the substrate tem-
perature below solidification tamperature of eith-
er product or condensed film so that etching is
determined by a combination of diffusion
through the solidified film and the reaction rate
at the substrate temperature and where etching
occurs without falling away of the product at a
thickness below the self-limiting thickness.

The method of claim 21, wherein controlling com-
prises waiting for sufficient time to allow diffu-
sion of reactant so that the same amount of ma-
terial is etched..

The method of claim 21, utilizing SiO2, NH3 and
HF as reactant at a temperature less than 50C
during dosing with temperature cycling.

The method of claim 21, employing NH3 and HF
on SiO2 substrate at a temperature greater than
50C so'that there is no temperature cycling.
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.. | REPLACEMENT SHEET o _
substrafe Fre—anot Ireactant admitted to the chanber, the punping
wspeed, hn{l t | rlat e between the reactant and the layer to be
etched, {all ca e regul ated by the controller. Separate gaseous
sour ces{efal aper afi on at el evate‘d waf er tenperatures when high
parti-al pressures of ammopi a and HF are required and enabl es variation of
t he HF: rssion of [err] In another node of operation, the
val ve 28 t 0 JHPICEENDMETHOD POR ACCURA TS E FCHINGOANDAREMOVATRERET VO I
22 is filled with H20 vapor, and reservoir 23 is filled wwth HF, then
val ves_ 10 and 11 are opened to fill THENPEML3. The reactant condenses on
waf er 14 and m crobal ance 20 to forma condensed film 15 until the pressure
i n the chanbefhdmpogsent mvehton, spgenerallyselated tofthe lehingaart rentoval of thin layers
~tenperature of the wafer 14. If the condensed filmis a liquid, such as
wi th adni 96imaterial P substate,whuch BS \imfsemicondyuien SUREUEE ote ngro-eleasronic
reacti on can be contl nued until  all reactant in the condensed film 15 has
reacted oFEYiRgs: | alr%arﬁsu Y ofisnatyention {snes %ﬁ%@samaévﬁamrm%ho@

unped awa thetlrre vaIv . cl osed, reagtant th er 13
g agp élmov%f accurate amount of a tﬁm I%yer us?ng means for controﬂmg rﬁe

residence time, composition, and thickness of film formed on the surface of thin layer to

be etched.
Background

Aqueous solutions of etchants have long been used to remove thin films from
substrates. However, there are a number of disadvantages of wet etching techniques.
These disadvantages are especially apparent in the semiconductor industry where wet
cleans and etches contribute to particulate and other contamination. Therefore, processes
that use gaseous etchants are preferred.

Another undesirable feature of both wet and gaseous etches is that generally the
etching is isotropic, and a controlled source of etchant designed for removal of thin
layers is not used. Often, only a precise amount of the layer should be etched because
there are features that need to be retained without damage. For instance, uncontrolled
isotropic etching contributes to the formation of undesirable gaps when the material to be
etched is sandwiched between two layers which are resistant to etching. For instance, as
shown in Figure 1, layer 1 and substrate 3 are resistant to etching and layer 2 is readily
etched by the isotropic etching process. . If an opening is created in layer 1, then
isotropic etching of layer 2 produces is gap 4 in layer 2 underneath the opening in layer
1. It is clear, therefore, that what is needed is a controlled etching system which is able
to etch the precise thickness of the layer of interest without overetching and ac_;centuating
the gap between unetched layers.

One of the most important cleaning and etching steps in the semiconductor industry

is to remove native oxide from the surface of silicon. Oxide etching by immersion in



<

exehange with reactant in the film15. The anmount of the etched | ayer which
I.s renoved is determ ned by the anbunt of HF admtted to the chanber. Once
a condensed layer is fornmed on the surface to be etched, additional HF can
be added by refilling reservoir 23 and,opening valve 11 w thout opening

val ve 28. The reaction is termnated only when valve 28 is opened and the
contents of the chanber 13 are punped away or when the HF which was

adm t t edadueotd solaticisentdifiag TERehe Gield pridtthelST sutRbey eHenticaAlydpdbivived byor Low

Pressure Etching Referring now to the drawings and nore particularly to
Fi gur e 3hydrbgere aiosn s¢trmyinationpo sicor daaglimpnbemdsnt Ghemical qpassivationt rdduog at
| ow chanber pressure. A key feature is a differentially punped source of
r eact ant repxjsiation ofrsiki¢onuupam expisiireooe aiziy bny isadodsonetredyceucentamination by
particularly desirable feature whereby the wafer cannot be exposed to
cont ani nBatisulaes cor farge pugyHe smalecyles.hi Hiegratione o8 \ane aqueaps «ilicen; digxide a
SUPET SOnli'e(lznoval process with an evacuated, multichamber wafer processing tool designed to
minimize particulate contamination is difficult. Hence, a process that takes place in the
gas phase at low pressure, instead of in a liquid, is needed.

Silicon dioxide has been successfully etched or removed by the surface of a silicon
wafer by a number of methods that do not use aqueous solutions and which take place
with medium or low pressures of reactive molecules or ions. Examples include reactive
ion etching (RIE), and heating the wafer to 900C temperature for the reaction Si(s) +
Si02(s) = SIQ(g)4. However, these techniques do not etch by reacting with the layer of

" material to be étched and a _condensed film containing the reactant molecules.

Therefore, they are not considered prior art and will not be discussed.

Prior art generally concerns reaction where films are present on a surface ‘during
reaction. Some art does not recognize the existence of films on the surface. Other art
recognizes the existence of films and the role they play in etching, but does not recognize
the importance of the ﬁims, nor how to properly control them. Inaccuracy and lack of
control in the prior art often arise when there is inadvertent transition between regimes,
as described herein infra.

In etching or silicon dioxide, prior art has reported different etch rates for TEOS,
thermal silicon dioxide, and other types of silicon dioxide. The rate is limited by the
reactivity of the reactant toward silicon dioxide. "The reactivity varies according to
structural and compositional differences in the silicon dioxide. The rate of passage of
reactant through a film did not limit the rate of reaction with these oxides.

U.S. patent 4,264,374 to Beyer and Kastl discloses a way to use gaseous vapor to

remove native oxide from silicon. Oxide etching by exposure to gaseous mixtures of

HF, H20 and N2 near atmospheric pressure has very high selectivity for
REPLACEMENT SHEET
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source can be used. The reactant source 40 is filled wth ammoni um
Dbifluoride and is heated with heater 47 in order to vaporize the solid. It
del’ivers the reactant through aperture 41. The pressure in the chamber 42
and chanber 45 is | ow enough so that the_reactant nol ecul es experience a
smal | nunber (0 to 3) of collisions as tﬁey pass fromaperture 41 to
substrate 48. Low pressure is insured by punping chanber 42 through opening
44 and chagifieon 4hostiflé Qichbud FemoRihgs Silicdlle AR Cthé eftessuf oF o tprodese Ghdresses,
condense when they strike the cooled substrate 48 or mcrobal ance 49 to
form a conprbtents freseconbtdninhtidi-by partivkiBites Hnd gasdont imparitkd inctase. cHehed, ance
are attached to nount 51. The tenperature of substrate 48, required for
condensat i lnweripeessureguocoss isi meepedasent at | ow pressure, is belowthe
tenperature regh!ﬁred when reactant is at high pressure., Valve 52 requl ates

the cool ant f| &he eaipmght deserdbedsy Bedl staal (& App!, Phs. 33 1965)mdsNoyak i s
low, th ttl b t h d
Fenctant cEiRlidnStle Tochioloms 1 Hh 30 T d usen wﬁ@&%a&?@%%?n% ek

t f Fi 3h t aken d d t t .t he
SO face | oxidh dhets Flne BAwoqs FORSIe amiIEn Ht, A, HOQY nHopgrs L ATypgRt 1
traces of Eseﬁcgt] des1gt?1§,d [tS rcrolltrgfi&edﬁﬁ?d'cg rE£18éRcE r{ﬁné:,hﬁg%fckness or composition of
condensed films in the etching system. An inert gas is bubbled through water or through

a solution of HF in water in a container called a bubbler. The pressure of water vapor or
 HF and water vapor entrained in the inert gas is equal to the vapor pressure at the
temperature of the bubbler. Flow controllers regulate admission of the gases into an
unheated chamber holding the substrate. The bubblers and gas lines are heated. In
equipment described by Deal et al supra, the substrate can be heated, and the total
pressure can be regulated by altering the pumping speed of the system. There is no
" quartz crystal microbalance in the system, and the substrate cannot be cooled. Etching is
restricted to high chamber pressures. If is a ﬂbw system with no capability to isolate the
reaction chamber from the vacuum pump.
Another method for removing oxide is mentioned by Nishino et al (Proceedings of
the Symposium on Dry Process, Inst. of Elec. Eng. of Japan, Tokyo, Oct. 30, 1989, p.
90) In a report on microwave discharge cleaning of silicon. Exposure of silicon covered
with a native oxide to gases from a heated container filled with ammonium fluoride or to
a microwave discharge in NH3 and NF3 gas followed by raising the temperature of the
silicon can remove the oxide. In a separate experiment, HF and sulfuricacid were
formed following activation of precursor molecules in a discharge. Nishino et al does
not deal with the type of gap illustrated in Figure 1, nor with any other undesired effect
induced by overetching, etc. '

In summary, prior art apparatus for etching with condensed films containing

reactant is not designed to control the composition and res1dence_nmc,.nf.the-ﬁlm-—lﬂae—‘}
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wal I's. Once the reaction is conplete, evaporation of excess reactant and
reaction with the layer to be etched can be facilitated by increasing the
substrate tenperature with heater 55. The controller 58 nonitors the wafer
tenperature with sensor 56, and contrq%s it with valve 52 and heater 55.
The sanme controller nonitors the m crobal ance 49 signal, and can vary the
pressure of reactant in chanber 40 by sensing the 1 9 tenperature of

chanber fdflowdrighitéifd 6@ miséingNi Sragt! 4rblehiphelenh ationdibr offthirt filmk sedsasna
condensed film50 can be controlled by shutter 59. In alternate

conf i gurmicrsbatance, gaseanartohmaidtlin e thed wiafer casatib exoldiSt point dmdhechambe, i d,
vapors froma solid can be entrained in a gas, or chanber 42 and chanber 45
can al sceparatee gasedus Haonves of NHA ande &R, sousgpsaehitNE3anid2@osandg Hif.0@Bdur e
for etching of SiQ2 are now descri bed. :
ammonium bifluoride source, and low pressure sources such as effusion cells, or sources
with a differentially pumped region, there is no ability to maintain the chamber wall
temperature above the temperature of any reactant source which is a condensed liquid or
solid, the vacuum pump cannot be isolated from the chamber, and there is no ability to
simultaneously open/shutoff valves between gas sources and chambers.

The design of the prior art etchiﬁg systems is necessarily dependent on the devices
and methodologies known at the time and can be understood by considering the design of
available systems, such as reactive ion etching systems, used for etching a surface when
the reactant does not condense on the surface. The rate at which reactant strikes the
surface to be etched is proportional to the pressure of the reactant in the chamber. As

' long as the reactant pressure is below its vapor pressure at the temperature of the
substrate, reactant may absorb on the surface for a short period of time, but is does not
condense to form a multilayer. The pressure of reactant, and therefore the reaction rate,
is controlled by varying the rate at which the reactant is admitted to the chamber and the
rate at which the reactant is removed from the chamber, e.g., by the pump attached to
the chamber. The admission rate of reactant to the chamber can be regulated with a flow
meter. This type of equipment is also used in the prior art to carry out reactions when
the reactant condenses on the surface of the substrate to be etched even though initiation
and control of the reaction is very different when a condensed reactant film forms on the
surface to be etched. The differences are more fully set forth below.

When a condensed reactant film forms on the surface, the composition of the
condensed film is more important than the composition of the gas phase. The partial
pressure of reactant in the gas phase is not as.important because the gaseous reactant is

not in direct contact with the surface to be etched. Instead, the condensed reactant film

is in contact with the surface, and therefore the composition of the condensed reactant
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A stainless steel effusion cell is filled with ammoniumbifluoride in air,
dhen inserted in a radiative heater consisting of a tungsten filanment

“sHi el ded by an outer covering of tantalum Vapors fromthe anmoni um
bifluoride pass through a 4.5 nmdiametgr hold in the center of copper
gasket which covers the cell. The assenbly is housed in a small chanber
punped with a turbo-punp. It nmounts on the silicon wafer dosing chanber

punped w filmds more dmportant tHdrethefdouiodition oF thd gasbeust fnbiemt indetrfiising howpor s
fromthe anmoni um bifl uoride are condensed on the -35C wafer for about 20
m nut es. fdst tio girfaoenwill (be eiched) catidd bow smeshapbithe surficeomill loe etthedsi dhhecel |
the conposition of condensed reactant on the surface is not determ ned and
i s probabFgmpesitien mfcthﬁogﬂmff@ta\lmzeacmom@mdnegﬂm@t gaseous mmsOm t he
course of 10 m nutes, ggomat mes while stil Posed to the ammpni u

bi fljuorl dE!'aUsci’Séthdq’Ffél ethe; Fﬁfiﬁ’ﬁnﬁféaﬁl@ t@r?‘ft e aPF-eq@er?EW hBWl?lqnh lgi Bate 5
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than at poin bec ayer contal ning
sink for reactant so that there is no longer a definable relationship between the

composition and timing of gases admitted to the chamber and the composition and
residence time of reactant layers on the surface of the wafer to be etched.
Deal et al, supra, mention the presence of an aqueouns film on the surface of the
oxide during vapor phase etching, but do not recognize the impértance of control}ing the
- film. Instead, the systems described by Deal and Novak use¢ flowmeters td admit
reactant to the chamber. Referring to Figure 2a, the operation of the prior art eq{xipment
may be described as follows: nitrogen from reservoir A passes through mass flow
controllers B and into a bubbler C containing water or bubbler D containing a mixture of
HF and water. After passing through the bubbler, the gas enters chamber E where a
wafer F is mounted on a room temperature holder G. In some equipment, the gas and
reaction products pass from chamber E though a regulating valve H before being pumped
away. '
Although suitable for etching reactions not involving a layer of condensed reactant,
this system can cause difficulty in any reaction which occurs when condensed reactant
forms on the surface of the layer to be eiched. When a flowmeter admits gas to a
chamber at a constant rate, the pressure rises slowly until the pressure is high enough for
the chamber vacuum pump to remove the gas at the same rate at which it is admitted to
the chamber. This slow pressure rise contributes to an ambiguous onset time for

condensation, an indefinite film thickness and an ambiguous composition.
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.Si 2.reaction products is not volatile at 14C sanple t ~
desorption of the reaction products, the frequency at pgoijnt @J‘é hi ghe
than point A because part of the oxide |ayer is etcheq. Af{l v 8519&6
waf er can be directly inserted into a UH\ surface anal \silsechanber w t
base pressure of about 10-9 Torr wi thout exposure to the atnosphere.
Thus, the apparatus for |ow pressure oxide renoval can beTntegtat-ed—will
ot her vacuum sYhgoEnatiRRE24ilns of AGuiMatd @emldhstih&ii HOthe Basd PRaséds RidSA to
React ant Reginme A key feature of this enbodinment is a source of condensed
react ant hékdegilaed thynthe rtatoperatire lof\thé lerface aner thé partiab fpressyres o ehe gasebase
in the reaction chanber. Under those conditions all nolecules fromthe
sour ce can cangtituentss nOpce thespartialquessaredofathe gassous boustituentsoniggs e @ viaduef equal

mul tilayer films. In this reginme, there is a direct relationship between
t he to or greater than the vapor pressure, a condensed film will form. If the pressure rise is

slow, the onset time. for condensation is ambiguous. Once condensation begins, the
partial pressure of the gaseous constituents of the film will remain equal to the vapor
pressure of the constituents. Condensation continues, and the thickness of the condensed
film increases_; because the system pump is unable to remove the constituents of the film
at the same rate at which they are admitted.

