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SPECIFICATION

Process and apparatus for treating wafers
with process fluids

Background of the Invention

Field of the Invention

This invention relates to the manufacture of
electronic components. More specifically, this
invention relates to the manufacture of semi-
conductor components, and in particular to
the preparation of semiconductor wafers prior
to high temperature processing steps, such as
diffusion, ion implantation, epitaxial growth,
and chemical vapor deposition steps, and
especially to methods and apparatus for the
prediffusion cleaning of semi-conductor waf- -
ers.

Brief Description of the Prior Art

In the fabrication of semiconductor wafers
several process steps require contacting the
wafers with fluids. Examples of such process
steps include etching, photoresist stripping,
and prediffusion cleaning. Often the chemicals
utilized in these steps are quite dangerous in
that they may be strong acids, alkalis, or vola-
tile solvents.

The equipment conventionally used for con-
tacting semiconductor wafers generally con-
sists of a series of tanks or sinks into which
racks of semiconductor wafers are dipped.
Wafer carriers are described, for example, in
U.S. Patents 3,607,478, 3,964,957 and
3,977.926. Such conventional wet processing
apparatus poses several difficulties.

Since the tanks are open to the atmosphere,
airborne particulates can enter into the pro-
cess solutions. Through surface tension these
particles are easily transferred to the wafer
surfaces as the wafers are dipped into and
lifted out of the sinks. This particulate con-
tamination is extremely detrimental to the
microscopic circuits which the wafer fabrica-
tion process creates. It is especially important
to minimize particulate contamination during
prediffusion cleaning.

Also, since the proces chemical tanks are
open, operators are exposed to the dangerous
chemicals. This is a recognized safety con-
cern. Furthermore, the chemicals must be
regularly replaced with new solutions and this
is generally accomplished by aspirating the so-
lution out of the sink and pouring fresh solu-
tion from a bottle into the sink. Clean room
operators usually wear face masks, gauntlet
gloves, and chemical aprons to prevent injury
during the manual replacement of process
fluids.

Process disadvantages are also apparent for
the sink-type method. As the chemicals age,
they become contaminated with impurities
from the air and from the wafers. The treat-
ment of the last batch of wafers prior to fluid
rejuvenation may not be as effective as treat-

70

75

80

856

90

95

100

105

110

115

120

125

130

ment of the first batch of wafers in a new
solution. Non-uniform treatment is a major
concern of semiconductor process engineers.

Conventional wet process station sinks are
characterized by stagnant conditions. Chemical
process reactions occur at the surface of the
wafer and stagnant conditions yield boundary-
layer or ““filming”" phenomena which result in
certain areas of the wafer receiving less
chemical action than others. This is undesira-
ble and could be particularly crucial in an etch-
ing operation. Good temperature control may
also suffer because of stagnant conditions.
Wet process equipment manufacturers have
attempted to incorporate agitating means to
circumvent these problems. One method at-
tempting to overcome non-uniform etching is
disclosed in U.S. Patent 3,437,643.

After fluid processing, the wafers normally
need to be dried. This can be a particularly
challenging process because it is important
that no contamination be created during the
drying process. Evaporation is undesirable
since it often leads to spotting or streaking.
Even the evaporation of ultra high purity water
can lead to problems because such water is
very aggressive to the wafers’ surfaces and
will dissolve traces of silicon and silicon diox-
ide. Subsequent evaporation will leave resi-
dues of the solute material on the wafer sur-
face. Contamination and other causes of semi-
conductor failure are discussed, for example,
in J. Schadel, “‘Device Failure Mechanisms In
Integrated Circuits,”” Solid State Devices 1983
Conf. Ser. No. 69 (Institute of Physics, Lon-
don 1984) 105-120.

A device know as a spin-rinser-drier is often
used to dry wafers without water evaporation.
These machines utilize centrifugal force to
““throw’’ the water off the wafer surfaces.
Problems can arise with wafer breakage be-
cause of the mechanical stress placed on the
wafers, particularly with larger wafer sizes.
Manufacturers are also challenged to minimize
particulate generation in these usually some-
what complicated mechanical devices. Not-
withstanding this, some manufacturers have
extended the spin-rinser-drier technology to
general fluid processing.

