removed fram the surface of a silicon wafer by a num-
berof methods that do notuse aqueous solutions and
which take place with medium or fow pressures of re-

- STMP (,&:'{’fni ~

1l _ ' :
The present invention isgenemlycelated tothe active molecules or ions. Examples include reactive
etching or remaval of thin layers of material on a stb- ion elching (RIE), and heating the wefer to 900C termn-
strate, such as in semiconductor structures or micro- perature for the reaction Si(s) + 8i02(s) = Si0(g)4.
alectronic devices. More particularly this inveation is However, these techniques do not etch by reacting
relatad to an apparatus and method forramovalofan &  with the layer of matarial to be etched and a con-
 accurate amount of a thin layer using means for con- densed film contaising the reactant molecules.
trolling the surfacs residence time, composition, and Therefore, they ere not considered prior art and
thickness of film formed on the surface of thin layer will not be discussad. - .
to be efched. - Prior art generally concerns teactions where
_ 10 films are presont on a surface during reaction. Some
Background: ert does not recognizo the existence of films on the
surfaco. Other art vrecognizes the existence of flims
Aqueous eolutions of etchants have long been and the role they play In etching, but does not recog-
used to remove thin films from substrates, However, nize the importance of the filme, nor how to properiy
. there are a number of disadvantages of wet etohing 5  controlthem. Inaccuracy and iack of control inthe pri-
techniques. Thess disadvantages are especially ap- orartoften arise when there is inadvertent transitlon
parent in the semiconductor industry where wet - between regimes, €8 described herein infra.
cleans and etches contribute to particulate and other In etohing of sificon dioxide, priorarthas reporied
- contaminetion. Therefore, processes that use gas- differant etch rates for TEOS, thermal silicon dioxide,
eous etchants are preferred. 2¢ and other types of silicon dioxide. The rate is limited
Anotherundesirable fosture of bothwetandgas- - by the reactivity of the reactant toward silicon diox-
eous etches ia that generally the etching is isotrapic, ida. The reactivity varies according to structural and
and a controlled source of etchant designed for re- - compositional differences in the silicon dioxide. The
moval of thin layers Is notused. Often, only a pracise rate of passege of reactantthrough afiim did notllmlt
amount of the layer should be etched becauso there 25  the rate of reactlon with these oxides.
ars features that need to be retained without damage. U.S. patent 4,264,374 to Beyer and Kast! disclo-
For instance, uncontroliedisotraple etching contd- . 8as @ way to use gaseous vapor to remove native ox-
butes to the formation of undesirable gaps whenthe ide from silicon. Oxide etching by exposure to gas-
material to be etched 1 sandwiched between twolay- eous mixtures of HF, H20, and N2 near atmospheric
ers which are resistarit to etching. For instance, as ¢ 30  pressure has very high selectivity for removel of sili-
shown in Figure 1, layer 1 and substrate 3 sre résis- con dioxido without remaving sliicon. A9 the prassure
tantto etching and layer 2 is readily etched by the [so- of a process increases, problems from cantamination
tropic etching process. If an opening is created in lay- by particuiates and gaseous impurities increase.
. er1,then isotropic etching of layer 2 produces a gap Hence, a lower pressure process Is needed.
4 in fayer 2 underneath the opening in layer 1. itis 35 The equipment desctibed by Deal et. o (J. Appl.
clear, therefore, that what is needed is & controtied Phys, 38:3370, 1985) and Novek (Solid State Tech-
etching systemwhich is able 1o etch the precise thick- ‘nology, 31:39, 1888) is currently available and is de-
ness of the layer of Interest without overetching arid signed to etch oxide layers using gaseous mixtures
accentuating the gap between unetched tayers. contatning HF and H20. However, the equipment Is
One of the most important cleaning and efching ¢  not designed to control the surface residence time,
steps in the semiconductor industry Is to remnove na- the thickness or composition of condensed films in
five exide from the surface of silicon, Oxide etching the etching system. An inert gas is bubbled through
byimmersion in aqueous solutions containing HF can water orthrough a solution of HF in waterina contain-
yield pristine St surfaces chemically passivatad by sercealled a bubbler. The pressure of watervaporor HF
hydrogen atom termination of silicondanglingbonde. 45  and watervapor entralned in the Inbrt gas is equal to
Chemical passivation reducesrenxidation of sillcon the vapor pressure at the tempserature of the bubbler.
upon exposure to air, but it doss not reduce contam- Flow controllers regulate admisslon of the gases lnto
ination by particulates orfarge organic molecules. In- anunheated chamber holding the substrate. The bub-
tegration of an aqueous silicon dioxide removalproc-  blers and gas lines are heated. In equipment desce-
ess with an evacuated, multichamber wafer process- 50 bed by Deal etal supra, the substrate can be heated.
ing tool designed to minimize particulate contamina- andthe total pressure can be regulatad by altering the
tion is difficult. Hance, & process that takes place in pumnping speed of the system. There is no quartz
the gas phase at Jow pressure, instead of in a liquid, crystal micfobalance In the system, and tha substrate
Is needed. - cannot be coaled: Etching is restricted to high cham-
Stlicon dioxide has been successfully etched or ?s ber pressures. It is a.flow system with no capability

o isolate the reaction chamber from the vacuum
pump. )
Another method for removing oxide is mentioned
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by Nishino et al (Proceedings of the Symposium on
Dry Process, Inst. of Elec, Eng. of Japan, Tokyo, Oct.
20, 1989, p. 80} In & report on microwave discharge
cleaning of silicon. Exposure of silicon covered with
anative oxide to geses from a heated containerfilied
with smmonium fluoride or to 8 microwsve discharge
in NHS and NF8 gas followed by ralsing the temper-
ature of the silicon can remove the cx3de. Ina sepa-
vale experiment, HF and sulfuricacld were formed fol-
fowing activation of precursor molecules in a dis-
charge. Nishino et 2l does not deat with the type of

gap fllustrated In Figure 1, nor with any ether unde..

sired effect induced by overetching, etc.

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\mmmisneo-
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 gleo used In the prior art to carry out reactions
when the reactant condenses on the surface of the:
substrate {0 be elchad even though inltiation and
control of the reaction is very different when a con-
densed reactantfiim forms on the surface to be etch-
¢d, The differances are more fully set forth below.
When a condenged 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
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phase hnotaslmpahmmusethegamme»
tantis notin direct contact with the surface to be etch-
«d. Instead, the condensed reactant film is in contact
mmmmtﬁm_ﬁmthompositbnof
ths condensad reactant €ilm s more important than
the composition ofthe gaseocus ambientin determin-
ing howfastthe surface willbe efched; and howmuch
of the surface will be etched. The composition of the
gasnffeﬁstimmcﬁonnﬂylnd‘mcﬂyasgasamre-
actants are transported through the condensed film
{o the aurface, A central problem s that condensed
multilayer flims can form on surfaces 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 tho 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 composition.