Control of the extent of film removal by the apparatus described by Deal et. at.
and by Novak, supra, is therefore difficult. Since a flow controller is used, the partial
pressures of water and HF in the chamber rise slowly after initiation of flow. Thus, the
time at which the condensation occurs and the reaction is initiated is not well defined.
The thickness of the film increases with time. The composition of the gas above the film
will change with time in a complex fashion because as the reaction proceeds (SiO2 +
4HF = SiF4 + 2H20), HF is consumed and H2O is produced as a byproduct. Thus,
the surface area of oxide being etched can affect the gaseous composition. Finally,
condensation on the walls of the chamber serves as an additional unpredictable source or
sink for HF because the gaseous HF will exchange with HF in the condensed film on the
walls of the chamber. |

Exchange of constituents in the gas with constituents in the condensed film can be
understood by referring to Figure 2b from p. 148 of Physical Chemistry by Farrington
Daniels and Robert Alberty, 3rd ed. 1966, Wiley, N.Y. It shows how the equilibrium
composition of the vapor of a .two component mixture of benzene and toluene varies
from the composition of the liquid as a function of temperature. Similar curves hold for
all binary mixtures including HF/H20. The x axis shows the fractional composition of
the mixture and the y axis shows the temperature. If vapor is admitted to a chamber

with the composition of point b, it will condense on an object whose temperature is
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amount of condensed film on the walls of the chamber and on the substrate will also
depend on the ambient temperature and on the temperature difference between the
substrate and the chamber. The actual curve for HF/H20 binary mixtures shows the
existence of an azeotrope. Axeotropes are certain fractional compositions of a bM
mixture where the vapor, and liquid in equilibrium wit.h the vapor, have the same
composition. Although Deal et. al. nien'tion use of the' azeottope in a bubbler as a
supply of HF and water, they combine this with a bubbler containing water so that the
gaseous composition inside the chamber is not the composition of the azeotrope.

U.S. patent 5,030,319 to Nishino et. al. provides an understanding of etching
mechanisms where films that contain reactant are used for etching. However, the
etching apparatus and method are in some ways more difficult to use déspite an improved
understanding of the films. For instance, a flow system is used to admit gases with all
the potential problems mentioned above. In addition, reactant is created through reaction
of precursor molecules activated by .a plasma discharge instead of direct admission of the
reactant. The formation of condensed multilayer reactant films, therefore, depends not
only on temperatures, flow rates, pumping speeds, etc; but also on the characteristics of
the discharge and the reaction of activ;ted precursor molecules. Furthermore, reactive
radicals or molecules in the gas phase can consume, react with, or chemically transform
films on the wafer or walls.

The Nishino patent teaches that a discharge in NH3 and NF3 forms HF which can

combine with ammonia to form ammonium fluoride layers that react with SiO2 to form
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tenperature greater than or equal to the terrperaiuml"ﬁ"é}r 1134.
Thermal conduction nmaintains the tenperature of ghy b‘(tl por I ons of
“wafer mount 121 at a tenperature above both cont i per ww‘jt urface
of wafer 114. Thernocouples 131, 132, 138 and co t-e+-l-e-|h—l-2-}a—e£u e proper
tenperature. The surface of the wafer 114 has t different types pf

silicon dioxide exposed, for exanple TECS oxi de and ZL thernal oxide. In

the sinpl g8 bhmimsttusf hexafiteiosilivate tjrodwedf eRedclién cafmalso woturi by \dissohition of
contai ner 134 and chanber 113 are all at roomtenperature. Chanber 113 is

evacuat edreavtahtvwith 28 produdtdayeac (ithe rpsuts indicaté ﬂm&dotaaiblthb silicon ifdoxidgywhichi ng
val ve 125 and shutoff valve 110 are opened. HF and NH3 from the anmmoni um

bi f 1 uori deeactslis leftuehind assa fila oaﬁhmfaczpé the pxiflerg R&S‘Fﬁ?rpfltb%ylﬁm%f’%ieﬁﬁ nut e
to a "termnation pressureqllf hlS?p r0|rratel uaJ to the

pressure BowsHhe giehing ate t‘BH’B@r t‘é?Fda%I@t
pressure o8 W% ralis! eaét'clclllﬂg Rate o %o%nﬁpl%-tfﬁ( AR Fonds/min corresponds to

removal of 100 to 400 Angstroms of silicon dioxide. If all the reacted silicon dioxide

were converted to ammonium hexafluorosilicate product resident on the surface, the
thickness would be approximately 300 to 1200 Angstroms, far thicker than the film
thicknesses shown in Nishino's Figure 2. Some of the silicon from the reacted silicon
dioxide does not remain resident on the surface in the form of ammonium
hexafluorosilicate. When the product film is thin, it can be ”broken_ away", but after
contained etching it can no longer the "broken away" and etching is terminated. The
termination thickness of etched oxide in Fig. 15 of Nishino patent is about 1000
Angstroms, a thickness far larger than needed to prevent undercut shown in Fig 1 of this
application. The decrease in etching efficiency is presented as a problem which can be
remedied by alternating several short reaction and product desorption cycles instead of
etching for one long period of time.

If a thin film is formed with a short 10 minute discharge, the film remains
permeable to reactant, if hydrogen is substituted for ammonia in the discharge HF is
formed and in fact thé presence of the film increases the reaction rate. The film does not
inhibit the reaction.

~ Nishino further teaches that radicals such as O2 and fluorine atoms in the discharge
influence fhe reactions in séveral ways. They can affect the selectivity of etching silicon
vs. silicon dioxide. When H2S04 and HF are formed in the discharge, fluorine atoms
are consumed within the condensed film when it is thick, but fluorine atoms are not
consumed when the condensed film is thin. When the film is thin, silicon is etched;
when the film is thick, silicon is not etched. These reactions can complicate controlled

etching.



‘equal to the vapor pressure of the condensed reactant in the source and is
~determ ned with the sources wafer and chanber all at the sane tenperature.
Oice the "term nation pressure" is determ ned, the tenperatures and punpi ng
speed can change and reaction will remagn in the adsorbed filmreginme as

|l ong as the pressure in the chanber is equal to or below the term nation
pressure at the tenperature of the wafer. (See the description of the
manuf act ur i nglit syt eenfubtheonotpd Midt any upparstus dding & comdensadl soardel dfinedctantadt aa
nmonol ayer or less in thickness, containing reactant, is adsorbed on the
surface ofmperasire 1hottes ribanthe weaferusurfase isfablento quaket 2 trangformation detiesnance
(QCM coated with silicon_dioxjide 120. The pressure inside the chanber

sl owl y riksginesey Jhreagtantt isr admitied oHoylve stheriecisaBotaregetion dpitially.t hecapse an
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bi f1uoride vapor (in contrast to the wo
material in the chamber, there is condensation of a multilayer. The multilayer forms a

reservoir, especially if it is a liquid multilayer, the composition of which is no longer
directly connected to the composition of the gases in the chamber. No prior art system is
designed and operated to stay in the regime where an adsorbed film of a layer or less is
responsible for etching.

Furthermore, constant slow rate :admission of reaétant with flow controllers to a
chamber using apparatus mentioned in'the prior art does not lead to accurate etching or
removal 6f thin layers, because the composition and residence time of the reactant film is
not controlled; e.g., the time at which a condensed film of reactant is formed on the
surface is uncertain, the length of time condensed film remains on the surface is
unknown, condensed film can form on the walls of the chamber or portions of the wafer
mount which are colder than the wafer, the fraction of the reactant which is admitted to
the chamber and eventually condenses and reacts is unknown, the substrate is not cooled
sufficiently to facilitate use of a low pressure source, the self limiting reaction thickness
of solid products is uncertain, a wafer is not held at or slightly above the temperature of
a source of condensed reactant so that reaction can occur within the absorbed film
regime, and the pressure of activated radicals or molecules can complicate the
composition of films. |

It is clear from the above that improvements in the prior art apparatus and method

are needed.
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Ni shtno where activated species renove the filn), and because thick
teactant |ayers which could conplicate the neasurenent, do not formon ttie
substrate when reaction occurs in the adsorbed fil m regigEsheAtiEh
controller 121a determ nes that the signal from QCM 120 |l Habfeen ke lac?d )
t he desired anpunt of silicon dioxide hayan been et ched, [ m [ r

cl osed, valve 128 is opened and evacuati on of the chanbe

22 Pressure nonitor 130 is used ) pat i on of mJI'tiIayer
Sy of @ yerics?

reactant filnms inside the chanb pressure during desorption

of the reactany ﬁé,'tKérefcfre?'an%Bjé&it&dth%&één%ﬁenﬁ%‘%aﬂbvi%!d"‘lpkéoefsso%ﬁ@%
sonewhere in the chanber, the pressure inside the chanber will not drop

i mredi at el vevibecobipaisgy memsdoatorolliggi (19 thd-thidkineds, (2)rthebo1apositias tand{3)

i ndicated by QCM can occur if reactant pressure rises high enough during
desor pt i on thef dumation onitet suiface mesideneel timeaaft comtiedsed meackine filmnfoe e purposef of he
heat transfer fluid circulating inside concentric tubes 140 is raised to
near 100C pecusatdlyretehing a desired thickness of a layer on a substrate. :

The apparatus comprises the following components:

a chamber; _

means for supply of reactant to said chamber;

a material on a substrate, said material able to be etched by said reactant;

means for supporting said substrate within said chamhgr;

a film comprising said reactant on the surface of said material;

means for controlling the nature and duration of said film;

wherein the components are so arranged that when said reactant is supplied to said
chamber, said reactant forms a film on the surface of said material the nature and
duration of said film being so controlled by said controlling means that said film leads to
the removal of an accurately controlled amount of said material on said substrate.

The method comprises the steps of: |

(@) supporting, in a vacuum chamber, a substrate having a material to be etched;

(b) admitting reactant containing gas into said chamber at a sufficient pressure so
as to form a film of the reactant on the surface of said material;

(c) controlling the composition and residence time of said film on the surface of
said material so as to etch an accurate amount of material on said substrate; and

(d) removing any unwanted reactant and reaction products from the chémber or
surface of said substrate.

It is a further object of the invention to carry out Ietching over a wide range of
chamber pressures. Etching of the layer on the substrate takes place by chemical

reaction of the reactants in the condensed film or cluster (aggregate) of molecules formed

on the layef to be etched. v
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heat. wafer 114 and to desorb the product |ayer. The pressure, neasured by
monitor 130 and sent to controller 121a, rises during product desorption.
When the pressure drops, desorption is conplete, and controller 121a | owers
the tenperature of the heat transfer flui.d circulating inside concentric
tubes 140 back to roomtenperature or slightly above. The processed wafer
can be renoved, a new wafer |oaded, and the systemis ready to repeat the
oxi de renoval Rf aGp&Sant RedthredT thiSGENEoRTs REMe apshritie aAPnefdd wed fehi @xi de
can be renoved as di scussed herein. It is possible to control the thickness
of the | aysching résaioh iade dpsigebdctosconnd] theheondémed or tabsorbed fiilkh «ff theirbactan

di oxi de which 1s etched by varying the tenperature of the reaction, or by
al tering tfoemidg: diHthersatfiace of Gentubstrdter I 2ontrasna tanwent rite of admissinuofethef
shroud 137 which controls the tenperature of the ammoni um bifl uoride

react ant dmactaningasointe thenseaction chambere asfdes¢ribedaimethe 1priornantindees not Abdwier
121 by lowering the tenperature of the heat transfer fluid circulating in
concent r i cconfiebeverbe compesition, thiskuess orsurfacaispidencedimeat e fill.sed. Once

again, the tenperature of the cpondensed source of reactant is nmaintained
el ow t he  t erpLith PEFELAMEREPY BYNDF Cottr GBe RIeTKies SHEARso g coarellias. the

reactant Vc%%%rosﬁl%nf tt'haiz',knrtli(s)s,Ca%ﬁds(lalrntsa.&d rers‘ﬂJ eﬁc':el fi%g rof ftflt‘l Hfm fo?rc@nﬁ\élfsgd rr]ea.ctant on

the surface to be etched, thereby precisely controlling the extent of the etching reaction.

Several aspects need to be considered in order to control the condensed film over a
wide range of total system pressure and with a wide range of reactant molecules. As will
be discussed more fully, infra, control or elimination of condensed films on the surface
of the chamber aids in the control of the condensed film on the substrate. A
rﬁicrobalance (quartz crystal microbalance, QCM) ellipsometer or other monitoring
devices well known to a skilled artisan, provides control of the reactant film thickness
over the entire range of pressures. Rapid delivery of gaseous reactant to the substrate
establishes a precise time for initial condensation of the reactant film and contributes to a
constant gaseous concentration. At low total chamber pressures, a cooled substrate and
delivery of reactant with a collision-free or substantially collision-free source aids
formation and control of the condensed reactant film. When the condensed film
comprises a multicomponent mixture which forms an azeotrope, admission of the
components to he chamber at the composition of the azeotrope aids the formation and
control of the absorbed film.