Machines known as ‘‘acid processors’’ are
now available which spray the process fluids
onto wafer surfaces. These machines offer the
advantage of conserving chemical reagents
while at the same time permitting each batch
of wafers to be exposed to fresh solutions.
Just as the shower was an advance over tak-
ing a bath, the acid process is an advance
over the sink method. Yet several difficulties
have prevented acid processors from gaining
widespread use.

The difficulties with spin-rinser-driers in
terms of particle generation and mechanical
complexity are compounded in acid proces-
sors. Instead of just high purity water, acid
processors must deal with the aggressiveness
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of hot corrosive acid used in fluid processing.
The problems of mechanial breakdown and
particulate generation are not ameliorated by
use of acid processors instead of spin-rinser-
driers.

Spray methods also introduce new process
difficulties. Because only a small amount of
reagent is utilized, it is nearly impossible to
achieve high temperature processing. In predif-
fusion cleaning, for example, it is desirable to
expose the wafers to concentrated sulfuric
acid at a temperature between 80 to 150 de-
grees centigrade. Because the heat capacity of
the sprayed solution is not very great, espe-
cially relative to the wafers themselves, it is
nearly impossible to achieve the desired tem-
perature on the wafer surface. The uniformity
and control of temperature in acid processors
is questionable. Similarly, it is difficult to
achieve uniformity and control of processes
such as hydrofluoric acid etching in which a
relatively fast chemical reaction is taking place.

Even safety concerns are not obviated by
enclosed acid processors. The spray nozzles
of these machines use relatively high chemical
pressures to achieve the correct spray pattern.
Anytime such dangerous chemicals are pres-
surized, there is the possibility of an accident.

What is needed in the area of semiconduc-
tor wet processing is an apparatus and pro-
cess which can bring process chemicals into
contact with semiconductor wafers in such a
manner that: a) atmospheric contamination is
avoided, b) personnel exposure to the chemi-
cals is minimized, c) uniform treatment of the
wafer is promoted, d) fast and effective heat
transfer is allowed, e} stagnant conditions are
minimized and “‘filming’* effects are avoided, f}
the machine is mechanically simple, and g) ag-
gressive chemicals are handled safely.

SUMMARY OF THE INVENTION

The present process and apparatus provide
several advantages over prior art processes
and apparatus for contacting wafers with pro-
cess fluids in the production of electronic
components. For example, when a series of
process fluids is to be used, such as in the
prediffusion cleaning of wafers, the present in-
vention does not require the movement of
wafers from one process fluid to another. This
reduces the likelihood of contamination by air-
borne particles. Nor does the present inven-
tion require handling by a human or robotic
operator of the wafers between the steps of a
multi-step fluid process such as prediffusion
cleaning. This similarly reduces the likelihood
of contamination.

Further, the present apparatus and process
provide good heat transfer between process
chemicals and wafers. Another important ad-
vantage lies in the ability of the present pro-
cess and apparatus to provide especially uni-
form exposure of the wafers to reactive reag-
ent chemicals at uniform concentrations for
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precisely limited periods of time. Another sig-
nificant advantage is the ability of the present
apparatus and process to provide a high qual-
ity rinsing fluid, such as water, having both
low suspended solids and low dissolved im-
purities, for use in processing the wafers. Sig-
nificant also is the ability of the present inven-
tion to provide high flow rates of this rinsing
fluid to rinse the wafers and to precisely dilute
concentrated chemical reagents such as hy-
drofluoric acid etchant.

Yet another advantage of the present inven-
tion is the ability to provide quality drying
fluids, such as steam, to displace residual rins-
ing fluid, such as water, on the surface of the
wafers. Another advantage lies in the reduc-
tion of the qualities of hazardous process
fluids used due to recirculation of the process
fluids. The present invention reduces the risk
of introducing contaminations associated with
prior art processes while it simultaneously im-
proves the yield of non-defective semiconduc-
tor devices. These and other advantages and
objects of the present invention will be evi-
dent from the description below.