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

Sheet Has Been Reﬁaced

Illlllll AR



pressure of the constituents. Condensation contin-

ues, andthe thickness ofthe candensedfiimincreas-
es because the systsm pump is unable to remove the
constituents of the fiimat the same rate atwhichthey
are admitted.

Control of the axtent of film ramoval by the ap-
paratus desctibed by Deal et. al. and by Novak, supra,
s therefore difficuit. Since & flow controller is used,
the partial presauces of water and HF In the chamber
risa slowly after Inkiation of flow. Thus, the time at
which the candensation occurs and the reaction Is
initiited is not well defined. The thickness of the film
increases with time. The ion of the gas
above the flim will changs with time in & complex
fashion bscause as the reaction proceeds (SiO2 +
4HF = SiF4 «2}{20), HF is consumad end H20 la pro-
duced as a byproduct. Thus, the surface area of oxide
being efched can sffact the gaseous compoasition. Fl-
nally, condensation on the walls of the chamber
serves 98 an sdditional unpradictable source or sink
for HF becauss the gaseous HF wifl exchange with
HFinthe condensed filmon the wells of the chamber.

Exchange of constituents in the gas with constit-
uents in the condensad film can be understood by re-
ferring toFigure 2b from p. 148 of Physical Chemistry
by Farrington Daniels and Robert Alberty, 3rd ed.
* 1966, Wiley. N.Y. It shows how the equilibrium com-
position of the vapor of a two component mbdure of
benzene and toluene varias from the composition of
the fiquid as a function of temperature. Similar
curves hold for alf binary mixtures including HF/H20.
The x axis shows the fractions! composttion of the
mixture end the y axis shows the tempsrature. if va-
poris admitted to a chamber with the composition of
point b, it will condense on an object whose temper-
ature is below about 94C. The compoasition af the ve-

por, represented by point d, is very different thanthe

composition of the liquid represented by point ¢. In
other words, as aocon as condensation ocours, re-
evaporationwill alterthe composition of both the con-
densed film and the gas phass.

The exact detalls of how these compositions
changewith time will have & complex dependance on
the absolute and relative amount of condensed film
onthewalls and onthe substrate, flow rates, ebsolute
pressures etc. The absolute amount snd relative
amount of condensed fiim on the walls of the cham-
ber and on the substrate will also depend on the am-
bient temperatura and on the temperature difference
between the substrate and the chamber. The actual
curve for HF/H20 dinscy mixtures shows the exis-
tenco of an azeotrope. Azeotropes are certain frac-
tional compositions of a binéry mixture where the va-
por, and liquld In equilibrium with the vapor, have the
same composition. Although Desl ot. al. mantion use
of the azaotrepe in a bubbler as a supply of HF end
water, they combine this with a bubbler containing
water so that the gassous composition inside the
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chamber is not the composition of the szeotrope.
U.S. patent 5,030,319 to Nishino eL. al. provides
anunderstanding of etching mechanisms whera films
that contain reactant are used for eiching. However,
the efching apparatus and method are in some ways
more difflouitto use'daspits an improved understang-
ing of the films. For instance, & flow system is used’
10 admit gases with all the potential problems men-
tioned above, In addiion; reactantls created through
reaction of precursor molacules activated by a pias-
mdlsdmchﬂudofdhctadnbsl‘enofﬂtemo-
tant. The formation of condensed multilayer reactant
flims, therafars, dependa not only on temperatures,
flow rates, pumping speeds, etc.; but also on the
characteristics of the discharge and the reaction of

‘sctivated precursor molaculss, Furtharmore, reac-

tive radicals or molecules In the gas phase can con-
sume, reactwith, orchambﬂlymmmmmsenthe
waferorwalls.

The Nishino patent teaches that a discharge in
NH3 and NF3 forms HF which can combine with am-
monia % form emmonium fluodde layers thet react
with SI02 to form an emmoniom fiexafluorostiicata
product. Reaction can also ocour by dissolution of re-
actant within the product fayer. The resuits indicate
that not ali the siiicon dioxide which reaots Is feft be-
hind as a film on the surfaca cfthe cxide. Figure 2 of .
the Nishino patent shows the etching rate and film
thickness for & 10 minute etching time as a function
of the NHS fo NF3 ratio. The, efching rafe of eround

. 10-40-Angstroms/min corresponds to removal of 100

to 400 Angstroms of silicon dioxide, If alf the reacted
silicon dioxide were converied to ammonium hexa-
fluorosilicate product rasident on the surface, the
thickness would be approximaely 300 to 1200 Ang-
stroms, far thicker than the fiim thicknesses shown
InNishinc's Figure 2. Some ofthe silicon from there-
acted silfeon diaxide does notremain resident on the
surface in the form of ammonium hexefluorosificate.
Whenthe productfilm s thin, can be *broken away”,
but after continued etching it can no longer be “brok-
on awey" and etching Is terminated. The termination
thickness of elched oxide in Fig, 15 of Nishino patent
is about 1000 Angstroma, a thickness farlarger than
needad {o prevent undercut shown in Fig 41 ofthis ap-
plication. The decrease in efching efficiency is pre-
sented as a problem which can be remedied by alter- .
nating several shortreaction and product desorption
cycies Insiead of elching for one long period of time.

if a thin film is formed with & short 10 minute dis-
charge, the film remains permeable to reactant, If hy-
drogen fs subatituted for ammonia in tha discharge
HF Is formed and in fact the presence of the film in-
craases the reaction rate. The fiim does not inhibit
the reaction. b

Nishino further teachus thatradicatls suchas 02
and fluorine atoma in the diacharge influence the re-
actions In several ways. They can affect the selectiv-



ityofewnosllieonvs.summdde.wnanuzsoa
_ andHmeo(medhmeMammﬂuonmamm
ere consumed within the condensed film when itis
thick, butflucrine atoms are not consumed whan the
condensed film is thin. When the film is thin, siticon
is etched; when the film is thick, silicon is not efched.
Thesa reactiona can compiicata catitrolled etohing.