Although the preferred embodiments describe various aspects of the invention,
each individual aspect of the invention increases the degree of control over the condensed
reactant film and constitutes a distinctive feature of the present invention.

Indeed applidants found results contrary to those of Nishino when ammonia and HF
are added directly instead of being synthesized in a discharge which can also create

reactive radicals. The stoichiometric amount of ammonium hexafluorosilicate product is
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t he chanber. The tenperature control systemis described herein infra. The
HF_ NH3 ratio can be increased by opening valve 112 and adjusting valve 127
with controller 121a to admit HF gas fromcontainer 136 until a desired
pressure increase is detected by pressure nonitor 130. HF can be added
before or after adm ssion of vapor from'€he 23 O her condensed sources
of reactant can be substituted for condensed amonium bifluoride. In a

cact an | . condensed ammni um bi f | uor
Cont od wi (7 FLENEE: 81 OUEAERD “eTelionts ELRUGL X9 [{NIRIAF FRRARES

pr ef er r ed.witth Nishnd" P Bstivaeddifeabidntd € wathQfle abifity td SBIRAK aWwiy'USR flin PRying no
appropriate thin filmnonitor such as a QCM'may be necessary to calibrate

t he procegélesia témsibatidreoDiherreadtion. r Areintisation thivknesd 3o fdumd sneACéronigh rkegs me.
For instance in sone manufacturing systens, it may be difficult to
conpl et el yhan 286¢ Ampstrem$ 26 .rooth tempetatura) v miinigezel thet sorh ¢ undéncwushok@dy in
contai ner 134, shroud 139, and
Figure 1. At temperatures below Nishino's, there is a drop in the amount of silicon
dioxide removed which indicates that diffusion of reactant through the film is inhibited,
and that the termination thickness can be controlled. |
Inventors also observed other surprising results. For instance, irlitial etching of
TEOS, terminal Silicon dioxide, and other oxides that are predominantly SiO2 occurs at
different rates, but the product layer increases in thickness and rates become similar as
the rate of diffusion of reactant through the product layer becomes rate limiting. The
diffusion through product layers is constant so that even though the inherent reactivity of
HF is greater for TEOS than for thermal oxide, the termination thickness determined By
diffusion is similar. Ammonium bifluoride etches at a considerably lower pressure than
ammonium fluoride. At temperatures below -35C, it is possible to operate at pressures
many orders of magnitude lower than in any prior art, with essentially every reactant
molecule which strikes the surface sticking without re-evaporation.
Brief description of the drawings
The foregoing and other objects, aspects and advantages will be better understood
from the following detailed description of the preferred embodiments of the invention
with reference to the drawings in which:
. Figure 1 is a cross-sectional side view of a prior art semiconductor wafer following
uncontrolled isotropic etching of one layer;
Figure 2a is a cross-sectional side view of prior art equipment for etching a thin
layer. The apparatus uses a source of gaseous reactant which incorporates flow meters.

Figure 2b shows the equilibrium composition of a two component liquid mixture

and the vapor pressure above the mixture.




chanber 116 to a tenperature above the tenperature of the wafer 114. If
val ve 128 does not close all the way, then the pressure will be reduced
bel ow the term nation pressure. Since the optimum pressure of the reactant
Is near the term nation pressure, heating the reactant source 134 w |l

boost the pressure back to the term nati pressure. However, the invention
wll work at pressures 10 to 20 tinmes less than the term nation pressure.

Reactant will pga%é B9 Y drifssf debitorlal Qe iy P 4h Ginbbafnd i io? thd BresBaMafEntRRd
out valve 128. Tests with system where the valve 128 can be closed or with

an uncoat efor geMoemitp! precis® @tthing' 6fda thif dhyep b3t controflingt the filBNeUrndehdedi ¢ the
systemso that it can sinultaneously operate at the optinmum"term nation

pressure" sirface. alheddevicec medepusates ansairce ofiuredctdmy an effusidracell faapable Fofg.
11 represents the filns and | ayers present on the substrate in the

enmbodi ment epesitinghavifiy eslow chamben poassurg ewhesn dimited Glisions a®y sxparienced by
preferred that the tenperature control system nmaintains the surface of the

waf er as t¥eactani meleeules, frayelling fropbihe sewrcotq theshbstiagact ant gases to avoi d

the possibility that. a condensed nmultilayer filmwll| foyrmon any other
part of the vva%’&‘“erréh Af 2 13ss spectrum o gagéous mixture present in the c er when
' etching of an oxide layer is done with a mixture of HF and ammonia. Water is also
present.
| Figure 4 is a cross-sectional side view of an embodiment of the present invention
for precise etching of a thin layer. The apparatus uses a source of gaseous reactant
which can rapidly deliver reactant to the wafer. |
Figure 5 shows a plot of a microbalance signal as a function of time during control
of a condensed film of ammonié and HF on an oxide covered silicon surface.
Figure 6 is a thermal desorption spectrum showing the mass of gas phase molecules
from a layer of reaction products which desorbs into the gas phase near 100C.
Figure 7 shows a cross-sectional side view an arrangement of the apparatus for
accurate etching with an absorbed layer of reactant.
Figure 8 is the detailed view of the wafer mount and temperature control system.
Figure 9 shows the rate of product formation as a function of the thickness of
product when sputter silicon dioxide is exposed to vapors above a cell of ammonium
bifluoride.

. Figure 10 compares the etch rate on TEOS oxide and thermal silicon dioxide
following exposure to vapors above a cell of ammonium bifluoride as. a function of
exposure time.

Figure 11 typifies the films and the layers present on the substrate in the
embodiments of the present invention. The top layer is the condensed or adsorbed film
of reactant or reactant diffused in a condensed film. The next layer underneath is the

layer of tetraethoxy silan (TEOQOS) silicon dioxide, below which is the layer of thermo




tenmperature control system should also offer a conveni ent way to cool and
sheat the wafer between -40C and 100C for renoval of silicon dioxide by
treatment with HF and NH3. Figure 8 shows a solution that uses concentric
tubing filled with heat transfer fluid w,th the cooled inlet in the center
and the hotter return on the outside, thus the hotter outside 24 tube is
In contact wth reactant gases. There are two phases of tenperature

control . ISiO2hmdf the stbsela@sH thiteormicon. | Gthbetypus é@@@zaﬂﬁlch%ﬁ&hrpﬁhdﬁf atBRl
oxi de | ayer occurs. In the second phase, thé wafer is heated to near

to renove ashaesemiogghosphosyus) borehuind the ke tdwld, tofEparsa) b subsetedo! | ed
circulator 150 is cooled to the low tenperature of the first phase. The
fluid flows in the directi oPetdiledidescriptionsof thelineertioh i s cl osed so that the
fluid flows throu val ve 151 and into the inner concentric tube 155. The

i nner tube 155r11fe4%QY§@§ t‘ﬁé‘oﬂf’f ather ghieets aind sdvantages ofdhe inventiomarel®@hievedr

t he backsi,de of wafter fluid flows in the direction of the arrows

and is retq HbaPRATAR, %8’[@? ﬁ‘E%E'qul © qangel the formation of surface films. The

invention employs means for detecting and controlling films of less than a layer thickness
under real reaction condltlor_ls. This is accomplished, inter alia, through the use of a
quartz crystal microbalance and well defined reactants, thereby helping to classify this
type of reaction into several regimes and to define preferred embodiments of the
invention over a broad workable range of pressures and temperatures. The main regimes
are reactions stemﬁlmg from (1) absorbed films of a layer or less, (2) condensed liquid
films, and (3) condensed solid films. In a fourth regime, when therg is no surface film,
there is no reaction. |

Unless defined otherwise, all technical and scientific terms uded herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and material similar or equivalent to those
described herein can be used in the practice or testing of the present invention, the
methods and materials described herein are preferred. Unless mentioned otherwise, the
techniques employed or contemplated herein are standard methodologies well known to
one of ordinary skill in the art. The materials, methods and examples are only
illustrative and not limiting.

. Inaccordance with the present invention, described herein is an apparatus for tapid
delivery of ammonia and hydrogen fluoride gas with the option of an elevated substrate
temperature (Figure 4); and apparatus for rapid delivery of hydrogen fluoride and water
(Figure 4); apparatus for low pressure etching which uses a differentially pumped source
such as an effusion cell or molecular beam for delivery vapors to a substrate coded with
SiO2 (Figure 3); and the combination of a microbalance with any of the above apparatus
to control the etching reaction. Furthermore, method and results are presented . (_L)-%e
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. 140.- It passes through the wall 157 of the chanber, and back into the
Lirculator 150. During this phase, power supplied to the inline heater 154
by the controller 121a is reduced because there is no fluid flow through
the heater. In the second phase, the te rature of the wafer 144 nust be
rai sed to near 100C as nonitored by thernocouple 158. Controller 12la
cl oses val ve 151 and opens valve 152 so that fluid nust flow through flow

restruct ur@stlipnishWherd BreAtHion | debars by euntiensadiSrf of fdaBiAPEOLP gascbad ekposused t 0
nmonitor the tenperature of the fluid | eaving heater 154. Controller 121a

adj ust s t hando@)eto shppd thad réactivhas bertalled h4a @onddnsed &ilm. oThé Ispecifibispstern t he
flow restructure unit the tenperature neasured by thernocouple 156 is near
100C. Thi ncamaprises/thei etohing lof SiQY evhenoncandensed idmt iy Jermesk from| HErandi amomoniane
type can detect filns on a surface, and the other type can detect filns
t hat are JRSEBMBPINEASEY-om a surface into the gas phase. To be useful the
surface film nﬁni,tor st be agle to detect filns. of |ess than 700

c

Angstrons thi 'ﬂé%‘és.e“%%‘gfp ﬂ'_@rli}‘é?n_é\onlgfec’i‘%é?tefﬂ "is preferred because

SRR = 1 M L e e e A

surface can al ﬁ&eﬂ%geﬁ(;w ! Elfead\rﬁwidgg,@nd more particularly to Figure 4, there is shown a
preferred arrangement for precise etching of a thin layer by controlling the film
oon&ensed on the surface of a substrate. Valves 10, 1_1 and/or 12 are simultaneously
opened in order to rapidly admit reactant, or reactant and catalyst, to the reaction
chamber 13. Gas admission is rapid because the open diameter of valves 10, 11 and 12
is larger than the diameter of the regulating valve in a flowmeter. Immediately after
admission, the pressure of the admitted gases is maintained above the condensation
pressure at the temperature of the substrate 14. This results in the formation of a
condensed film 15 on the surface of the substrate 14. It is to be noted that while the
pressure of the admitted gases is above the condensation pressure at the temperature of
the substrate 14, the pressure of the admitted gases is below the condensation pressure at
the temperature of the suﬁstrate 14, the pressure of the admitted gases is below the
condensation pressure at the temperature of the chamber 13, because the chamber is
heated to above the substrate temperature by heater 16. The substrate can be heated by
heater 17 or cooled by flowing coolant in tubes 18 and 19. Both, a quartz crystal
microbalance 20 containing ;1 crystal coate;i with the same material as the layer to be
_etched, and the substrate 14 are attached to the substrate mount 21. The signal from the
quartz crystal microbalance 20, reservoir pressure monitor 29, chamber pressure monitor
30, chamber temperature monitor 31, and wafer/microbalance temperature monitor 32,
goes to a controller 21a, which determines and regulates the pressure to which the
reservoirs 22, 23 and 24 are filled. The reservoirs are filled from a source of the

reactant 34 containing H20, 35 contairiing HF, and 36 containing NH3; through valves
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and aid in their control. Oher nonitoring devices may al so be enployed. A
pressure nonitor can detect filns that desorb into the gas phase. Any
pressure sensor able to detect fractions of a mlliTorr is preferred.
However, an infrared beam whi ch passes 25 through the chanber, or a nass
spectronmeter could also be used to detect pressure changes in the chanber.
These nonitors aid control etching in a nunber of ways. For instance, when

et ching [ er5 hemddnAHRspeoavétly. | Altdrhfindfs %&%ixfsiéaﬂ‘lfoﬁﬂkélﬁtiéﬁ&eccﬁ%h'iﬁg F

product filmis proportional to the amount of silicon dioxide etche Thi s
filmcan he NHBesgides non-rédetive gaé a6€ldbedbubbiedr thasiigh Qe s6lutibint Gthen¢sdriv6ir

controller. In other etching systens, the onset of condensation can be
det er m neccoulhble imdrehyt hiemgtheof tubivngea chambdre The prdssures in theateservoirs andect
amount of reactant and correct residence tine is ensured by the controller.
A QCM coatchdmpit areSegplated bydeonaegtions detween ghearontroller 21a and valves 25, 26, 27,
10, 11, 12, and controller 28. Not all connections are shown in the drawings for the
sake of simplicity. All sources, reservoirs and tubing leading.to the reaction chamber
can be heated to obtain reactant pressures greater than the room temperature (_22-23C)
vapor pressure. A heating shroud 37 is shown on one gas line source and reservoir. The
signal from temperature sensor 38 is sent to controller 21a which monitors and controls
the temperature of the shroud 37. The shroud 37 and sensor 38 is shown for only one
gas line to yield a simpler drawing. However, all lines may have a heating shroud and
sensor controlled by 21a. The controller 21a monitors the temperature of chamber 13
with sensor 31 and controls the temperature ﬁough the connection to heater 16. The
controller 21a*monitors the temperature of the wafer 14 and microbalance 20 with sensor
32 and controls the temperature through the connection to heater 17 and coolant
regulating valve .33. There are two modes of operation depending on whether valve 28
which leads to a vacuum pump (not shown) is open or closed during admission of
reactant. |
2.  Admission of NH3 and HF |
Now described is the first mode of operation where the value 28 to the vacuum
pump is open during admission of reactant. Reservoir 23 is filled with HF and reservoir
24 with NH3. Then valves 11 and 12 are simultaneously and rapidly opened. Reactant
fills the chamber and rapidly condenses on wafer 14, microbalance 20 and mount 21 for
a sufficiently short period of time when the pressure of NH3 and HF is above the vapor
pressure at the temperature of the wafer 14 so that a condensed layer 15 is formed and
reaction with the surface of the layer to be etched is initiated. Since valve 28 is open,

the condensed film 15 decreases in thickness with time as HF and NH3 at the vapor

pressure of the condensed film is pumped out. Finally, all the condensed HF and NH3




A nonitor of films desorbing into the gas phase can determne if unwanted
fil.ms are condensi ng sonewhere inside the chanber; if they are, the
controller can alter the tenperatures to elimnate the filns. The nonitor
can also ensure that all of the product filmis desorbed. Use of a 3
M crobal ance The quartz crystal m crobal ance (QCM frequency is recorded as
a function of time with a personal conputer based nultichannel scaler

i ncor por at g@ich ishirteddiatl evdporAbd ahid G PEMbEE Sui. N ExeRa &8N teactak e the
oscillator supplied with the m crobal ance is powered by an oven stabilized
5V power suogpieysedfiligid peactht mhihk gag phdse 3 oiwimizedtdeeade afitigshorilperiod of
oscillator signal on the voltage supply line is AC coupled to the

mul ti channéineshmingrwhich therreadangtin eendensedoonothe sunface as ithgnlalw atobientgpressure in
condensation of a reactant |layer froma mxture of HF and [err] gases onto
silicon di 8idhambex.afhe amoppfiafiihg etebed lavenwhich is seragyed slepends qa the substate t he
frequency difference between p re_5, are_made at

int, A and point Bin Figu
the sanme’ t ERREFHLLE Sompogtioh;and residencaime Of ﬁpfelte&'efameﬁgepeﬁ%févré dnflyencing
resonant frequency of the.crystal. Static freguency nmeasurenents are de
wi th a or Beaume remoyed, idkiddss | Yapetpfesuite o dJe Zeastanl ot i [epersiufe oF, dhe
mul ti Chann?ﬁbs&&%', e an];&?nt of reactant admitted to the chamber, the pumping speed, and the

D

reaction rate between the reactant and the layer to be etched, all of which can be
regulated by the controller. |

Separate gaseous sources enable easy operation at elevated wafer temperatures
when high partial pressures of ammonia and HF are required and enables variation of the
HF:NH3 ratio.