It has now been discovered that a semicon-
ductor wafer wet processing system which
improves yield, contamination control, repro-
ducibility, safety, and maintainability and simul-
taneously reduces waste generation is pro-
vided by an enclosed full-flow method wherein
process fluids flow sequentially and continu-
ously past the wafers and which comprises
the steps of (a) contacting the wafers with at
least one chemical reagent, and (b) removing
the chemical reagent from the wafers with a
rinsing fluid. :

This processing does not require movement
or operator handling of the wafers between
the steps. The vessel containing the wafers is
hydraulically full during each process step. At
those times at which a process fluid is not
being used to contact the wafers, the non-
contacting process fluid may be continuously
recirculated. Preferably the transition between
the chemical reagent and the rinsing fluid oc-
curs without an intermediate fluid such as am-
bient air contacting wafers.

The present invention also provides appara-
tus for the non-static continuous flow wet
processing of wafers comprising (a) vessel
means for supporting the wafers in a closed
circulation process stream wherein process
fluids may sequentially flow past the wafers,
(b} means for supplying at least one chemical
reagent to the process stream for removing
contaminants from the wafers, and means for
withdrawing the chemical reagent from the
process stream, (c) means for supplying a
rinsing fluid to the process stream for remov-
ing other fluids from the wafers, and means
for withdrawing the rinsing fluid from the pro-
cess stream, and (d) means for supplying a
drying fluid to the process stream for remov-
ing other fluids from the wafers, and means

(Vg
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£,

for withdrawing the drying fluid from the pro-
cess stream.

BRIEF DESCRIPTION OF THE DRAWING

The foregoing summary, as well as the fol-
lowing detailed description, will be better un-
derstood when read in conjunction with the
appended drawing. For the purpose of illus-
trating the invention, there is shown in the
drawing an embodiment which is presently
preferred, it being understood, however, that
this invention is not limited to the precise ar-
rangement and instrumentality shown in the
drawing.

FIG. 1 schematically illustrates a preferred
embodiment of the apparatus of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

A preferred embodiment of the apparatus of
the present invention is illustrated in FIG. 1.
The processes of the present invention are
described by reference to the apparatus of
FIG. 1; however, the apparatus of FIG. 1 is
merely illustrative, and other apparatus may be
employed to perform these processes.

Wafers to be treated by the process of the
present invention are present within an en-
closed wafer vessel 200, preferably such as
disclosed in copending U.S. Patent Applica-
tions Serial Nos. 747,894, and 747,895, filed
June 24, 1985 and U.S. Patent 4,577,650,
and as illustrated in FIG. 1 as extending be-
tween upper-three way valve 25 and lower
three-way valve 24. Preferably, the wafer ves-
sel is installed within a clean room in order to
provide the cleanest possible environment
when the vessel is opened prior or subse-
quent to processing of the wafers contained
therein. The remainder of the apparatus may
be located outside the clean room in order to
provide easy access for maintenance and to
reduce the amount of relatively expensive
clean room space which must be used to con-
tain the apparatus.

In addition to the wafer vessel and the
wafer carriers disclosed in the above-identified
copending applications, enclosed wafer ves-
sels of other designs may be used. However,
it is important for the processes of the pre-
sent invention that the wafer vessel be
closed. That is, the wafer vessel should not
be open to the ambient atmosphere except
when it is opened to load or unload wafers.
The design of the wafer vessel must also be
such that the design permits it to become
hydraulically full of fluid during the processes
of the present invention. By “hydraulically full”
is meant that that the wafer vessel becomes
completely filled with process fluid. By “pro-
cess fluid’" is meant a gas or a liquid which
contacts the wafers. The vessel design should
not allow residual ambient atmosphere to be
trapped within the vessel after the vessel is
closed and filled with process fluid. Similarly,
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the vessel design should be such that when
process fiuids are changed during the course
of treating the wafers, residual prior fluid is
not trapped within the vessel for any signifi-
cant time after the flow of the next process
fluid through the vessel is initiated. Thus, the
vessel should not have blind spots, dead-
ends, interior surface irregularities or the like
where a process fluid or ambient atmosphere
could be trapped. These characteristics are
undesirable because they increase the likeli-
hood of wafer surface contamination, reduce
the efficiency of treatment processes, and re-
duce the precision with which the individual
processes of the present invention may be
varied.