. ltmay be furthernoted thatany apparatus using
@ condensed souroe of reactant at @ tomperature hot-
ter than the wafer susface is able to maks & transfor-
mationbetween regimes. If reactantis admitted slow-
ly, there Js no reaction Initially, because an adsorbed
. fiimdoes notform. As the pressure of reactant slowly
increases to near the vapor pressure at the tempara-
fwe of the wafer, then an adsothed film can form

which eiches the surface. The adsorbed flim compo- -

sition is closely related to the composition of the gas-
es in the chamber, When the pressure exceeds the
vapor pressure of the matsdai in the chamber, there
is condensation of a multilayer. The multileyer forims
- @ reservol, espaciafly if it s a fiquid muitilayer, the
coinposition of which Is no longer directly connected
to the composition of the gases in the chamber. No
prior ert gystem is designed and operated to stay in
the ragime whare an adsarbed fllm of a layer arless
is responsible for etching. .

Furthermore, constant siow rate admission of re-
- gctant with flow controllers to a chamber using eppa-
ratus mentioned in the prior art does not lead ta ac-
curate olching or removel of thin layers, because the
. composition and rasidences time of the reactant film
is not controlled: .g., the time at which & condensed
flim of roactant Is formed on the surface Is unceriain,
thelangth of tima condensed film remains on the sur-
face is unknown, condansed film can form on the
walls of the chamber or partions of the wafer mount
which are colderthan the wafer, the fraction of the re-
actant which is admittad ta the chamber and eventu-
elly condenses and reacts is unknown, the substrate
fs notcooled sufficiently tofacilitate use of a low pres-
sure source, the seif limiting reaction thicknass of
solld products (s uncerfaln, a wafer Is not held ator
slightly above the temperature of a source of con-
densed meactant so that reactlon can accur within the
adsorbed film ragime, and the presence of activated
: radicals ormolscules can complicate the composition
of films.

it iz clear from the above that improvements in

the prior art apparatus and method are needed,
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.
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~ The spparatus comprises the following compo-.

nonts:

1 dmnbor

moégns for supply of reactant to said chamber;

a matarial on a substrote, said matedsl sble to
be etched by said reaclant;

mesns for supporting seid substrate within
sald chamber;

afiim comprising said reactant on the surface
of sald material;

means for controlling the nature and duration
of said filax;

whereln the components ere $0 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 891d film being $o control-
led by sald controlling means that sald fiim leada to
tha removal of an accuratelycontrolled amount of said
materiaf on aald substrate,

The method comprises the steps of:

(8) supporting, in 8 vacuum chamber, 8 substrate

having a material to be etched;

{b) edmitting reactant containing gas into sald

chamber at a sufficient pressure so as to form &

film of the reactant on the surface of said mate-
rial;

(c) controlling the composition and residence

time of said fiim on the surface of said materisl

so as to efch an accurats amount of matecial on

said substrate; and i f

{d) removing any unwantod reactant and reaction

products from the chamber or surface of said

substrate, '

1t is a further object of the invention to carry out
oiching over a wide range of chamber pressures.
Etching of the layer on the substrate takas place by
chemical reaction of the reactants in the condensed
filmor cluster(aggregate) of moleculas formed onthe
fayer to be efched.

An importsnt feature of this invention is thet the
apparatus and method used for the etching reactlon
gre designed to control the condensed or adsorbad
film of the reactant forming on the surface ofthe sub-
slrate. In contrast, a constant rate of admission of the
reactant gas into the reaction chamber, as described
in the prior art, doas not aliow control over the com-
position, thickness, or surface residence time of the
film,

The present invention for the first time provides
means for controlling the composltion, thickness, and
surfacs residence time of the tilm of condensed ré-
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-
teo! oc elimination of condeansed fiims on the surface



of the chamber alds in the control of the candensed
filmon the substratd. A microbalancs (quartz crystal
microbalance, QCM), eltipsometer or other monitor-
Ing devices well known to & ekilled srtisan, providas
control of the reactant film thickness over the entira
range of pressures. Rapid delivery of gaseous reac-
tantfothe substrate astablishas a pracise timefor ini-
tial condensation of the reactant film and contributes
10 8 constant gaseous concentration. At low total
chamber pressures, a cooled substrate and delivery
of reactant with a colllslon-frea or substantisily colli-
slon-free source aids formation and control of the
candansed reactant fiim. When the condensed film
comprises a miticomponent mixture which forms an
szeotrope, admission of the components o the
chamber stthe composition ofthe azeotrope alds the
fortnation and control of the adsorbed film. .
Although the preferred embodiments describe
_various espects of the inveation, each individual as-
pect of the invention increases the degree of control
over the condensed reactant film and constitutes a
distinctive featurs of the presantinvention. .
Indeed applicants found resulte contrary to those
of Nishino when amwnonia and BF are added direclly
instsad of being synthesizad ina discharge which can
also create reactive radicals. The stoichiometric
smount of ammonium hexafivorosilicate product Is
formed (a a layer on the surface. The reaction Is self-
limiting by a different mode than with Nishino's acti
vated reactants, with the abliity to “break away" the
flim playing no role in termination of the reaction. A
termination thickness is found small enough (less
than 200 Angstroms at room temperature) to mini-
mize the sort of undercut shown in Figure 1. At tem-
perstures delow Nishino's, there is & drop In the

amount of sllicon dioxide removed which indicates

thatdiffusion of reactant through the film is inhibited,
and that the termination thickness can be controlied.

Iaventors also observed other sumprising nasuits,
Forinstance, initial etching of TEOS, tharmal sllicon
dioxide, and other oxides that era pradominately
S102 occurs at different rates, but the product layer
Increases in thicknese and rates become similer as
the rate of diffusion of reactant through the product
layer becomes rate limiting. The diffusion through
product layecs is conetant sa that even though the in-
herent reactivity of HF Is greaterfor TEOS ‘than for
thermal oxide, the termination thickness determined
* by diffusion Is simitar. Anwnonlum bifiuoride etches
ata considerably lower pressure than ammonium flu-
oride. At femperatures below-35C, it s possible to op-
orate at pressures many orders of magnitude lower
than in any orior art, with essentially every reactant
~ molecule which strikes the surfaoe sticking without

re-avaporation.