3.  Admission of HF/H20

In another mode of operation, the valve 28 to the pump is closed during the
admission of reactant. Reservoir 22 is filled with H20 vapor, and reservoir 23 is filled
with HF, then valves 10 and 11 are opened to fill chamber 13. The reactant condenses
on wafer 14 and microbalance 20 to form a condensed film 15 until the pressure in the
chamber drops to the vapor pressure of the reactant at the temperature of the wafer 14.
If the condensed film is a liquid, such as with admission of HF and H20 with a wafer
temperature above 0C, then reaction can be continued until all reactant in the condensed
film 15 has reacted or until valve 28 is opened and the contents of chamber 13 are
pur_r_lped away. During the time vaive 28 is closed, reactant in the chamber 13 can
exchange with reactant in the film 15. The amount of the etched layer which is removed
is determined by the amount .of HF admitted to the chamber. Once a condensed layer is
formed on the surface to be etched, additional HF can be added by refilling reservoir 23
and opening valve 11 without opéning valve 28. The reaction is terminated only when

valve 28 is opened and the contents of the chamber 13 are pumped away or when the HF

. 3

which was admitted to the chamber has reacted.



QCM frequency is stable to a fewtenths of a cycle per second over the
course of an experinent. 26 The quartz crystal mcrobalance is used to
determ ne the thickness of adsorbed | ayers, reacted | ayers, and renoved
Si 2 | ayers. The neasured resonant freq gney shown in Figure 5, nust be
converted into a thickness. A sinplifi ez‘ version of the MIller and Bol ef
equation relating to crystal frequency and deposited filmthickness is:

[err] where Ngyis Ap aP4thd add Metifd EdrViSdvi Pldsiifte Wdiidgz, dq is the density of
quartz, -df is the density of the deposited film fc is the neasured

resonant frequReteitingf ndvneo theydrhwings fagid insort iparticakelyaotFigure @)ahery ioshdwiea
uncoated crystal, and Z is the acoustic inpedance ratio of the quartz
crystal arpteféeredsrtandethentrfor coucate etohigoatdowmhamber pressure. & key fdatire is a
predom nantly sputtered SiO2, a Z of 1.07 and density of 2.2 [err] for
fused si | idifferentially pumped source of reactant vapors. An effusion cell operating at low
pressure is a particularly desirable feature whereby the wafer cannot be exposed to
contaminants which may be present at higher pressures. Alternatively, a supersonic
source can be used.
The reactant source 40 is filled with ammonjum bifluoride and is heated with
heater 47 in order to vaporize the solid. It delivers the reactant through aperture 41.
The pressure in the chamber 42 and chamber 45 is low enough so that the reactant
molecules experience a small number (_0 to 3) of collisions as they pass from aperture
41 to substrate 48. Low‘ pressure is insured by pumping chamber 42 through opening 44
and chamber 45 througﬁ opening 46. The incident reactant molecules condense when
they strike the cooled substrate 48 or microbalance 49 to form a condensed layer 50 of
HF and NH3. The substrate 48 and microbalance are attached to mount 51. The
temperature of substrate 48, required for condensation when reactant is present at low
pressure, is below the temperature required when reactant is at high pressure. Valve 52
regulates the coolant flow through tubes 53 and 54. Since the chamber 45 pressure is
low, there is little exchange between reactant in the gas phase and reactant condensed in
the film on the surface of the substrate. The mass spectrum of Figure 3b was taken
during condensation of reactant on the surface. It shows that the vapor predominantly
coqtains NH3 and HF with traces of H20. The H20 may desorb from the chamber
walls. Once the reaction is complete, evaporation of‘excess reactant and reaction with
the layer to be etched can be facilitated by increasing the substrate temperature with

heater 55. The controller 58 monitors the wafer temperature with sensor 56, and

controls it with valve 52 and heater 55. The same controller monitors the microbalance

49 signal, and can vary the pressure of reactant in chamber 40 by sensing the

-




used-in equation (1). For thin layers or for Z close to 1, the expressi.on
inside the {} brackets does not differ significantly from(fqg-fc)/fq as is
the case for the experinents described here. The density of anmonium

bi fl uoride or ammoni um hydrogen fluoride,js 1.5 [err]. A value of 2.08

g/ cn8, m dway between the two known crystalline fornms, is used for the
anmoni um hexafl uorosilicate product 12. Conversion factors for the Si Q2

coated cCrygfnperatire ¢f dlambet30fwith Srisks 5P af® cohtFollify hedtBoaT UrThei thickaedsst,

and 0.60 /Hz for ammoni um hexafl uorosilicate. Denonstration that

condensat | condenseddiior §0 canbertorifedied dyptshuteerBOqui red for Reaction to Cccur A
characteristic of the type of reaction covered in this disclosure is that
the reaction rlaltedeate configirations cagas canibecdelivened 4e ebamber 40cinsteahpta aolid,e,
reactant can condense to forma thick nultilayer. As the tenperature rises
above t he vapenefient 2 slid eamherentiagined in agas.t qrchpmber . anshehambep Adwan plsp be

nol ecules will, K continue to adsorb on the surface for a short period of tine
before re- rati on. The anount of adsorbed reactant continues to decline

as the tenperature rises. Experi mn@%ﬁcogt ed and uncoated QCM crystals
confirmthat reaction continues to Tenperatures too high for

condensation oj s%eciﬁc apparatus and dosing procedure for etching of SiO2 are now described.
A stainless steel effusion cell is filled with ammonium bifluoride in air, then inserted in a
radiative heater consisting of a tungsten filament shielded by an outer covering of
tantalum. Vapors from the ammonium bifluoride pass through a 4.5 mm digmeter hold
in the center of copper gasket which covers the cell. The assembly is housed in a small
chamber pumped with a turbo-pump. It mounts on the silicon wafer dosing chamber
pumped with a turbo pump. The effusion cell is heated to 75-95C and vapors from the
ammonium bifluoride are condensed on the -35C wafer for about 20 minutes. Although
ammonium bifluoride is evaporated from the effusion cell, the composition of condensed
reactant on the surface is not determined and is probably not stoichiometric NH5F2.
The wafer is heated to 5-15C over the course of 10 minutes, sometiines while still
exposed to the ammonium bifluoride vapor. The declining duartz crystal frequency
shown in Figure 5 is due to the condensation of reactants. After heating begins at about
1600 seconds, condensation of reactants continues until about 2000 seconds after which
excess reactant rapidly desorbs. Ammonium bifluoride is condensed for a total of about
30 minufes with desorption during the last 3 minutes of the 10 minute heating phase. -
The frequency at point B is slightly lower than at point A, because a layer containing
SiO2 reaction products is not volatile at 14C sample temperature. After desorption of
the reaction products, the frequency at point C is higher than point A, because part of the
oxide layer is etched. |
After dosing, the wafer can be directly inserted into a UHV surface analysis

chamber with a base pressure of about 10-9 Torr without exposure to the atmosphere.
| T Repuac ¥INT SHEET |
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mul ttl ayer. The enbodi nent using an effusion cell as | ow pressure source of
ammoni a 27 and HF reactant and a silicon dioxide surface held at | ow
tenperature shows that the gaseous reactant does not react directly with
the surface. The rate of decline of the,QCM frequency shown in Figure 5
dosing curve gives a lower limt estimate of the reactant flux striking the
surface of about 7 /sec. There is a less than 1 Hz or 3 Hz change in

f r equency Thhisrthé Appdretus Forcloatl pidssed/bxide exneRE dart be itegrated aditnothef vavuuhor 6
m nutes at 18.3C or for 20 m nutes at 100C, respectively. This indicates

littl e orsysemsondensati on of reactant on the surface and little or no
reaction with SiQ2. Wthout being bound to any specific theory, it is
post ul at ed t h&ppataguscangrethad f@bg@hmgeiném)ﬂdsﬂbﬂglieam Regimner Ackey\igaturs
that renoval_ of silicon dioxide proceeds follow ng condensation or
adsor pt i off s egthodiment iHygesaures af, gondspsedsreagiant f@%hab Adgmpefature below the

temperature of any other surface in the reaction chamber. Under those conditions all
molecules from the source can adsorb only on surfaces and are not able to condense to
form multilayer films. In this. regime, there is a direct relationship between the
composition of gases in the chamber and the composition of the surface film that
contains the reactant. If the temperature of the wafer-mount is colder than the condensed
source, thén a multilayer reactant film can form on the mount which can continue to
desorb and produce gas phase reactant which adsorbs on the wafer even after reactant is

- no longer intentjonally added by the source of condensed reactant. Control of etching
willr also be poor, if the wafer surface is colder than the condensed source. Then a
multilayer reactant film can form on the wafer surface and etching will pass from the
adsorbed film regime to the condensed multilayer film regime.

Referring now to the drawings and more particularly to Figures 7 and 8, there is
shown a preferred arrangement for accurate etching in he adsorbed reactant film regime.
Ammonium bifluoride solid is held within container 134 which is maintained at a
temperature equal to or lower than the temperature of any other surface exposed to the
vapor above the ammonium bifluoride. This is accomplished by the temperature
controlled shroud 137 which is controlled with thermocouple 138, and controller 121a.
Alte_rnatively, the thermocouple could be attached to container 134. The walls of
chaﬁlber 113 contain a heater 116 so that the temperature of the walls are maintained at a
temperature greater than or equal to the temperature of container 1'34. Thermal
conduction maintains the temperature of shroud 139 and portions of wafer mount 121 at
a temperature above both container 134 and the surface of wafer 114. Thermocouples
131, 132, 138 and controller 121a ensure proper temperature. The surface of the wafer

114 has two different types of silicon dioxide exposed, for example TEOS oxide and——
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boosts the concentration of a reactant at the surface by many orders of
magni tude rel ative to gas phase reactant. Ammonia and HF condensed on a
cooled QCM has a concentration of about 26 noles/liter conpared to an
estimated nol ar concentration of about 10 -10 noles/liter for the flux of
gaseous reactants incident on a heated Q%JVI A second reason that the
reaction could occur in the condensed phase at a higher rate than in the

gas phase, ulefml\akiad " bR Mrlest Hibak o ohétich L wARETA9, WERAR Hecde

nor e speci al'ly, 1ons can form ecdtric constan

ef ficient! yos4iaby 13478nd SASbRF 11$aFd AIPB: fooRNRinpbRAfure! AtRAMbELS PP K Evigutedi C
character. The best high dielectric constant solvents are hydrogen bonding

sol vent s syglle 3384t vacuiiDpudp ifielbséir ah botisthe rguiftiigavaliy 429 gad sheods
can reorient in the vicinity of an ion to provide additional
stablilizavaleoe.110 aselopenein ®FF kitd NHWditoen theemmippiuim biftworide icoll 134 filise the

bi fluoride ion, HF2- which has a reactivity towards Si Q2 about 5 tines that
of HF. | R sphambessti@pyrisieg adthin lgss - tham ac et ded [tgpmingtion pressured, siriainisa
and HF. The relative reactivity of HF2- and HF in condensed fil s

cont ai ni ngaprosimatelrzequal {1t then FAPOT DressursgoiCihe rammenpmy fiflugsideopt room
Condensed Solid Layers, Al though ammoni um hfd(af'[l uorosilicate has been
observed atemperature; Wﬁﬁ%ﬂﬂ& ressure monitor 130. Termination pressure approximately

equal to the vapor pressure of the condensed reactant in the source and is determined

with the sources wafer and chamber all at the same temperature. Once the "termination
pressure” is determined, the temperatures and pumping speed can change and reaction
will remain in the adsorbed film regime as long as the pressure in the chamber is equal to
or below the termination pressure at the temperature of the wafer. (See the description
of the ma.nufaéturing system below.) After valve 110 is opened, a film 115 of a
monolayer or less in thickness, containing reactant, is adsorbed on the surface of wafer
114 and on the surface of the quartz crystal microbalance (QCM) coated with silicon
dioxide 120. The pressure inside the chamber slowly rises beyond the termination
pressure as a portion of the H20 reaction product escapes from the product layer into the
gaseous ambient inside the chamber. The mass of the coated QCM 120 increases as the
product layer is formed. Valves 110 and 125 remain open during the reaction. It was
found that the mass increase from reaction is about twice the mass decrease from
removal of silicon dioxide. This mass increase can be used directly to control the
amount of silicon dioxide that is etched because none of the reaction product is removed
" by simply exposing it to the ammonium bifluoride 'vapor (in contrast to the work by
Nishino where activated species remove the film), and because thick reactant layers
which could complicate the measurement, do not form on the substrate when reaction
occurs in the adsorbed film regime. After controller 121a determines that the signal
from QCM 120 is indicative of the desired amount of silicon dioxide having been etched,

valve 110 is closed, valve 128 is opened and evacuation of the chamber 116 is begun.



fol l owi ng reaction of silicon dioxide in HF containing solution have
28 di scovered that a | ayer of anmoni um hexafuorosilicate products can be
used to control the reaction of HF with silicon dioxide. The discovery
stenms from neasurenents of the reaction te of silicon dioxide when a
product |ayer of known thickness is for on the oxide surface from
ammoni a and HF gas precursors. Products formed by reaction in solution, or

i N pl asmaspeddhrd Sndlis qbu 9l Qfed BNARYERS ahy fdn?r{hnBH B ah Ryt reﬁbﬁiﬂ@ ARhd ﬂﬁufehe' r

ef fectiveness in controlling reactivity. The use of cohdensed |ayers to

control reget ¢hambér iy an Salévatle peasurbaiuaidp! deddrption SOfS theEeadtatie Filtah anf tage
reaction of HF with silicon dioxide in a condensed filmof HF and anmoni a.