It is preferred that corrosive fluid, such as
cleaning fluid, contact the wafer as a single
fluid phase, such as liquid, and be substan-
tially free of phase boundaries, such as gas/li-
quid interfaces which form where gas bubbles
are suspended in a liquid.

The apparatus and processes of the present
invention may be used, for example, in lightly
etching the wafer surfaces to remove any thin
unwanted oxide layer from the silicon surface
of wafers prior to oxidizing the surface of the
silicon to yield a surface layer of silicon diox-
ide or prior to ion implantation. The oxidation
of the silicon surface is a typical initial step in
the manufacturing process referred to in the
semiconductor art as a '‘diffusion step.”” In
addition to oxidation of the silicon surface to
form silicon dioxide, a “'diffusion step’ may in
addition successively include photomasking,
oxide etching, photoresist removal, and/or dif-
fusion of an impurity atom or ion into the
silicon substrate via high temperature diffusion
or ion implantation. Semiconductor fabrication
is described generally, for example, in P. Gise
et al., Semiconductor and Integrated Circuit
Fabrication Techniques (Reston Publishing Co.
Reston, VA 1979).

The present invention may also be em-
ployed in the wet processing of wafers which
occurs during such a “diffusion step.”” For
example, the present invention may be used in
oxide etching. In this case, typical etchants for
silicon dioxide such as hydrofluoric acid, or
ammonium fluoride buffered hydrofluoric acid,
may be used. Similarly, the present invention
may be used with chemical reagents to re-
move the photoresist material. Depending on
the concentration of reagents required, the
number of silicon wafers which must be pro-
cessed, the desirability of recycling the pro-
cessing fluids, and similar factors, either the
corrosive fluid “‘pumping’’ process and appara-
tus of the present invention may be used or
the concentrated reagent injection and dilution
process apparatus may be employed.

In addition to use in the ‘‘diffusion step,”
the present apparatus and process may also
be used in “‘contacting steps’’ in which alloy
electrical contacts are formed on the wafer
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surface. For example, when photoengraving
processes are employed for depositing the
contact forming material, resist removal may
be effected by the processes and apparatus of
the present invention. Similarly, when the con-
tacting processes require the removal of ex-
cess metals such as aluminum, an etchant
such as phosphoric acid, acetic acid or nitric
acid may be used according to the present
invention.

Cleaning Fluid Apparatus and Method

Part of the present invention contemplates a
method and apparatus for pumping and filter-
ing high temperature, corrosive solutions such
as are used conventionally for cleaning wafer
surfaces. In the preferred embodiment illus-
trated in FIG. 1, the system utilizes two cham-
bers or reservoirs 7 and 2 which alternately
act as receiver and pump for the movement
of corrosive fluid. Nitrogen, or another gas un-
der pressure, such as argon, compressed air,
or the like, acts as a driving force for move-
ment of the corrosive solution. Four check
valves, 11, 12, 13 and 74, two associated
with each of the two reservoirs, insure that
the corrosive fluid flows in the desired direc-
tion.

Depending on the specific wafer treatment
protocol which is desired to be undertaken,
the corrosive fluid may be an acid or a base.
For example, in the “‘piranha’” clean, sulfuric
acid is employed. Alternatively, other acids
such as nitric acid or aqua regia may be used.
Further, the acid may simply be an aqueous
solution of the acid, or it may be a buffered
acidic solution containing both acid and a
buffering agent such as the salt of a weak
base. Mixtures of acids may also be used.