__-_-—-—'—’-—"—‘——‘—F_———————‘_ .
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BRIEF DESCRIPTION OF THE DRAWINGS

Theforegoing and atherobjects, aspects and ad-
vantages will be better understood fromthe
dotalled description of the preferred embodiments of
the invention with raferance to the drawings in which:
Figure 1 is a cross.sactianal side view of = prior

" art samiconductoe wafer following uncontrolied iso-

tropic etching of one layer;

Figure 2a is a cross-sectional side view of prior
art equipment for etching a thin layer. The apparatus
usesa source of gaseous reactant whicli incorporates
flow meters,

Figure 2b shows the equilibrium composition of
a two component liquid mixture and the vapor pres-
sure above the mixture,

) Figumsuamsuwmladem«an om-
bodimentof the present invention for pecforming pre-
cise stehing of a thin fayer by controlling the film con-
densed on the surface. The device incorporates a
gourca of resctant, an effusion celt capable of oper-
ating with a low chamber pressure whan limited col-
lislons are experienced by reactantmoleculds travel-
fin from the soyrge 1o the substrate.

Figure 8b is amass spectrum of gaseous mixture
pmmhﬂladmnb«whenobhinsdanmddelayer
is done with a mixture of HF and ammonle. Water is
afso prasent.

Figure 4 Is a cross-sectional side view ¢f an em-
bodiment of the present invention for pracise etching
of a thin layer. The apparatus uses a source of gas-
gousreactantwhich can rapidly deliverreactant to the
wafer.

Figure 5§ shows a plot of amicrobalance signal as
8 function of time during control of & condensed film

. of ammonla and HF on an oxide coverad sllicon sur-

face, .
Figure 6 is a thermal desorption spectrum show-

{ng the mess of gas phase molecules from a layer of
reactlon products which desorbg iato the gas phase

near 160C.

Figure 7 shows a cross-sectional side view anar-
rangement of the apperatus for accurate efching with
an adsorbad layer of reactant.

Figure 8 is the detailad viaw of the wafer mount
and temperature contro! system.

Figure 9 shows the rate of product formation as
8 function of the thickness of product when sputter
silicon dioxide is exposed to vapors above a cell of
ammonium bdiflyoride,

Figure 10 compares the eich rats on TEQS oxide
and thermal silicon dioxide following exposure to va-
pors abova a cell of arnmaonlum biftuotide as & func-
tion of exposure time.

Figura 11 typifles the flims and the leyers pres-
ent on the substrate in the embodiments of the pres-
ent invantion. The tagi layer is the condensed or ad-
sorbed film of reactant or reactant diffused in a con-



densed film. The next layar underneeth is the layar
of totraothoxy silan (TEOS) silicon dioxide, befow
which is the layer of thermo SIOZ and tha subateate
Is that of silicon. Other types of 8102 which contain
such stoms e3 arsenic, phosphorous, boron and the
like could, of course, be substitutad.

DETAILED DESCRIPTION OF THE INVENTION

The above and various other objects and advan-
tages of the invention sre achieved by an apparatus:
and g mothod designad to contral the formatian of
surface films: The invention employs means for de-
tecting end controlling films ofless than a layer thick-

ness under real reaction condltions, This fs acoom-

plished, inter alia, through the usa of a quartz crystal
microbalance and well defined reactants, thereby
helping fa cigasify thistype of reaction into eeveralre-
pimes and to define preferred embodiments ofthain.
vention over a broad workable range of pressures
and temperaturas. The main regimes are reactions
stemming from (1) adsorbed filma of a layer orfess,
(2) condensed liquid films, and (3) condensed solid
films. In a fourth regime, when there is no surface
film, there is no reaction.

Unless defined otherwise, all tachnical and sdl-

entific terms used herein have the same meaningas .
commonly understood by one of ordinary skiflinthe

art o which this invention belongs. Although any
methods and materials similar orequlvalentto those
descibed hereln can be used In the prdctics or test.
ing of the present invention, the methods and mate-
rials described hergin are preferred. Unless men-
tioned otherwise, the tachniques employed or CoN-
templated herein are standard methodologies well
kniown to one of ordinary skill in the art. The materi-
als, methods and examples are only lllustrative and
notlimiting.

In accordance with the present invention, desm-
bed herein is an apparatus for rapld delivery of am-
. monia and hydrogen fiuoride gas with the option of an
elovated substrate temperature (Figure 4); an appa-
" ratus forrapid delivery of hydrogen fluoride and water
{Flgurs 4); apparatus for low pressure etching which
uses a differentially pumped source such as an effu-
slon cell or molecutar beam for delivering vaporsto a
substrate coated with SIO2 (Figure 3); and the com-
binatlon of a microbalance with any of the above ap-
paratus to control the etching reaction. Furthesmore,
method and results are presented (1) to distinguish
when a reactlon occurs by condensatlon of reactant
orby gaseous exposure, and {2) to ehow that reaction
Is controlled by a condensed film. The specific sys-
tem comprises the etching of SIO2 when a condensed
film is formad from HF and emmonla precursor gas-
aa,

Various embodiments of the invantion ars now
gelforth.
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1, Apparatus and Method For Rapid Del‘nvsryof
Reaclant

Reforring now to the drawings. and more partic-
ularly to Figure 4,theréis shown a preferred arrange-
ment for precise elching of a thin layer by controlling
the film condansed on the surfaco of a substrate.
Valves 10, 11, and/or 12 ere simultanaously opened
in order to rapidly admit reactant, orreactant and cat-
alyst, to the reaction chember 13. Gas admission is
rapkd because the opan diameter of valvea 10, 11 and
12is larger than the diameter of the regulating vaive
Inafiowmster. iImmediately after admission, the pres-
sure of the admitted gases lo malntained sbove the
condansation pressure at the tamparature of tha sub-
strate 44, This resulte in the formation of & con-
densed film 15 on the surface of the substrate 14, it
{s fo be noted that whils the prassure of the admittad
gasasisgbovethe condensationt eatthetem-
perature of the substrale 14, the pressuce of the ad-
mitted gases is below the condensation pressure at
the temperature of the chamber 13, because the
chamber is heated to above the substrate tempera-
ture by heater 16. The aubstrate can be heatad by
heater 17 orcooled by flowing coolantinfubes 18 and
18, Both, a quarizerystal microbslancd 20 containing
a orystal coated with the same matadal as the isyer
tobe etched, andthe substrate 14 are attachedtothe
substrate mount 21. The slgnsal from the quartz crys-
tal microbalance 20, reservolr pregsure monitor 29,
chambar pressure tnontter 30, chamber temperstur-
emonitor 31, and wafer/microbalance temperature