When a sol umivamgd mulfilaperorbactast fibm fis rfomned somévehese:rih dhe charber, tthe paeysuret  of

the etched | ayer which is renoved is determ ned by a conbination of the .

reaction risidedhe chambes a6l 2ot drop) immgdiaiely tvdhemechamber evacuattlna begiper Ruothex

et ched andun%antédh?eagtllgr]; unsliil(cjzgtecrl atyngM can occur if reactant pressure rises high enough
during desorption of any unwanted condensed reactant film. The temperature of the heat
transfer fluid circulating inside concentric tubes 140 is raised to near 100C in order to
heat wafer 114 and to desorb the product layer. The pressure, measured by monitor 130
and sent to controller 121a, rises during product desorption. When the pressure drops,
desorption is complete, and controller 121a lowers the temperature of the heat transfer
fluid circulating inside concentric tubes 140 back to room temperature or slightly above.
The processed wafer can be removed, a new wafer loaded, and the system is ready to
repeat the oxide removal process.

Similar amounts of TEOS and thermal silicon dioxide can be removed as discusséd
herein. It is possible to control the thickness of the layer of reaction products and,
therefore, the amount of silicon dioxide which is etched by varying the temperature of
the reaction, or by altering the HF:NH3 ratio. Controller 121a can lower the
temperature of shroud 137 which controls the temperature of the ammonium bifluoride
reactant and can lower the temperature of the wafer 114 mounted to holder 121 by
lowering the temperature of the heat transfer fluid circulating in concentric tubes 140.
Alternatively, the temperature can be raised. Once again, the temperature of the
condensed source of reactant is maintained below the temperature of every other surface
that is exposed to the reactant vapor so that no condensed multilayer films form within
the chamber. The temperature control system is described herein infra. The HF:NH3
ratio can be increased by opening valve 112 and adjusting valve 127 with controller 121a

to admit HF gas from container 136 until a desired pressure increase is detected by

pressure monitor 130. HF can be added before or after admission of vapor from the

ammonium bifluoride cell. ; REPLA""' ENT SHEET }
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reactant through the solid layer. Since a solid |layer of products is
formed, it is necessary to heat the substrate after term nation of the
reaction in order to renove the reacted | ayer. Presence of a reacted | ayer
on the surface inproves control over thg reaction of HF with the [err]

| ayer. HF nmust pass through the reacted ?ayer to reach unreacted Si Q2.
Figure 9 shows that the rate of reaction of HF wwth SiQ2 declines with tinme

as the thi cknesfieOforddBfiseti&Ratces olféi’ﬁé?ﬁzhnit Rel 88 SE6 ti[tlﬁﬁd |66 Borki R U R mboh i

the rate of diffusion of HF through the reacte ayer approaches zero, and

the react bpudrideeSsant hamaufaetufingatvetbion! T efior @mb&chﬁleﬁﬂ'oﬁn?uﬁftz oxydal
renmoved is controlled nore by the inherent ability of HF to diffuse through
t he react esiciobglancé vaatellywithesilienc diokidey nightt het b ideluded fexer. théughirie g0
conpares TECS and thermal oxide etching with both the silicon dioxide :
surfaces agreferrbd dmtsmanufactutiog vierséons enlyctempbrary aise afhan appropxiate thini lnc| ea
that at shorter tinmes nore TEGCS oxide than thernmal oxide reacts, because

t he react imonitontsuch as a QEMomay beecessaryi tarealibiate the nregess s¢ that the, epesrtior

rat her than by diffusjion. After about 70 Angstronms is reacted, the anpunt
react ed afemaingin the adeerhed Leactidt FegitBeof diff usi on of reactant through the
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valve 126. If can be advantageous to heat shroud 137, container 134, shroud 139, and
chamber 116 to a témperature above the temperature of the wafer 114. If valve 128 does
not close all the way, then the pressure will be reduced below the termination pressure.
Since the optimum pressure of the reactant is near the termination pressure, heating the
reactant source 134 will boost the preséure back to the termination pressure. However,
the invention will work at pressures 10 to 20 times less than the termination pressure.
Reactant will continuously flow from the source 134 into the chamber and out valve 128.
Tests with system where the valve 128 can be closed or with an uncoated QCM crystal
enable rapid calibration of the manufacturing system so that it can simultaneously operate
at the optimum "termination pressure" while avoiding condensation of a multilayer
reactant film.
Fig. 11 represents the films and layers present on the substrate in the embodiments
of the present invention.
Temperature Control System

It is preferred that the temperature control system maintains the surface of the
wafer as the coldest surface in contact with-the reactant gases to avoid the possibility that
a condensed multilayer film will form on any othér part of the wafer mount. The
temperature control system should also offer a convenient way to cool and heat the wafer
between -40C and 100C for removal of silicon dioxide by treatment with HF and NH3.
Figure 8 shows a solution that uses concentric tubing filled with heat transfer fluid with
the cooled inlet in the center and the hotter return on the outside, thus the hotter outside....
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thi ckness in order to etch sinilar anounts of different type of oxide.
.29 The thickness required for diffusion of reactant to limt the reaction
rate can be controlled by changing the tenperature of the reaction. The
self-limting thickness can be controllgd by changing the tenperature of
the reaction. Wien the tenperature is lower, the diffusion rates are | ower
and the self-limting reaction thickness is thinner. The evidence for this
behavi our tybs i§ Ratomxqasiti eeactantrBaes.t Thereard swofphhases af semperaturel eomsteal. Vpor s
from amoni um bi fl uoride for many m nutes renoves only a few tens of
angst r onsthef first phasertheliwaférdis beteen 1006 and mpantionnfehe oxidgdayerpocursnaln thel vy,
the amount of silicon dioxide which is etched can be controlled by changi ng
t he rati osesbnéiphase, Mieswafer ishkeatpsistozisar, E00Ghto remove dhe progustdayesy Flyidefromy e

HF etches silicon dioxide with n | f-limpfi . Al la s .
necessary ﬂxeoteﬂmemt@mecqv@%l% 2] PB@FQ? ie]cSQt B8 | C}?Plttﬁlﬂ []fg tt.B‘re %g‘g ?fg’f‘ﬂ?rg ﬁg ﬁ e‘g‘g H&#theen

the infini t hj.ck
Ip fse. -hi‘l(lze H?usas ﬂggvs b the !d_{lr:ection of the arrows. Valve 152 is closed so that the

fluid flows through valve 151 and into the inner concentric tube 155. The inner tube 155
delivers the fluid on the inside of wafter mount 121 near the backside of wafter 114.
The fluid flows in the direction of the arrows and is returned to the outer concentric tube
140. It passes through the wall 157 of the chamber, and back into the circulator 150.
During this phase, power supplied to the inline heater 154 by the controller 121a is
reduced because there is no fluid flow through the heater. In the second phase, the
temperature of the wafer 144 must be raised to near 100C as monitored by thermocouple
158. Controller 121a closes valve 151 and opens valve 152 so that fluid n:;ust flow
through flow restructure 153 then through inline heater 154. Thermocouple 156 is used
to monitor the temperature of the fluid leaving heater 154. Controller 121a adjusts the
power applied to the heater 154 or the rate of flow through the flow restructure unit the
temperature measured by thermocouple 156 is near 100C.
Thin Film Monitor

The invention uses two types of film monitor. One type can detect films on a
surface, and the other type can detect films that are desorbing from a surface into the gas
phase. To be useful the surface film monitor must be able to detect films of less than
70Q Angstroms thickness. The Quartz Crystal Microbalance is preferred because of the
seﬁsitivity, accurate calibration of absolute amounts of film and ease of use, but an
ellipsometer or an infrared beam which strikes the surface can also detect surface films

and aid in their control. Other monitoring devices may also be employed. A pressure

monitor can detect films that desorb into the gas phase. Any pressure sensor able to




and the thicknesses obtained with amoni um bi fl uoride (NF: NH3=2) can be
obt.ai ned by varying the HF to NH3 ratio in the gas above the oxide surface.
An especially preferred way to mnim ze the type of undercut shown in Fig.
1 is to use product |ayer control. Furthggnore, the self-limting thickness
can be tailored to match the thickness of layer 2. Characterization of the
Reacted Layer The reaction of HF with silicon dioxide when in contact with
condensed thwough the bhdmhbess iodea imassispedtenmeter ¢dudd ratsacbé mmed 1o algpteet psessure
solution, i.e., Si2 + 4HF = Si F4 + 2H20. However,. instead of being

rel eased tehanges iobachymbert he [err] product is trapped and reacts within
the condensed fjilmto produg_e a ni um hexaf l ugrosilicate, (NH4)2Si F6. The
ammoni um hoxaf Pheseomopiters aid iconggh giching {na mRmbsE Of (%ayst  Foh dpYenaesyen
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of condensation can be determined, and film thickness changes can be detected so that

the correct amount of reactant and correct residence time is ensured by the controller. A
QCM coated with SiO2 can detect loss of SiO2.

A monitor of films desorbing into the gas phase can determine if unwanted films
are condensing somewhere inside the chamber; if they are, the controller can alter the
temperatures to eliminate the films. The monitor can also ensure that all of the product
film is desorbed.

Use of a Microbalance

The quartz crystal microbalance (QCM) frequency is recorded as a function of time
with a personal computer based multichannel scaler incorporated within the controller
described in the embodiments. The oscillator supplied with the microbalance is powered
by an oven stabilized 5V power supply through an RF choke (not shown in the drawing).
The oscillator signal on the voltage supply line is AC coupled to the multichannel scaler.

Figure 5 shows a microbalance signal during condensation of a reactant layer from
a mixture of HF and NH3 gases onto silicon dioxide. Static frequency measurements,
such as for determining the _fre(juency difference between point A and point B in Figure
S, ;are made at the same temperature to eliminate a small temperature dependence of the

- resonant frequency of the crystal. Static frequency measurements are made with a more
accurate oven stabilized frequency counter rather than the multichannel scaler. The
QCM frequency is stable to a few tenths of .a cycle per second over the course of an

experiment.




30 After heating to 100C there is a 103 Hz increase of resonant frequency
corresponding to renoval of 58 of silicon dioxide. Thermal desorption
spectra of silicon contai-ning nol ecul es of reaction product are shown in
Figure 6. The identical tinme dependence %f peaks at nasses 47, 85, 33, 48,
86, 49, and 87 indicates sinultaneous réPease from the reacted | ayer and
are the masses expected froman Si F4 parent. Masses 85, 86, and 87 cone

fromSi F3 + ¢ e bt Itk 47,
45, and 49 ar o S e B o Bt e o o

spectra arigyéronséadtc@niaydrs! andirethoved SHOLdaypOn The hivature® Gesopand fregienel t he
reacted | ayer of anmonium hexafl uorosilicate. Starting froman unreacted
Si 2 | ayershotvneindFigured, inmust fbe converdah imo @ethickmesse ndy simplified veesion exf thayer
consisting entirely of amoni um hexafluorosilicate is two tines the
f requency Miltaraad Bdlefmquationreldtingfto srysel freeency eud depasited film dhickness ishe
removed by rins nqTi=n(l\ii dy/defp) {(I/nZ)tan"Y(Z tan[n(f,-£)/E])} (1)
q q q.
where Nq is a 1.668x1013 Hz- for crystalline quartz, dq is the density of quartz, -df is
the density of the deposited film, fc is the measured resonant frequency of the crystal, fq
is the resonant frequency of the uncoated crystal, and Z is the acoustic impedance ratio
of the quartz crystal and deposited film. Since the layer on the quartz crystal is
predominantly sputtered SiO2, a Z of 1.07 and density of 2.2 g/cm3 for fused silica is
used in equation (1). For thin layers or for Z close to 1, the expression inside the {}
brackets does not differ significantly from (fg-fc)/fq as is t.he case for the eXperiments
described here. The density of ammonium bifluoride or aminonium hydrogen fluoride is
1.5 g/cm3. A value of 2.08 g/cm3, midway between the two known crystalline forms,
is used for the ammonium hexafluorosilicate product 12. Conversion factors for the
SiO2 coated crystal are 0.565 /Hz for Si02, 0.83 /Hz for ammonium bifluoride, and
0.60 /Hz for ammonium hexafluorosilicate.
Demonstration that condensation or Adsorption of Reactant is Required for
Reaction to Occur
A characteristic of the type of reaction covered in this-disclosure is that the reaction
rate decreases as temperature increases. At low temperature, reactant can condense to
form a thick multilayer. As the temperature rises above the condensation temperature, a
multilayer no longer forms, but molecules will continue to adsorb on the surface for a
short period of time before re-evaporation. The ambunt of adsorbed reactant continues
to decline as the temperature rises. Experiments with coated and uncoated QCM crystals
confirm that reaction continues to occur at temperatures too high for condensation of a
multilayer. The embodiment using an effusion cell as low pressure sourgg__gf,am 3ill
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sol vent, such as water. ADVANTAGEQOUS ASPECTS OF THE | NVENTI ON Aspects

Rel ating to Pressures: Sone applications require carrying out the etching
process in a chanber at | ow pressure (10-3 Torr to 10-10 Torr), or in a
chanber attached to one operating at |ow,pressure. A differentially punped
source of reactant besides enabling the ['ow pressure operation described
herein supra, provides the follow ng advantages: delivery of reactant is

di rect i onalanl MFnfendtilitzaid #Rilitbn UIBEHE Shrface hdl®'at P abmpératite Shows diht aEPect
ratio structures on the wafer, and there is sinple control of the anount of

react ant degaseous eehctant dbes ot lvedct directhnwtith theesuefhes.e, t he amount of the
etched layer which is renoved. Since the flux of reactant |eaving this type
of source and skheinatenef daeting of thec@CM frehecnap skown in Bigues § ldosing sucvergivesiz i n
time, and is not strongly affected by collisions between gas nolecules in

the reacti dawehtimietstimatioobiths ractant B stidking shesiirfacy of gheytol fssa. plhese is a

coul d 1 op) 468 T SAaer o e dhataso Femet nooh e Siklaseis G6of i Sved T

'n a secti YHis rsczlljé%{n%ﬂgxt E)’?‘ %Ell\l{li\rlill-ltessl at 18.3C or for 20 minutes at 100C, respectively. This
indicates little or no condensation of reactant on the surface and little or no reaction with
Si02.