A hot, concentrated acid such as hot, con-
centrated sulfuric acid may be used as a
cleaning fluid. When hot, concentrated sulfuric
acid is used as a cleaning fluid it preferably
has a temperature of about 80 to 150 de-
grees centigrade and a concentration of about
90 to 100 weight percent sulfuric acid.

In other types of wafer treatment protocol,
such as the "RCA clean,”” a corrosive base
such as ammonium hydroxide may be used.
Mixtures of corrosive bases or buffered base
may be used. When ammonium hydroxide is
used as cleaning fluid, it preferably has a tem-
perature of about 60 to 100 degrees centi-
grade and a concentration of about 30 weight
percent ammonium hydroxide.

Although FIG. 1 illustrates apparatus for pro-
viding a single corrosive process fluid to the
wafer vessel, a plurality of such apparatus
may be provided so that a treatment protocol
requiring several different corrosive fluids,
such as both sulfuric acid and ammonium hy-
droxide, may be implemented. Further, al-
though FIG. 1 illustrates an embodiment em-
ploying only two corrosive fluid reservoirs, a
plurality of reservoirs may be employed, such
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as a first, second and third reservoir wherein,
for example, the fluid may be pumped in suc-
cession from a first to a second reservoir,
from a second to a third reservoir, and from a
third to a first reservoir.

In the embodiment illustrated in FIG. 1 cor-
rosive fluid such as acid flows from the left
corrosive fluid reservoir 1 under the pressure
of nitrogen {controlled by valve 207), through
outlet check valve 73, and filter inlet 9, valve
21, into filter 78. Each of the corrosive fluid
reservoirs has associated means for applying
nitrogen or another compressed gas to the
surface of the corrosive fluid contained within
the reservoir by gravity.

In an alternative embodiment (not illus-
trated), acid circulates from a supply reservoir
under gas pressure to an elevated receiving
reservoir, which is drained periodically to the
supply reservoir by gravity.

In the illustrated embodiment band heaters 3
and 4 are provided for heating the corrosive
fluid within the storage reservoirs 7 and 2. In
addition, relief valves 203 and 204 are pro-
vided for venting each of the reservoirs to the
atmosphere. Fluid level indicators 7 and 8 are
provided for indicating the level of corrosive
fluids within each of the reservoirs; and tem-
perature sensors 5 and 6 are provided for
sensing the temperature of reservoir fluid
within each reservoir. Agitators for agititating
the corrosive fluid within each reservoir may
be provided to minimize temperature and con-
centration gradients. For example, a prefiltered
gas such as prefiltered nitrogen or com-
pressed air may be bubbled through the corro-
sive fluid within the tanks to agitate the corro-
sive fluid contained therein.

In each case where nitrogen, another inert
gas such as argon, or another compressed
gas such as compressed air, is used in the
processes of the present invention, the gas is
preferably filtered prior to use to remove parti-
culate matter. Suitable processes and appara-
tus for filtering particies from a gas are known
in the art.

In order to further minimize particle introduc-
tion into the corrosive fluid, all valves are pre-
ferably selected to minimize particle genera-
tion. For example, valves 201 and 202 con-
trolling nitrogen introduction to the corrosive
fluid reservoirs may be fail-closed, spring
loaded, polytetrafluoro-ethylene-lined, steel dia-
phram valves or other types of valves which
do not employ shearing action.

While the level indicators 7 and 8 may sim-
ply indicate that a preset level, such as a
maximum and/or minimum, has been
achieved, it is preferred that the level indica-
tors be full length analog sensors capable of
sensing continuously the level of corrosive
fluid within the reservoirs. Full length analog
sensors permit the calculation of the flow rate
of fluid into or out of the corrosive fluid reser-
VoIrs.
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Preferably, reagent grade, and more prefera-
bly, electronic reagent grade chemicals such
as sulfuric acid, hydrofluoroic acid, hydro-
chloric acid, etc., are employed in the pro-
cesses of the present invention to minimize
particulate contamination.