" monttor 32, goes to a controller 21a, which determi-

aes and reguisfes the pressure (o which the reser-
voirs 22, 29, and 24 are fllled. The reservoirs are fil-
led from a source of the raactant 34 containing H20,
35 containing HF, and 38 containing NH3; through
vaives 25, 26 and 27, respectivaly. Alternatively, re-
servoirs can hold solutions containing HF or NH3 and
a non-raactiva gas could be bubbled through the sal-
utions. The reservor could be merely a length of tub-
ingora chamber. The pressures in the reservoirs and
chamber are regulated by connectlona bétween the
controller 21a and valves 25, 26, 27, 10, 11, 12, and
28, Not gil connections are shawn In the drawings for
the sake of simplicity. All sources, reservoirs and tub-
Ing leading to tha reaction chamber can ba heated to
obtainreactant pressures greater than the room tem-
perature (_ 22-23C) vapor pressure. A heating
shroud 37 is shown on one gas line source and reser-
wvoir. The signal from tamperature sensor 38 is sentto
controlior 29a which monitors and controls the tom-
persture of tho shroud 37, Tha shroud 37 and sensor
38 is shown for only one gas line to yield a simpler
drawing. However, ‘all knes may have a heating
shroud and sensor controifed by 21a. The controller
21a monitors the tamperature of chamber 18 with
~ensor 31 and controls the temperature through the



connaction to heater 18. The controliar 21a monltora
the temperaturs of the wafer 14 and microbalance 20
with sensor 32 end controls the temperature through
the conneciion to heater 17 and cootant regutating
vaive 33, There are two mades of oparation depend-
ing on whether vaive 28 which leads to a vacuum
pump (not shown) Is open orclosed during admission
of reactant.

z-MnisﬁonofNHaand_HF
Now dascribed is the first mode of operation

where the valve 28 ko the vacuum pump is open dur-
ing admission of reactant. Reservolr 23 is filled with

HF and reservolr 24 with NH3. Then vaives 11 and 12

are simultaneously and rapidly apsned. Reactantfills
the camber and rapidly condenses on wafer 14, mi-
crobalance 20 and mount 21 for 8 sufficiently short
period of tima-when the pressura of NH3 and HF is
above the vapor preseure at the temperature of the

wafer 14 g0 that a condensed layer 15 fa formed and

reaction with the surface of the layer to be etchedis
initiated. Since vaive 28 s open. the condensed film
16 decreases In thickness with ime as HF and NH3
atthe vapor pressure of the condensed film is pump-
ed out. Finally, all the condenaed HF and NH3 which
is unreacled evaporates and is pumped out. Ex-
change between reactant in the condensed film and
reactantinthe gas’phasa laminimized because ofthe
- short period of time during which the reactant is con-
densed on ;hewtaoeazthelowamblentmswein
the chamber. Thoamntoﬂhemhed fayer which
is removed depends on the substrate temperature,
composition snd residenca tima of the reactant film.
Factors influsncing the amount removed includes va-
porpressure of the reactant atthe tomperature ofthe
substrote, the amount of reactant admitted to the
chamber, the pumping speed, and the reaction rate
between the reactant and the layer 10 be etched, 21l
of which can ha regulated by tha controlier.

Separats gassous sources enable easy opera-
tion at elevated wafer lemperatures when high partial
pressures of ammonta and HF are required and en-
ables varlatian of tha HF: NH3 ratio.

3. Admission of HF/H20

inanothermode of opecation, the vaive 28 to the
pump is closed during the admission of reactant. Re-
servoir 22 is filled with H20 vapor, and reservoir 23
is filted with HF, then valves 10 and 11 are openedto
it chamber 13. The reactant condenses on wafer 14
and microbalance 20 to form a condensed flitn 15 un-
{il the pressure in the chamber drops to the vapor
pressura of the reactant at the temperature of thowa-
fer 14. if the condenaed fiim I3 a liquid, such as with
admission of HF and H20 with a wafer temperature
above 0C, then reaction can be continued untit all re-

—————_—__—_‘—______’_______A_—
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actant ia tha condensed film 15 has rescted or until
vaive 28 is opened and the contents of chamber 13
are pumped away. Durlng the time valva 28 is closad, .
reactant in the chamber 13 can exchange with reac-
tant in the film 15, The emount of the etched layer
which is removed i5 determined by.the amount of HE
admittod to the chambear. Once a condensed layer is
formed on the surface to be etched, additional HF
ciin be'added by refifling reservols 28 and opening
wvalve 11 without opening valve 28. The reactionis tar-
minated only when valve 28 is opened and the con-
tents of the chamber 13 are pumped away or when
the HF which was admitted to the chamber has react-
od. . :

4. Apparatus and Method For Low Presstirs Etching
Roferring now 1o the drawings and more partic-

ularly to Figura 8, there is shown a preferred arrange-
ment for accurste etching atlow chamber pressure. A

- Key feature is a differentially pumped source of reac-

tant vapors, An effusion cell operating at law preg.
sure s a particularly desireble feature whereby the
wafer cannot be axposed o contaminants which tnay
bo gresent at higher prassures. Alternatively, @ su-
personic source can be used.

The reactant source 40 is filled with ammonium
biffvoride and s heatod with heator 47 inorder to va-
porize the golid. it delivers the reactant through apat-
ture 41. The pressure in the chamber 42 and chamber
45 is low-enough go that the reactant molacules ex-
perience asmall number(_0% 3) of collisions asthey
pass from aporture 41 to substrate 48, Low pressure
is insurad by pumping chamber 42 through apening
44 and chamber 45 through opening 46. The incident
reactant molacufes condenss when they strike the
cooled substrate 48 ormicrobalance 49 toforma con-
densedlayer 50 of HF and NH3. The substrate 48 and
microbalance are attached to mount §4. The tamper-
ature of substrate 48, required for condensation
when reactantis present atiow pressure, is below the
temperature required when reactant is at high pres-
sure, Valve 52 regulates the coolant flow through
tubes 53 and 54. Since the chamber 45 pressure is
fow, there s little exchange between reactant in the

. gas phase and reactant condensed in the film on the

surface of the aubstrate. The mass spectrum of Fig-
ure 3b was taken during condensation of reactant on
the surface, it shows that the vapor predominantly
contalns NH3 and HF with traces of H20. The H20
may desorb from the chamber walls. Once the reao-
tion Is completo, svaporation of excess reactant and
reaction with the layer to ba stched can be facilitated
by lncreasiag the substrate temparature with heater
55. A controller 58 monitors the wafer temperature
with sensor 56, and cantrols it with vaive 52 and hea-
ter 55. Tha same controlier monitors the microba-
lanca 49 signal, and can vary the preseure of reachant
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ber 40 with sensor §7 and controlling heator 47. The
thickness of condensedfilm 50 can be controlled by
shutter 69, .

in altornate configurations, a gas cen be deliv-
ered to chamber 40 instoad of a solid, vapors from @
solid can beentlahedlnagas.orehmumd
chamber 45 can als0 be heated.