Without being bound to any specific theory, it is postulated that there are two
possible explanations for the observation that removal of silicon dioxide proceeds
following condensation or adsorption of reactant. One-explanation is that condensation
boosts the concentration of a reactant at the surface by man& orders of magnitude relative
to gas phase reactant. Ammonia and HF condensed on a cooled QCM has a
concentration of about 26 moles/liter compared to an estimated molar concentration of
about. 10 -10 moles/liter for the flux of g-a.seous reactants incident on a heated QCM. A
second reason that the reaction could occur in the condensed phase at a higher rate than
in the gas phase, is that the form of the reactants can change when condensed, more
specifically, ions can form. High dielectric constant solvents efficiently stabilize ions or
reaction transition states possessing ionic character. The best high dielectric constant
solvents are hydrogen bonding solvents such as water, ammonia, and HF because the
polar hydrogen bonds can reorient in the vicinity of an ion to provide additional
stat_)_lilization. A solution of HF in water results in formation of the bifluoride ion, HF2-
, which has a reactivity towards SiO2 about 5 times that of HF.IR spectroscopy detects
HF2- in condensed layers contained ammonia and HF. The relative reactivity of HF2-
and HF in condensed films containing HF and NH3 is not known.

Etching Control through Use of Condensed Solid Layers.

Although ammonium hexafluorosilicate has been observed as a reaction product

following reaction of silicon dioxide in HF containing solution
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10 SEP 1991 31 setting forth the | ow pressure operation, a supersonic
nol ecul ar beam source, or any other source operating with few collisions
between the source and the wafer. Aspect Relating to Tenperatures There are
a nunber of different tenperature regi ma? with differing nodes of
operation. Some inportant aspect which %I ate to tenperatures of the
substrate, chanber, and the source are now set forth. Since the vapor

pressure oiisdovepad taita lap& SRS&AMonu heRFRROALicHE produsts| Ay He @28 Ub &ontrol
operation descri bed above requires a relatively | ow substrate tenperature.

I n the exanhd eackisrcof HEOwitls sitigomdioxidea Fheldistovery stame fronmnizadurements @f thdre

tenperature nust be lowered to facilitate condensation of reactant, then

rai sed to feactibn rate of eiliepn dinxiderwheén a prodnetdayer of kpowd dhicknesOpcformed on dhe a

constant %}qﬁgrsﬁégg ﬂi'o?n rz]x?ml?gnsias Iagcll eHF gas precursors. Products formed by reaction in
solution, or in plasmas can be dissolvedor removed by ion bombardment, eliminating
their effectiveness in contfolling reactivity. The use of condensed layers to control
reactivity of a surface can be applied to systems other than the reaction of HF with
silicon dioxide in a condensed film of HF and ammonia. .

When a solid layer of products is formed on the surface, then the amount of the
etched layer which is removed is determined by a combination of the reaction rate of the
reactant film with the material of the layer to be etched and "y" the diffusion rate of
reactant through the solid layer. Since a solid layer of products is formed, it is necessary
to heat the substrate after termination of the reaction in order to remove the reacted
layer. '

Presence of a reacted layer on the surface improves control over the reaction of HF
with the SiO2 layer. HF must pass through the reacted layer to reach unreacted SiO2.
Figure 9 shows that the rate of reaction of HF with SiO2 declines with time as the
thickness of the reacted layer increases. At long exposure times, the rate of diffusion of
HF through the reacted layer approaches zero, and the reaction is essentially terminated.
Therefore, the amount of oxide removed is controlled more by the inherent ability of HF
to diffuse through the reacted layer than by the reactivity of the oxide surface. Figure 10
compares TEOS and thermal oxide etching with both the silicon dioxide surfaces and the
ammonium bifluoride source of reactant at 25C. It is clear that at shorter times more
TEOS oxide than thermal oxide reacts, because the reaction rate is controlled by the
inherent reactivity of the oxide rather than by diffusion. After about 70 Angstroms is
reacted, the amount reacted are similar because the rate of diffusion of reactant through

the product layer begins to dominate. It is not necessary to wait for the self-limiting

thickness in order to etch similar amounts of different type of oxide.




Bot h*substrate cooling and substrate heating are required, although a
heating coil is shown in the Figures (heater 55 in Figure 3 for exanple),
any formof heating is possible, with greatest benefit froma rapid node of
heating. Tine scales for heating could rgpge all the way fromless than a
few nanoseconds if light froma |aser is“lUsed, all the way to many seconds
I f a nore conventional approach is used. Sone possibilities for heaters

i nclude, pul sedpki @itknéss YeY@réP SR dibfusiod BT redcthrf to Slirhit &hd @&dclbn ra® can be
i nduction heater, or an el éctron or ion beam heater and the |ike. Another

desirabl e wrogigolidd b ehiarigirgthetemgeracurt o€ thefeatticd. The selfidimiting) thiclenesy ehn Ng
of the tenperature. In the case of oxide renoval using gaseous HF and NH3,
t he t enper dewontratied dyhehasging the teinpewitue ofi thereastiahovWhehahe températude fior
desorption of reactjion product Figure 6 shows the best tenperature value to
be in a radgeendhevdiffusion raso@e lawes pnd she self-dimiting resctiammibipkness it thipmers
then admtted at._a pressyre _above the equilibrium pressuyre fqQund above

sol i d anmoribgne¥idense te SHPWMID ithat yexPosiiEe afo {pay ctheusRds iplayersuet
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t enper at ur
Alternatively, the amount of silicon dioxide which is etched can be controlied by

changing the ratio of HF to NH3 in the gas above the silicon dioxide surface. Pure HF
etches silicon dioxide with no self-limiting process. Ammonia is necessary to form the
hexafluorosilicate product. Eich thicknesses between the infinite thickness of pure HF
and the thicknesses obtained with ammonium bifluoride (NF:NH3=2) can be obtained
by varying the HF to NH3 ratio in the gas above the oxide surface. An especially
preferred way to minimize the type of undercut shown in Fig. 1 is to use product layer
control. Furthermore, the self-lim'i'ting thickness can be tailored to match the thickness
of layer 2.
Characterizﬁtion of the Reacted Layer

The reaction of HF with silicon dioxide when in contact with condensed
ammonium bifluoride ié similar to the reaction in aqueous solution, i.e., SiO2 + 4HF =
SiF4 + 2H20. However, instead of being released to the solution, the SiF4 product is
trapped and reacts within the condensed film to produce ammonium hexafluorosilicate,
(NH4)2SiF6. The ammonium hexafluorosilicate is observed in IR spectra of reacted
layers. Microbalance results a}so show the presence of the reacted layer. Condensation
of ammonia and HF followed by Qesorption of the unreacted excess produces a
frequency decline of 101 Hz, corresponding to reaction of 84 of the several thousand
angstrom thick layer of ammonia and HF.that initially condensed. The minimum

frequericy near the 2000 second point in Figure 5 corresponds to an initial layer of 8700.




above roomtenperature may be desirable. For instance, it may 32 the
reactant source, the substrate to be etched, and the chanber, all at a

t enperature substantially higher than the room tenperature when the
reactant or reaction products are not Vel volatile. Wien the wafer is

bel ow -35C to -40C, nolecules in the vapor from an ammoni um bifl uoride cell
stick to the wafer where they strike the wafer. The vapor pressure is bel ow
10-8 Torr After Rdatin® 161600 thdre 962 1193 ERA nceHad 6 REGhahh fredidnel coBedpRaifntbent
is high. Oher reactants less volatile will stick where they hit when the
waf er is atempvhl of 68 of sligoar dibxike, t han -35C. Mdre volatile reactants woul d
require a |low wafer tenperature. Aspect Relating to Chem stry Although the
reactions di sclissmdl Henoeptionaspectie of siicon containingvmolesileseof reactian prioduct, aret her

conbi nations are possible. For instance, a nunber of different chem stries
shown in Figure 6. The identical time dependence of peaks at masses 47, 85, 33, 48,

86, 49, and 87 indicates simultaneous release from the reacted layer and are the masses
expected from an SiF4 parent. Masses 85, 86, and 87 come from SiF3+ containing the
mass 28, 29, and 30 silicon isotopes, masses 47, 48, and 49 are from SiF+ and mass 33
is SiF2++. These thermal desorption specra are consistent with SiF4 released upon
thermal decomposition of the reacted layer of ammonium hexafluorosilicate. Starting
from an unreacted SiO2 layer, the decline in the microbalance frequency from a reacted
layer consisting entirely of ammonium hexafluorosilicate is two times the frequency
increase from removal of SiO2. The product layer can also be removed by rinsing in a
solvent, such as wa:ter.
ADVANTAGEOUS ASPECTS OF THE INVENTION
Aspects Relating to Pressures:

Some applications require carrying out the etching process in a chamber at low
pressure (10-3 Torr to 10-10 Torr), or in a chamber attached to one operating at low
pressure. A differentially puiriped source of reactant besides enabling the low pressure
operation described herein supra, provides the following advantages: delivery of
reactant is directional for minimization of undercut, or for penetration of high aspect
ratio structures on the wafer, and there is simple control of the amount of reactant
deppsited on the substrate and, therefore, the amount of the etched layer which is
removed. Since the flux of reactant leaving this type of source and striking the surface
of the wafer to be etched is constant in time, and ié not strongly affected by collisions
between gas molecules in the reaction chamber, the amount deposited is easily controlled
by an acﬁéurately timed opening of a shutter 59 shown in Fig. 3, or a valve which could

replace the shutter. The source can be the effusive source described in a section, supra,




commonly used with aqueous solutions could be enployed in the devices of
the present invention designed for accurate etching. Sone of the specific
.sources include the gaseous vapor from solid amoni um bi fluoride; a
solution of [err] and H20; separate sourges of HF, NH3, and [err]; separate
sources of HF and NH3; a solution of [errf coupled with a gaseous or
solution source of HF, and the like. Solvents or solutions other than water

coul d be us@ting ffefthi the iGN Ctesvate bp&atidll D SupePithas fidldMlad | eamotourdd; - Haasy

chem stries can be used to renove oxide from ot her substrates besides

sil'i con. Fother 8oiree operatilye withl fewasnllikionsibdeveshititdsduederandahe wafer. si | i ci des
could react with condensed | ayers containing HF. O her oxides besides

silicon dioxide will react w AlspedRilatingitod Bemperatwres ai ni ng HF and NH3 or
H20. For instance, experinents show HF vapor chem stries, including the

vapor from armdHereTats & usRbed cofs diffegent ctgmperasise depimes cwithidiffring coeges: af e
germani um Even pur germani um oxi de wil | ct.

real It %be no et?“:,tht there
are a nunb@Pe@HoRoy dmpertans . aspeel, whigh, £¢late 1o, teRRETAENGS; 8 i PsEate, o
source of a so{)i dia{c!&)[bt&ai ni n ammnitjgg L ONS Or separate sources containing
armoni a an§MaRP, AR L& NOBFRC-ATE JaW,.se rather unique in that ammonia

Since the vapor pressure of a reactant increases with temperature, the low pressure
operation described above requires a relatively low substrate temperature. In the
example described using ammonia and HF or ammonium bifluoride, the temperature
must be lowered to facilitate condensation of reactant, then raised to facilitate
evaporation of the reaction products. Operation at a constant temperature is no possible.
Both substrate cooling and substrate heating are required, although a heating coil is
shown in the Figures ('heater.SS in Figure 3 for example), any form of heating is
possible, with greatest benefit from a rapid mode of heating. Time scales for heating
could range all the way from less than a few nanoseconds if light from a laser is used, all
the way to many seconds if a more conventional approach is used. Some possibilities for
heaters include, pulsed light from a laser or lamp, a resistive heater, an induction heater,
or an electron or ion beam heater and the like.

Another desirable mode of operation would be the one that does not require cycling
of the temperature. In the case of oxide removal using gaseous HF and NH3, the
temperature would have to be fixed at a value above that required for desorption of
reaction 'product Figure 6 shows the best temperature value to be in a range between 50-
150C. A controlled amount of ammonia and HF is then admitted at a pressure above the
equilibrium pressure found above solid ammonium fluoride or ammonium bifluoride at
the chosen temperature value so that there is condensation or adsorption upon the surface
to be etched. Although 50-100C is not far above room temperature for silicon dioxide

removal with condensed ammonia and HF, there may be cases where temperatures far

. .
above room temperature may be desirable. For instance, it may E.ﬁgqggpm tgHERe 1;
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has a hi gh vapor pressure and yet the ammoni umion containing solid which
forms u 33 reaction with an acid is not particularly volatile. Thus,
there could be a nunber of aqueous chem stries which etch filns besides
oxi des to show anal ogous reactions in c ensed filnms containing amoni a.
When etching material, it is not necessary to etch a |arge anount of the
material. For instance, renoval of trace netal contam nation may be

achi eved hije trégct@ppoutse) she bebstraieh @0b® fetchéd, Saridnibe ndhiagitber /41t A0 WOBmperitaer ed
enbodi ments use stabl e nol ecul es, the reactant supply neans can be a

di schar ge sabstantiallythighershar thesoemstemperatune whén dre neacantres aeadtion tphediwotuaree or
in the chanber. VWile the invention has been described in terns of

pref er r ed moviyery welatile, Wiesdhe maferdg below 138 Catot -40C) molesylegrintke vapar from

i nvention can be practiced with nodificatjon within the spirit and scope of
t he appenddRmmenpn bifhoridg cell stigk to the wafer whetesthey, gtrike the wafer. The vapor

pressure is below _10-8 Torr so that re-evaporatibn is negligible and the sticking
coefficient is high. Other reactants less volatile will stick where they hit when the wafer
is at a higher temperature than -35C. More volatile reactants would require a low wafer
temperature.

Aspect Relating to Chemistry

Although the reactions discussed herein are designed to remove oxide from silicon,
other combinations are possible. For instance, a number of different chemistries
commonly used with aqueous solutions could be employed in the devices of the present
invention designed for accurate etching.

Some of the specific sources include the gaseous vapor from solid ammonium
bifluoride; a solution of HF, NH3, and H20; separate sources of HF, NH3, and H20;
separate sources of HF and NH3; a solution of NH3/H20 coupled with a gaseous or
solution source of HF, and the like. Solvents or solﬁtions other than water could be
used; for instance water could be replaced by alcohol, HF-based chemistries can be used
to remove oxide from other substrates besides silicon. For instance, the silicon dioxide
which forms on many silicides could react with condensed layers containing HF. Other
oxides besides silicon dioxide will react with condensed layers containing HF and NH3
or H20. For instance, experiments show HF vapor chemistries, including the vapor
from ammonium bifluoride solid, can remove oxides which incorporate germanium.
Even pur germanium oxide will react.

It may be noted that there are a number of low pressure, or high temperature
chemistries which use a source of a solid containing ammonium ions or separate sources
containing ammonia and an acid. Ammonia seems to be' rather unique in that ammonia

has a high vapor pressure and yet the ammonium ion containing solid which forms upon__
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method can be used to prepare the chem cal conposition and structure of a
single layer or partial.layer on the surface of a subst rate. To wit,
renoval of oxide fromsilicon with vapor from anmoni um bifluoride |eaves a
surface layer containing Si-F. Sequentiakjapplication of vapor from _
ammoni um bi fl uoride foll owed by H20 woul d" renove the Si- F and replace it
with other chem cal species. It may be noted that although the preferred
embodi ment seastion witls angicid Waher parictlady rddile.0NTIRIBAMREE could Bé lal nbab&asf | Y
suggested to the skilled artisan to performthe invention sinultaneously on
mul ti pl e waqeaous wahemistriesh whickaetch ofilmshbesides . oxides3td SHoW Balbgous readtiomst @i ng
apparatus conprising the follow ng conponents: a chanber; neans for supply
of react anfoRdgnses ﬁlgmmpg ammonia. en etching material, it is not necessary to etch

a large amount of the material. For instance, removal of trace metal contamination may

be achieved by the apparatus and method of this invention.

Although preferred embodiments use stable molecules, the reactant supply means
can be a'discharge source which synthesizes reactant from precursor in the source or in
the chamber.

While the invention has been described in terms of preferred embodiments, those
skilled in the art will recognize that the invention can be practiced with modification
within the spirit and scope of the appended claims. For instance, the apparatus and
method can be used to prepare the chemical composition and structure of a single layer
or partial la&er on the surface of a substrate. To wit, removal of oxide from silicon with
vapor from' ammonium bifluoride leaves a surface layer containing Si-F. Sequential
application of vapor from ammonium bifluoride followed by H20 would remove the Si-

F and replace it with other chemical species.

It may be noted that although the preferred embodiments show a single wafer in the

reaction chamber, it will be easily suggested to the skilled artisan to perform the

invention simultaneously on multiple wafers within the reaction chamber.

REPLAGEMENT SHEET




r-reans for supporting a substrate within said chanber, said substrate having
a‘'material thereon able to be etched by said r eactant:—mearns for for o ng a

fil'mconprisingsaid reactant on the surface of said materigl. remass for
controlling the “ﬂ ﬁ“lon of sgid film WhEEEH A onents .
are so arranged kulmm H m actant 1s suppli ed_} m r, said
reactant forns”a *iltm on theSsufface of said nmateria and

duration of said filmbeing so control Iginsy said controlling neans that
said filmleads to the renoval of an accurately controll ed anobunt of said
mat eri al oh. saiAa edching appagatu® comprisifig theafoowbig wompenetes:i ned in claim 1,
wherein said filmis a condensed or absorbed | ayer of the reactant

nmol ecul es. 3. @achambes; apparatus as defined in claim2, wherein said neans

for controlling said condensed film conprises a cooling neans to ensure
that the col deme%g%sup yp%@eagﬁ\gﬁgb;ald chamieTis ubst r at e. The

4.
cppar al us a5, Seh et A2 P GEEL B M hDeh Bh SRS 10 521 1.
of said means for supporting said substrate within said chamber;
a film comprising said reactant on the surface of said material;
means for controlling the nature and duration of said film;
wherein the components are so arranged that when said reactant is supplied to said
chamber, said reactant forms a film on the surface of said material, the nature and
duration of said film being so controlled by said controlling means that said film leads to
the removal of an accurately controlled amount of said material on said substrate.
2.  the apparatus as defined in claim 1, wherein said film is a condensed or adsorbed
layer of the reactant molecules. ﬂ
3. The apparatus as deﬁned in claim 2, wherein said means for controlling said
condensed film comprises a éooling means to ensure that the coldest point in the chamber
is the substrate.
4, The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a heating means attached to the peripheral walls of said
chamber so that the temperature of said walls is higher than that of any condensed
material in the chamber.
5.  The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a reservoir with a valve dispésed between said means for
supply of reactant and said chamber, so that an accurate amount of said reactant can be
rapidly admitted to said chamber from said reservoir when said valve is rapidly opened.
6. The apparatus as defined in claim 2, further including a pump connected to said

chamber.




chanber so that t t
condensed mat er i alhﬁu Sﬁi‘ﬁh _

ture of said walls is J,gheL—t—han—tﬂTat"f‘any
2, ‘'wherein said rrea

ced The apparatus as n claim
Wi g sal d condensﬁfﬂ“ %
reservoir with a va et i d means react ant

and said chanber, so that an accurate a unt of sai d* react ant can be
rapidly admtted to said chanmber fromsaid reservoir when said valve is

rapi dly opgnedrThe appdrafds as deffie@ apeﬁrratwwﬁaeﬂtetmaeﬂem foraédhtrdllidgushider
including a punp connected to said chamber. 7. he apparatus as defined

in cl ai m 6¢condemsedi filns abmprivednaednsrfoc dahvaninglaiga@aratb amodrne caid irkavtant to
conpri ses neans for delivering an accurate anount of said reactant to said
chanber, asaitl chambercand 8 prabweddisprised between said ichahber andcsakbpumpyisg thas ovitehat
2’[]3& o | 4o valupgt dgserh fhe Feactant rermaums in soid Chamber untl substantialy reacied with
said material.

8. The apparatus as defined in claim 6, wherein said means for controlling said
condensed film comprises means for differential pumping disposed between said means
for supply of reactant and said chamber, and a - pump connected to said means for
differential pumping, so that molecules from said source of the reactant travel
substantially without collision while in transit through said chamber to said substrate
yielding a composition and flux that are constant in time.

9. The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a computer and a program means enabling said computer to
carry out predetermined operations.
10. The apparatus as defined in claim 2, wherein said reactant comprises a single or a
plurality of gaseous molecules.

11. The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a heating means attached to said means for supporting said
substrate. |

12. The apparatus as defined in claim 2, wherein said reactant comprises molecules of
HF, H20, NH3, ammonium bifluoride or a combination thereof.

13._. The apparatus as defined in claim 10 wherein said reactant comprises a mixture of
HF and NH3. '

14. The apparatus of claim 12, wherein the source of said HF molecules is distinct
from the source of said H20 molecules which is distinct from the source of said NH3

molecules.

15. The apparatus of claim 14, wherein the source of supply of H20 is H20 molecules

desorbed from the walls of said chamber. REPLA{;E"\\AENT SHEE__T

‘r

10 SEP 997



said material. 8.  The apparatus as defined in clai REPLACEMENT SHEY

‘méans for controlling said condensed filmconprises neahs{for differenti

punpi ng di sposeammm;'mtﬂmm ns for supply of reacthn} AW SER W97 _
chanber, and a said ns for differeptyal punpi ng, sjo
that nol ecul es fromSai'd Souice of the rdactant travel pubstamtiat y
w thout collision while in transit through sai d chanberfto sai d substrat
yi el di ng & g;onpRsY aﬁﬁu@ﬂéﬂ definkd Inha@hin?12, SABRIRMe sduréd BE said- moleculdd'%s a
apparatus as defin in claim2, wherein said neans for controlling said
condensed sbldﬁmqﬁms,sﬂﬁ(ﬁmwputer and a program neans enabling said

conputer to carry out predeterm ned operations. 10. The apparatus as
defined inl%l| &l 2ppavatas easn deéined rieachimt 12;omberesre sail yeavtng isr ammuiniuml i ty
of gaseous nol ecul es. 11. The apparatus as defined in claim2, wherein

sai d meandgifleerideowhichlis supplisdiinia gasegunplasef i | m conpr | ses a heating neans

attached to said neans for supporting said substrate. The a(g)parat us

as defi ned8 n theanparatusgfeglaim, ?sawlaprﬁl@éeldarﬁ%ct%m n%@rm IéE@pééﬂ

19. The apparatus of claim 12, wherein said reactant is a mixture of ammonium

bifluoride and HF.

20. A method for etching, comprising the steps of:

(a) supporting, in a vacuum chamber, a substrate having a material to be etched;

(b) admitting reactant containing gas into said chamber at a sufficient pressure so
as to form a film of the reactant on the surface of said material;

(©) controlling the composition and residence time of said film on the §urface of

- said material so as to etch an accurate amount of material on said substrate; anci

(d) removing any unwanted reactant and reaction products from the chamber or
surface of said substrate.
21. The method of claim 20, wherein said film is a condensed or adsorbed layer of
reactant moleculeé, and controlling the residence time and composition of said condensed
or adsorbed film comprises maintaining the temperature of said substrate below the
temperature of any other surface in the chamber so as to substantially eliminate
condensation of said reactant on any of said surface.
22. The method of claim 21, wherein controlling the residence time and the
cor_r;position of said condensed film comprises admitting said reactant at a high enough
rate so as to minimize uncertainty in the onsét time fdr condensation of said reactant.
23. The method of claim 20, wherein controlling aid residénce time and composition of
said condensed film comprises using a microbalance to detect the presence of the reactant
film.
24. The method as defined in claim 20, wherein said controlling comprises admitting

an accurate amount of said reactant into said chamber which is connected to a pump

_—
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of .HF, H20, NHB a Tuoride or a conbination thereof. 13. The
.apparat us as defined mﬂ@ wherein said reactant conprises a m xture

of* HF and [err] m\‘m e apparatus of claim 12, wherein the source
of said HF nol e “ sinet fromt source of said [err] nolecul es
which is distinct fFomthe source of said NH3 nol ecul es. 15. The
apparatus of claim 14, wherein the source of supply of [err] is [err]

nol ecul es dEasghbeelobédnlveenyibkdis redctaniinl saidadhaaiber bés sufficithily appeedivith as
defined in claim12, wherein the source of said nolecules is a solution of

NH3, HF, othe 2dterial 7o be etchbd, wigreupin the aalvelésf opeaed.i n claim 12, wherein said
reactant is ammoni um bifluoride which is supplied in a gaseous phase.
25. The method of claim 21, wherein controlling comprises employing an effusion cell
or low pressure and cooling the substrate.
26. The method of claim 21, controlling comprises employing differentially pumped
sburce and maintaining chamber pressure below 10-4 Torr. .
27. The method as defined in claim 21, wherein controlling comprises maintaining the
substrate temperature below solidification temperature of either product or condensed
film so that etching is determined by a combination of diffusion through the solidified
film and the réaction rate at the substrate temperature and where etching occurs without
falling 'away of the product at a thickness below the self-limiting thickness.
28. The method of claim 21, wherein controlling comprises waiting for sufficient time
to allow diffusion of reactant so that the same amount of material is etched.
29. The method of claim 21, utilizing SiO2, NH3 and HF as reactant at a temperature
less than 50C during dosing with temperature cycling.
30. The method of claim 21, empioying NH3 and HF on SiO2 substrate at a

temperature greater than SOC so that there is no temperature cycling.

"



“18% . The apparatus of claim 12, wherein said reactant is a mxture of HF

-Yand H20. 19. The apparatus of clraim 12, wherein said reactant is a
m xture of ammoni um bifluoride and HF. 20. = A nmethod for etching,
conprising the steps of: (a) supporting, in a vacuum chanber, a
substrate having a material to be etched. (b) adm tting reactant
containing gas into said chanber at a st#ficient pressure so as to forma
filmof the reactant on the surface of said material; (c) controlling

t he conposition and residence tine of said filmon the surface of said

material so gsyjR &bSMEANREESE ActURRRE E{'cr‘ﬂﬁlg ENEREGOVAD oFdHHIN trate;

and (d) renovi ng any unwant ed reactant and reaction products from the
chanmber or surface of said substrate. 21. The met hod of cl aim 20,
wherein said filmis a condensed or adsarbed | ayer of reactant nol ecul es,
and cogpkeRIA®pP the residence tinme and conposition of said condensed or
adsorbed tfilmconprises maintaining the tenperature of said substrate bel ow

the New device and method are described for accurate etching and removal of thin layer by
controlling the surface residence time, thickness and composition of reactant containing film.
Etching of silicon dioxide at low pressure using a quartz crystal microbalance is illustrated.

Usefullness of the invention in the manufacture of microelectronic devices is shown

Figure. 3A
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té»wper%ture of any other surface in the chanber so as to substantially

el i-‘m nat e condensation of said reactant on any of said surface. 37 22.
The "'net hod of claim 21, wherein controlling the residence tinme and the
conposition of said condensed filmconprises admtting said reactant at a
hi gh enough rate so as to mnimze uncertainty in the onset tinme for
condensati on of said reactant. 23. The nethod of claim 20, wherein
controlling said residence tinme and conposition of said condensed film
conprises using a mcrobal ance to detect the presence of the reactant film
24. The nethod as defined_in claim?20, wherein said controlling
conprises admtting an aCcuﬁmgrﬁ)F(ﬁ@Jmlﬁmﬂnt I nto said chanber
which is connected to a (guqrp throur?th. a_cl osed Viﬂllﬁvazer until sai (&.E%gact ant in
sai d chamber had® ST PUIPERL|the PESSERAVEGHOR P pmeligraly Pag of glone dispdyaiages
wher eupon otfli]ﬁe f{ﬁ&y&.l s opened. _

According to one aspect of the present invention there is provided an etching

apparatus comprising the following components: a chamber; means for supply of

reactant to said chamber; means for supporting a substrate within said chamber, said

substrate having a material thereon able to be etched by said reactant; means for forming

a film comprising said reactant on the surface of said material; means for controlling the
nature and duration of said film; wherein the components are so arranged that when said

reactant is supplied to said chamber, said reactant forms a film on the surface of said

material, the nature and duration of said film being so controlled by said controlling

means that said film leads to the removal of an accurately controlled amount Of; said

material on said substrate.