EXAMPLE -1
A specific apparatus and dosing procedure for

etching of S102 are now described. A stainless steel
effusion call is filled with ammanium biftourida in air,

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 a small chamber pumpad with & turbo-

pumg. itmounts on the silicon wafer dosing chamber -

pumped withaturbopump, The effusion cell is heated
to 75-85C and vapors from the ammonium bifluoride
are condensed on the -35C wafer for about 20 min-
utes. Although ammonium biftucride is evaporated
from the effusion celi, the composition of condensed
raactant on the surfacs is natdetermined and is prob-
ably not stoichiometric NHSF2, The wafer is heatedto
5-15C over the course of 10 minutes, somstimes
qwhile still exposed to the ammonium biflucride vapor.
The daclining quartz crystal frequancy shown In Fig-
ure § is due fo the condensation of reactants. After
heating bogins at sbout 1600 seconds, condensation
of reactants continues until sbout2000 seconds after
which excess reactant rapidly desorbs. Arnmonium
bifluoride Is condansad for a total of about 30 minutes
with desorption during the last 3 minutas of the 10
minute heating phase. The frequency at point B is
slightly lower than atpoint A, because ajayer cantaln-
ing Si0O2reaction products is not volatile at 14Csam-
ple temperature, After desomption of the reaction
products, the frequancy at point C Is higher than point
A, becauss part of the oxide layer s etched,

After dosing, the wafer can be directly inserted
into & UHV surface analysis chamber with a base
pressure of about 10-8 Torr without exposure to the
atmosphere. Thus, the appamtus foriow pressure ox-
ideremoval can be integrated with othervacuum sys-
tems. .

Apparatus and Method for Etching in the Adsorbed
Reactant Ragime Akey feature of this embodimentis
a sourca of condensad reactant held at a temperature
below the tempecature of any other surfacs in the re-
action chamber. Underthese conditions afl molecules
from the source can adsorb only on surfaces and ere
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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sltion of the surface film that contalns the reactant.
!ftheumpuatwormmwntbedderman
the condensed source, then amultiiayer reactantfilm
can form on the mount which can continue to desorh
and produce gas phase reaclant which adsorhs on
thewafer aven sfierreactantis nolongerintentionally
added by the source of candensed reaétant, Control

* of elching will also be poor, if the wafer surface Is

colderthan the condensed source. Thenr a multilayer
reactant film can form on the wafer surface and etch-
ing Wil pass from the adsorbed film regime to the
condensed muitiiayer fiim ragime,

Referdng now to the drawings and more partic-
ularly %o Figures 7 and 8, there I shown @ preferred
armangemant for accurate etching in the adsotbed re-
sctantfilm regime. Ammonium biflucride galidis held
vmhlnmm134whiehbmmmdataum
sture equal o or fower than the temperature of any
other surface exposed tothe vaporabove the ammo-
nium bifluroids. This e accomplishad by the tamper-
ature cantrolied stiroud 137 which is controfied with
thermocouple 138, and confroller 121a, Alternatively,
thethermocouple could be attached fo container 134.
The walls of chambar 413 contain a hoater 116 sothat
tha temparature of the walls are maintained at a tem-
peraturs greatar than or equat to the temperature-of
container 134. Thermal conduction maintains the
temperaturs of shroud 139 and portions of wafer
mount 121 et 2 tamperature above both container 134
and the surface of wafer 114. Thermocoupies 131,
132, 138 and controller 121a ensurs propar tamper-
atura. The surface of the wafer 114 has two different
typss of silicon dioxide expossd, for example TEOS
oxide and thermal oxide. In the simplest mode of op-
eration, the wafer 114, ammonium bifluoride contain-
er 134 and chamber 113 are all at room tempoerature.
Chamber 113 Is evacuated, vaive 128 to the vacuum
pump is closed ard bath tha regulating valve 125 and
shutoff vaive 110 are opened, HF and NH3 from the
ammonium bifkicride cell 134 fills the chamber 113,
rising withinlesa than a minute to a “termination pres.
sure®, whichis approximately equal to the vapor pres-
sure of the ammonium bifluoride atroom temperature
and delacted by pressure monltor 130. Termination
prassure appraximataly equal ta tha vapar prassure
of the condensed reactant in the source and is deter-
mined with the sources wafer and chamber alf atthe .
samo temperatuwre. Once the ‘formination pres-
sure® Is determined, the tsmperatures and pumping
spaad can chango and reaction will remain In tha ad-
sorbed film regime 2as long as the pressure in the
chamber Is equal ta or below tha termination pras-
sure at the temperature of the wafer. (See the de-
scription of the manufacturing system below.} After
velve 110 is opened, afilm 115 of a monolayerorless
in thickness, containing ‘reactant, s adsorbed on the

' surface of wafer 114 and an the surface of the quartz

crystal microbalance (QCM) coated with siticon diox-



ide 120. The pressure inside the chambersiowlytises
beyond the tarmination prassure 8s & portion of the
H20 reaction product escapes from the product layer
into the gaseous embient inside the.chamber. The
mass of the coated QCM 120 Incresses a3 the prod-
uctlayer is formed. Valves 110 and 125 ramalis open
during the reaction. & was found that the mass in-
croeso from reaction is about twice the mass de-
crease from ramoval of silicon dicxdde, This mass in-
craase can be used directiy to control the amount of
silicon dioxide thatis etshed because none of the re-
action product fs removed by simply axpoasing ittothe
emmontum biffuoride vapor (in contrast to the work
by Nishino where activatad spacles remove the film),
and because shick reactant layers which could com-
plicate the measurement, do not form on the sub-
strate whean reaction occurs in the edsorbed film re-
pime. Aftercontrotier 121a determinas thatthe signal
from QCM 120 is indicative of the deslred amount of
silicon dioxide having been eiched, valve 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-
oqtion of the reactant fiim, If an unwanted multilayer
reactant film is formed somewhere Jn 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 be remaved, a now wafer 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
- cofitrols the 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
raissd. Once again, the temperature of the con-
densed source 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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flims form within the chambec, The temperature con-
trol systam Is described hereln Infra. The HF:NHS ra-
tio can be Increased by opening valve 112 and adjust.
ing veive 127 with controller 121a to admit HF gas
from container 136 until a desirad preasure ncrease
is detecled by pressuremonttor 130. HF can ba added
hefare or after admission of vapor from'the ammoni-
um bifluoride cell.
Othercondensed sources of reastantcan ba sub-