According to another aspect of the present invention there is proﬁided a method
for etching, comprising the steps of: (a) supporting, in a vacuum chamber, a substrate
having a material to be etched; (b) admitting reactant containing gas into said chamber at
a sufficient pressure so as-to form a film of the reactant on the surface of said material;
(c) controlling the composition and residence time of said film on the surface of said
material so as to etch an accurate amount of material on said substrate; and (d) removing
any unwanted reactant and reaction products from the chamber or surface of said

substrate.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
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25: The nethod of claim 21, wherein controlling conprises enploying an
effusion cell or |ow pressure and cooling the substrate. 26. The et hod
of claim21, controlling conprises enploying di fferent i all y punped source
and mai ntai ning chanber pressure bel ow 104 Torr.

defined in claim 21, wherein controlling conpri ses

- substrate tenperature bel ow solidification terrperat ur eum” gwlg Hcht or
condensed filmso that etching is detergfned by a c,orrb‘1 net 1 en si on
through the solidified filmand the reaction rate at the substrate .
tenperature and where etching occurs m@{z faI I I ng away of the product at
a thickness below the self-limting t SS. The nmethod of claim
21, whereijn cont [ time to all ow

di ffusion of reérféth{xﬁ%gﬁ?ﬁ{ds?ﬁ@pﬁ@ﬁ% tg@rr{)d:ﬂlﬁ&l@%&na@nr%}qgl is etched. 29.
The method of clyaipgddy; uti lizing [err] and HF as reactant at a tenperature

| ess than [err] during dosing with tenperature cycling. 30. The net hod
of claim 21, enmhéansmrs[upﬁrﬂofaaﬁbtﬂ&wlalaehadzb&wbstrate at a tenperature
greater than [err] C so that there is no tenperature cycling. 31. The

met hod of cl ai mnihns \we supporting: a rsabgratawithin keid ehathbet, issidssubstrate Idhiving ae
material thereon able to be etched by said reactant;
means for forming a film cqmprising said reactant on the surface of said
material;
means for controlling the nature and duration of said film;
wherein the components are so arranged that when said reactant is supplied to
said chamber, said reactant forms a film on the surface of said material, the nature gnd
duration of said film being so controlled by said controlling means that said film leads to
the removal of an accurately controlled amount of said material on said substrate. i
2. The apparatus as defined in claim 1, wherein said film is a condensed or
absorbed layer of the reactant molecules. | :
3. The apparatus as defined in claim 2, wherc;.in said means for controlling said
condensed film comprises a cooling means to ensure that the coldest point in the
chamber is the substrate.
4, The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a heating means attached to the peripheral walls of said
chamber so that the temperature of said walls is higher than that of any condensed
material in the chamber.
5. The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a reservoir with a valve disposed between said means for

supply of reactant and said chamber, so that an accurate amount of said reactant can be

rapidly admitted to said chamber from said reservoir when said valve is rapidly opened.

REPLACEMENT SHEET
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38 32.° The nethod of claim21, wherein the material to be etched is
ger-mani um o a reactant. 33. The nmethod of claim 21,
wherein the reactant forms a conbination of NH3 and HF, each adnitted
separately l:ﬂ mgm"gmumm 4. The net hod of claim 21, wherein the
reactant for J"F on the material to be etched t he react ant
bei ng sel ect ed friom't h& gfou’p consi sting of HF, H20, NH3, ammoni um

bi fl uori de and a conbi nation thereof. 385 The net hod .of cl ai m 34,
wherein each of said react ant is adrritted separately into the chanber under

1 uher oi f-Sa; d P ARRLABE” Gl 819'*'&21 Biper i A aSpPIRRBRKE Nl @

m cr obal ange Pl an el li psoneter. The apparatus of claim1l, wherein
means for “supp y of said reactant | s an
7. The apparatus as defined in claim 6, wherein said means for controlhng said

condensed film comprises means for delivering an accurate amount of said reactant to
said chamber, and a valve disposed between said chamber and said pump, so that when
said valve is closed, the reactant remains in said chamber until substantially reacted with
said material.

8. The apparatus as defined in claim 6, wherein said means for controlling said
condensed film comprises means for differential pumping disposed between said means
for supply of reactant and said chamber, and a pump connected to said means for
differential pumping, so that molecules from said source of the reactant travel
substantially without collision while in transit through said chamber to said substrate
yielding a composition and flux that are constant in time. i

0. The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a computer and a'program means enabling said computer to
carry out predetermined operations.

10. The apparatus as defined in claim 2, wherein said reactant comprises a single or
a plurality of gaseous molecules.

11. The apparatus as defined in claim 2, wherein said means for controlling said
condensed film comprises a heating means attached to said means for supporting said
substrate.

12. The apparatus as defined in claim 2, wherein said reactant comprises molecules
of HF, HpO, NH3, ammonium bifluoride or a combination thereof.

13. The apparatus as defined in claim 10 wherein said reactant comprises a mixture

of HF and NHj.

REPLACEMENT SHEET |




unheat ed solid source of HF, I ncl udi ng anmoni um bi fl uori de or ammoni um
fluorlde 38. —Fhe—rethed—ef—elatl-m 34, using a condensed source of HF,

ncludi ng annonlun1b|fluor| anmoni um-fl uori de or aqueous sol ution of HF
mhose tenperatureluﬂ Hﬂ mulku“equal to the tenperature of the
substrate, where I's punped out, the source is opened and
the chanber is |solated fronlthe punp by cIOS|ng a shutoff valve so that
the pressure within the chanber rises ra®dly to a term nation pressure,
then after the reaction is substantially conplete, the source is closed and
t he chanbey, i s ed out . - Th od of cl.ai usi a densed
Sour co w t 40ut PRl °§§1§lm 43¢ e HitcoSraecotiaRL Bl iy & fiRHRGE
reactant, @hﬁﬁgadf r% Bgnl%fé@%xi%”wdag t{l Sticd FAE the® Sodr B br S8 NH;3
pressure w the cha ?S maintarne ermnation pressure, or
within a ﬁﬁgk&ﬂcgf 10 of term nation pressure by adjusting the punping
speed, source tenperature, or flowrate of reactant into the chanber. 40.
The et hodif clEheMagpharatusi dfdclains OMY, CRhéeiD teS sdt@icd Tof &ul NSO rigi Hgoa
condensed product |ayer to control the anount of material to

molecules desorbed from the walls of said chamber.

16. The apparatus as defined in claim 12, wherein the source of said molecules is a
solution of NH3, HF, or H7O.
17. The apparatus as defined in claim 12, wherein said reactant is ammonium

biftuoride which is supplied in a gaseous phase.

18. The apparatus of claim 12, wherein said reactant is a mixture of HF and H7O.
19. The apparatus of claim 12, wherein said reactant is a mixture of ammonium
bifluoride and HF.

20. A method for etching, comprising the steps of:

() supporting, in a vacuum chamber, a substrate having a material to be
etched; |

) admitting reactant containing gas into said chamber at a sufficient
pressure so as to form a film of the reactant on the surface of said material;

(©) controlling the cbmposition and residence time of said film on the
surface of said material so as to etch an accurate amount of material on said substrate;
and .

@) removing any unwanted reactant and reaction products from the
chamber or surface of said substrate.

21. The method of claim 20, wherein said film is a condensed or adsorbed layer of
reactant molecules, and controlling the residence time and composition of said condensed
or adsorbed film comprises maintaining the-temperature of said substrate below the

temperature of any other surface in the chamber so as to substantially eliminate

condensation of said reactant on any of said surface. REPLRCEMEM gﬂﬁﬂ
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39 reaction approaches self-limting thickness controlled by adjusting the
tenperature, presstre—and_gaseous conposition in the chanber. 41. The
met hod of cl alln wherein the reactant conprises HF and ammoni a, and

optionally H20 H&"’&”ﬁﬂm nsed product |ayer of self-termnating
t hi ckness is fon E occurs without falling away of the product
at thicknesses bel ow the s@lf*linmiting thickness. 42. The et hod

according to claim4l of etching two | &ers of oxides exposed
sinmul t aneously to the reactant. 43. The net hod of claim4l, wherein the

2t O S S oty ol Senb L bR oRa St ASSCATLd B LG poduct
o o R B eg%dﬁg&siﬁts% e B e
rate so as to minimize uncertainty in the onset time for condensation of said reactant.
53. The method of claim 20, wherein controlling said residence time and
composition of said condensed film comprises using a microbalance to detect the
presence of the reactant film. |
24. The method as defined in claim 20, wherein said controlling comprises
admitting an accurate amount of said reactant into said chamber which is connected o a
pump through a closed valve until said reactant in said chamber has sufficiently reacted
with the material to be etched, whereupon the valve is opened.
25. The method of claim 21, wherein controlling comprises employing an effusion -
cell or low pressure and cooling the substrate .
26. The method of claim 21, controllmg comprises employing differentially pumped _
source and maintaining chamber pressure below 104 Torr.
27. The method as defined in claim 21, wherein controlling comprises maintaining -
the substrate temperature below solidification temperature of either product or condensed
film so that etching is determined by a combination of diffusion through the solidified
film and the reaction rate at the substrate temperature and where etching occurs without
falling away of the product at a thickness below the self-limiting thickness.
28. The method of claim 21, wherein controlling comprises waiting for sufficient
time to allow diffusion of reactant so that the same amount of material is etched.
29. The method of ciaim 21, utilizing NH3 and HF as reactant at a temperature less
than 50° C during dosing with temperature cycling. |
30. The method of claim 21, employing NH3 and HF on SiO7 substrate at a
temperature greater than 50° C so that there is no temperature cycling. '

31. The method of claim 21, wherein the material to be etched is silicon dioxide.——




45, The nethod of claim40, wherein the tenperature of the substrate or
wafer is above [err] so that-the product desorbs w thout tenperature
cycl'ing. 46. e apparatus of claim4l, wherein a thickness of said film
limts further Jinkifitag “‘mmﬂactant to the material to be etched. 47.

The met hod of \mm\r“mum i n controlling the residence tine and

conmposi tion of "salw fi | h cbnpri ses punping out reaction chamber naintaining

a condensed source at a tenperature |es88than or equal to the tenperature
of the substrate, the source is opened and the chanber is isolated fromthe

b [ hut - of I t hat th i,t.hin th h
Fi'ses taptly ¢ he et Mogtia S5y BBetsieioe AR R e SRIPELPEAIORE ¢ he
desired d&géﬁgf%s&?&g{amn has taken place. 48.  The nmethod of claim 20,
wherein a c ensed source is used wi thout added inert gas assuring that

there is g3 flowrgé pidifod SEQABINE1 MvhErePihk QBRkan? $6rns"8) cRBinRLOP of S '8nd
chanber, so that the pressure entering the chanber iIs maintal ned at
t er m nat i HF, each admitted separately into the chamber.

34, The method of claim 21, wherein the reactant forms a surface layer on the
material to be etched, the reactant being selected from the group consisting of HF, HyO,
NH3, ammonium bifluoride and a combination thereof.

35. The method of claim 34, wherein each of said reactant is admitted separately
into the chamber under specific temperature and pressure conditions.

36. The apparatus of claim 1, wherein said means for controlling said film is a
quartz crystal microbalance or an ellipsometer.

37. The apparatus of claim 1, wherein means for supply of said reactant is an
unheated solid source of HF, including' ammonium bifluoride or ammonium fluoride. N
38. The method of claim 34, using a condensed source of HF, including ammonium
bifluoride, ammonium fluoride or aqueous solution of HF whose temperature is less than
or equal to the temperature of the substrate, where reaction chamber is pumped out, -the
source is opened and the chamber is isolated from the pump by closing a shuioff valve so
that the pressure within the chamber rises rapidly to a termination pressure, then after
the reaction is substantially complete, the source is closed and the chamber is pumped
out.

39. . The method of claim 34, using a condensed source without added inert gas,
assuring that there is a flow of the reactant, with optional heating and pumping the
chamber so that the pressure within the chamber is maintained at termination pressure,
or within a factor of 10 of termination pressure by adjusting the pumping speed, source
temperature, or flow rate of reactant into the chamber. '

40. The method of claim 34, using a source comprising HF & NH3 and forming a

condensed product layer to control the amount of material to_bs-—e



40 pressure or within a factor of 10 of term nation pressure by adjusting
t he punpi ng speed, source tenperature, or flow rate of reactant into the

e
A g ]
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reaction approaches self-limiting thickness controlled by adjusting the tembera‘mre,
pressure and gaseous coﬁposiﬁon in the chamber.

41. The method of claim 34, wherein the reactant comprises HF and ammonia, and
optionally HyO, so that a condensed product layer of self-terminating thickness is
formed and etching occurs without falling away of the product at thicknesses below the
self-limiting thickness. '

42, The method according to claim 41 of etching two layers of oxides exposed
simultaneously to the reactant. o

43, The method of claim 41, wherein the rate of etbhing is controlled by diffusion
of the reactant into the product layer.

44. The method of claim 40, wherein said reactant is condensed HF or a HE/Hp0
solution in a container having a shutoff valve disposed betweén said container and a
vacuum pump co;mected to the chamber.

45. The method of claim 40, wherein the temperature of the substrate or wafer is
above 50° C sb that the product desorbs without temperature cycling.

46. The apparatus of claim 41, wherein a thickness of said film limits further
diffusion of reactant to the material to be etched.

47. The method of claim 20, wherein controlling the residence time and
composition of said film comprises pumping out reaction chamber‘ maintaining a
condensed source at a temperature less than or equal to the temperature of the substrate,
the source is opened and the chamber is isolated from the pump by ciosing a shut-off
valve so that the pressure within the chamber rises rapidly to a fermination pressure,
then closing the chamber after the desired degree of reaction has. taken place.

48. The method of claim 20, wherein a condensed source is used without added

inert gas assuring that there is a flow of the réactant with optional heating and pumping

the chamber, so that the pressure entering the chamber is maintained at termi
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pressure or within a factor of 10 of termination pressure by adjusting the pumping speed,

source temperature, or flow rate of reactant into the chamber.
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DEVICE AND METHOD FOR ACCURATE ETCHING ANR REMOVAL OF THIN FILM -

ABSTRACT

New device and method are described for accurate etching and removal of thin layer by
controlling the surface residence time, thickness and composition of reactant containing film.
Etching of silicon.dioxide at low pressure using a quartz crystal microbalance is illustrated.

Usefullness of the invention in the manufacture of microelectronic dévices is shown

Figure. 3A