 atituted for condensed emmonium bifluocide. In a

manufacturing varelon of this embodiment, a quartz
crystal microbalance coated with sllicon diaxide
might not be inchuded even though it is preferred. In
the manufacturing verslon, only temporary use of an
appropriate thin flim monfior such 8$ @ QCM may be
necessary to calibrate the process &0 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 temporature 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 can be clasad arwith an uncoat-
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. In the second
phase, the wafer is heated t0 near 100C o remove



the productlayer. Flddfmmtlnhmperatutaco:ﬂol—
led circulator 150 is cooled to the fow temperature of
the first phase. The fluid flows in the direction ofthe

arrows, Valve 152 is closed so that the fivid flows

through vaive 161 and into the inner concentric tube
165. The inner tube 155 delivera the fluid on the in-
side of wafor mount 121 near the backside of wafer
114. The fiuid flows In the direction of the arrows and
is returned to the outer.concentrictube 140. ltpasses
through the wall 157 of the chamber, and back into
the circulator 160. During this phase, power supplied

to the intine heater 154 by the controllor 121a Is re--

duced because thereis nofluid flowthrough the hed-
ter. Inthe second phase, the temperature of thewafer
114 must be ralsad to near 100C as monitored by
“thermocouple 1568. Controller 1242 closes valve 151
and opeas vaive 152 so that fluld must flow through
flow restrictor 453 then through Inilne hester 154,
. Thermocouple 156 is used to monitor the tempera-
ture of the fluld leaving heatsr 154. Controller 1212
- adjusts the power 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 detarmined, and film 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-
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trolier can sitor.the temperatures to eliminata the
films. Thamonitorean also ensure thatgli of the prod-
uct film is desorbed.

Useofa Mimbalanee

The queﬂzerym microbatance (QCM) frequen-
¢y is recorded as a function of time with a personel
computer based mudtichanne! scaler incosporated
within the controlier desetribed in the embodiments.
The osciliator supplied with the microbalance ta pow-
ered by an oven stabilized SV power supply through
an RF choke (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
measuremants, 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
layeronthequartzcrystal is predominantly sputtered
8102, 8 Z of 1,07 and density of 2.2 glem3 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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Demanstration that Condensation or Adsorption of
Reactant Is Required for Reaction to Occur

Acharacteristic of the type of reaction coveredin
this disclosure is that the reaction rate decreasas as
mmmhmmnmwemm.mm

n

eaneondensebformathld‘mdﬂlayunthem .

. pecalure rises abova the condensation temperature,
a multilayer no longer forms, but molecutes will con-
tinue to adsorb on the surface for a short peried of
tima before re-evaporation, The amount of edsorbed
reactant continues to declins as the temperature rig.
os. Expediments with coated and uncoated QCM
ctystals conflrm that reaction continues 1o occur at
muamsmhlghfwmdematbnofammay-

r. The embodiment using an effusion cell as low

1%

pmemofammoniaandHmeaMa '

silicondioxide eurface held atlow tamperature shows,
thatthe gaseous reactant does not react divectly with

EhlﬁnsommehUnof Condensed sa‘d
Layers

Althoughammonlumhexafluorosilicate has bsen
absarved 8s a reaction product following reaction of
silicon dioxide In HF contalning solutions or plasmas,
we have discovered that a layer of ammonium hexa-
fuorosilicate products can ba uged £ control the re-
action of HF with silicon dioxide, Tha discovery stems
from measurements of the resction rate of sllicon di-
oxide when & product tayer of known thickness is
formed on the oxide surfacs from ammonia and HF
gas precursors, Praducts formed by reaction in sof-_
ution, or In plasmas can be dissotvador removed by
fon bombardment, eliminating thalr effectiveness in
controlling reactivity. The use of condensediayers to
control reactivity of a surface can be applled to sys-
tems other than the reaction of HF with silicon diox-

ide In a condensed fiim ef HF end ammonia.

the surface. 20 * . Whon a solid layer of products is formed on the
mmofdedmeoftheocmmncyslm 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 tate of the reactant film 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 boundtnanyspedﬂclheay 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 approacheszero, and the reactionis es-
actant. Ammonia and HF condensed on & 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 condensed films thickness can be Gontrofled by changing the temper-
contalning HE and NH3 is not known. 7 atureof the reaction. When the temperature islower,
: = the diffusion rates are lower and the self-limiting re-
il ﬂe\\eil\i\eﬁi\m



action thickness is thinner. The evidence for this be-
havior is that exposure to many thousands of layers
aof condensed vapors from ammonium bifluoride for
many mintstes removes only & few tens of angstroms
of silicon dioxide when the is -35C.

Alternatively, the amount of silicon dioxide which
is stched can be controlled by changing the ratio of
HF to NH3 In the gas above the silicon dioxide sur-
face. Pure HF etches siticon dioxide with no seif-
limiting process. Ammonia is nepessary to form the
hexofluorosilicate product. Efch thicknesses be-
twean the Infinita thickneas of pure HF and the thick-
nesses Obfained with aemmonlum biffucride
(HF:NH3=2) can be obtsined by varying the HF to
NH3 ratio in the gas above the axide surface. An e5-
pecially preferred way to minimize the type of under-
cutahown n Fig. 11sto use productiayer control. Fur-
thermare, the selflimiting thicknass can be tatiored
to 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 fitm 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 isotopes, masses 47, 48, and 49 are from SiF+
and mass 33 is SiF2++. These thermal desorption
spectra are consistent with SiF4 released upon thee-
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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ADVANTAGEOUS ASPECTS OF THE INVENTION
Aspects Relating to Pressures:

Soma applications require carrying out the efeh.
ing process in a chamber at low pressure (10-3 Torr
£0 10-10 Tors), or in & chamber attachad & one oper-
ating atlow pressure, A differentially pumped source
of reactant bosides enabling the low pressure opera-
tion described herein supra, provides: the following
advantages: delivery of reactantis directional formin-
imization of undercut, or for penatration of hight as-
pectratio structures onthe wafer, and there 1s simple
contral of the amount of reactant depastted 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



product, Figure 6 shows the bast temperature valus
to be In & range- between 60-160C. A controlled
amount of ammonla end HF s then admitted at ¢
pressure above the equilibrium pressure found above
solld ammonium fluoride or ammonium bifiuoride at
the chosen temperature value so that there Is con-
densation or adsorption upon the surface to be efol-
ed. Although 50-100 C s not far above room temper-
atura for sllicon dioxide removal with condensed am-
monia and HF, thers may ba cases where tsmpera-
turea far above room temperature may be dastrable.
For instance, it may be advantageous to hiave the ro-
sctant source, the substrate to be etched, and the
chamber, all at ¢ temperature substantially higher
than the room temporatum whan the reactant or re-
action products are not very volatilo. When the wafer
is balow -35C 10 -40C, molecules in the vaporfroman
ammonium biffuorids cell stick to the wafer whera
they strike the wafer. The vapor prassure is below
lo-8Yorrsothatre-evaporation is negligible andthe
sticking cosfficlent ls high, Other reactants fess vol-
atile will stick where they hitwhen the waferis ata
higher temperature than -35C. More volatile reac-
tanta would requice a lowsr wafer temperature.

Aspects Relating to Chemistry

Although the reactions discussed herein are de-
gigned to remove oxide from sificon, other combina-
tions ore possible. Forinstance, a number of different
chemistrias commonly used with aqueous solutions
could be employed in the devices of the prasent 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-

" ution gourco of HF, and the like, Solvents or solutions
ather than water could be ysged; 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
& high vapor pressure end yetthe ammonksm on con-
taining salid which forme upon reaction withs an acld
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is not particularly volatile, Thus, there could be o
number of aqueous chamisiries which etch films be-
sides axddes to show analogous reactions in con-
donsedfilms contalning ammonia. When etching me-
terial, itis not necessary to etch 8lsrge amount of the
material. For Instance, removal of trace metal con-

~ tamination may be echleved by the apparatus snd
method of this invention.

Athoughpreferred embodiments use steblomot-
ecules, the reactant supply means can be adischarge
sourca which synthesizes reactant from precursor in
tha source or in tha chambar. '

“Whila tha Invention has baen described in ferms
of preferrad embodiments, those skdlladinthe artwill
recognizs that the inventlon can be practiced with
modification within the spirit and scope of the ep-
pended claims, For instance, the spparatus and
method can be ised to prepare the chemical compo-
sition and gtructure of a single layer or partial fayer
enthe surface of a substrate, To wit, removal of cxdde
from silicon with vapor from ammoaium bifiucride
foavas a surfagolayer containing Si-F. Sequentist ap-
plication of vapor from emmonium bifluoride followed
by H20 would remove the Si-F and replace it with
other chemical species.

{t may be natad that sithough the preferred em-
bodiments show a singls wafer in the reaction cham-
ber, It will be easily suggésted to the skilled artisan
to perform the lnvention simultaneously on multiple
wafors within the reaction chiamber. ;
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s 1. Anehhkmappamtuseommslnqthefoumm
componants:
a chamber;-
meansﬁuraxpplyofmacmtlosemchm
- ber;
40 g matarial on @ substrate, eaid materlal
abialnbaetdxadhysald regctant }
_means forsupporting sald subatrate with-
in said chamber;
afilmoomprising sald reactant on the sur-
£5 face of sald material:
. ' 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
thatsald filmleads tothe ramavel 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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resctant moloeulas.

3. The appmtus as defined in clalm 2, wherein
said means for controlling said condensed film
comprises a cooling mesns to ensure that the
caldest paint in the chamberis the substrate.

4, The appamatus a3 defined In dalm 2, whereln
said means for controliing sald condensed film
comprises a heating means attached to the per-
ipheral walls of said chamber so that the temper-

aturg of sald walls Is higher than that of any con-

densed material in the chamber.

§. The apparatus as defined in claim. 2, wherein
said means for controlling said condensed film
comptises a raservolr with a valve dispased be-
tween said means for supply of reactant and said
chamber, so that an accurate emount of said re-
actant can be rapidly admitted to said chamber
from soid reservolr when sald valve s repldly
opened.

6. The apparatus as deflned in claim 2, furtherin-
cluding a pump connecied to said chamnber.

7. The apparatus es defined In claim 6, whereln
said means for controlling said condensed film
comprises means for delivering an accurate
amount of sald reactant {o sald chamber; and a
valve disposed between said chamber and said
pump, 80 that whan said valve is ciosed, the re-
actant remalins In sald chamber unti] substantlal-
ty reacted with gaid matecial.

8. The apparatus as defined in claim €, wherein
said means for controlling ssid condensed fiim
comprises means for differential pumping dis-
posed between said means for supply of reactant
and said chamber, and a pump connected to said
means for differential pumping, so that mole-
cules from sald sotirce of the reactant travel sub-
stantially without collision while in tran=it through
said chamber t0 said substrate vielding a compo-
sition and flux that are constant In time.

9. The apparatus as defined in claim 2, whereln
sald meaans for controlling said condensed film
comprisesa computer and a program means ensa-
bling said computer to carry out predetermined
operations.

40. The apparatus as defined in claim 2. wherein
said reactant comprises a single or a phurality of
gaseous molecuies.

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

42. The apparatus as defined In claim 2, whereln
sald reactant comprises molecules of HF, H20,
NH3, ammonium bifluoride or a combination
thereof.

13. The apparatus as defined In claim 40 wherein
said reactant comprises a tnixture of HF and
NHs‘

44, The apparatus of claim 12, wherein the source &f
sald HF molecufes is distinct from the source of
said H20 molecules which Is distinct from the
source of sald NH3 molecules. '

15. ‘fhe apparatus of claim 14, whereinthe source of
supply of H20 is H20 molecules desarbed from
the walls of sald chamber.

46. The apparatus as defined in claim 42, whereln
the source of sald molecules is a solution of NH3,
HF, or H20,

17. The apparalus a8 defined In daim 12, wherein
sald reactant la ammoniun bifluoride which s
supplied in a gasedus phase.

18. The apparatus of claim 12, Whereln sald reactant
is @ mixture of HF and H20,

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

20, A method for etching, comprisiag the steps of:
(a) supporting, in a vacuum chamber, a sub-
strate having & material to be etched;

(b) admitting reactant containing gas into sald
chamber ata sufficient pressure so as to form
a flim of the regctant on the surface of said
material; )

(c) controlling the composition and residence
time of sald film on the surface of sgid mate-
rial 50 &s (o etch an accurate amount of mate-
rial on seld substrate; and

{d) removing any unwanted reactantand reac-
tion products from the chamber or surfacs of
said substrate. .

21. The method of claim 20, wherein said film is a
condensad or adsorbed layer of reaclant mole-
cules, and cantrolling ths resldence time and
composition of sald condensed or adsorbed film
comprises mamtaumug the temperature of said
substrata below the tamperature of anty other
susrface in the chamber $o a3 to substantlally
ellminate condensation of sald reactanton any of
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