Referring again to FIG. 1, after flowing
through filter inlet valve 21 the corrosive fluid
is distributed to a plurality of particulate filter
cartridges 78. In the illustrated embodiment,
the corrosive fluid flows from the interior of
the tubes constituting the individual filter car-
tridges, through the walls of these tubes, to
the exterior. Alternatively, the corrosive fluid
may flow from the exterior to the interior of
the individual tubes. While the particle filters
themselves may have other geometries, such
as discs, the tubular geometry is preferred.

In the illustrated embodiment of FIG. 1, the
filter for the corrosive fluid has a body 75
constructed from steel pipe lined with polytet-
rafluoroethylene and from two polytetrafluoro-
ethylene reducing filter flanges 76 and 17.
Band heaters 19 are employed to maintain the
corrosive fluid within the filter at a desired
temperature. After flowing through the fitter
elements to remove particulate matter the fil-
tered corrosive fluid flows through an upper
fluid outlet 205.

In addition to being able to withstand se-
vere chemical and temperature conditions,
another advantage of this corrosive fluid fiiter
is is that it may be backwashed to rejuvenate
its filtration capabilities. In contrast, most mi-
cron filtration cartridges currently used in the
semiconductor industry are discarded after
they become loaded with particulate matter.

In the corrosive fluid filter of the illustrated
embodiment, backwashing of the filter is
achieved simultaneously with draining used
acid from the system. Just as in the normal
pumping operation, gas pressure is used to
forced the corrosive fluid through the filter,
but in the reverse direction, and out the acid
drain 20. valves 21 and 22 are utilized to
direct the flow in the reverse direction through
the filter. The filter inlet valve 21 is closed
and filter bypass valve 22 is opened. Ad-
ditionally, the wafer vessel bypass valve 23 is
closed and the wafer vessel lower three-way
valve 24 is also in a position which blocks the
flow of corrosive fluid. This valving arrange-
ment insures that corrosive fluid flows out of
the corrosive fluid reservoir and through the
corrosive fluid filter in the reverse direction to
the drain.

To replenish the system with fresh corrosive
fluid a different valving configuration is em-
ployed. Corrosive fluid is pumped in through
fill port 26 utilizing a conventional, air-driven,
solid polytetrafluoroethylene diaphram pump.
Both valves 27 and 22 are kept in a closed
position to insure that fresh corrosive fluid
flows up through the corrosive fluid filter and
toward bypass valve 23. Both three-way
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valves 24 and 25 are positioned to block the
flow of corrosive fluid. Bypass valve 23 is
open so that fresh corrosive fluids is allowed
to flow into return line 70, and through check
valves 77 and 12 into reservoirs 1 and 2
respectively.

In FIG. 1 the thickened line traces the flow
of corrosive fluid through the apparatus of the
present invention when the corrosive fluid
apparatus is functioning in a wafer treatment
mode with corrosive fluid flowing from the left
reservoir to the right reservoir.

In the wafer treatment mode, the corrosive
fluid leaving the corrosive fluid filter is directed
by the outlet 205 into line 2710 to the bottom
three-way inlet/outlet valve 24 associated with
the wafer vessel 200. The corrosive fluid
flows up past liquid level detector 29 which
senses its presence, continues up past the
wafers within the wafer vessel 200, and exits
the wafer vessel through the vessel upper
three-way inlet/outlet valve 25. This three-way
valve communicates through return line 70
with return check valve 77 or 72 which opens
under the pressure of the applied fluid to per-
mit the corrosive fluid to enter a second cor-
rosive fluid reservoir. This second reservoir is
vented to the atmosphere and is consequently
at a lower pressure than the supply reservoir
to which pressure has been applied.

The return line 70 communicating between
the valve 25 and check valve inlet 77 or 12 is
preferably connected with means for ozone in-
jection including an ozone injection valve 206.
In addition, a corrosive fluid sample port may
be provided including an associated corrosive
fluid sample port valve 207. Apparatus for
generating ozone (not shown) preferably sup-
plies ozone for injection into the return line 70
thereby permitting ozone to be injected into
the corrosive fluid.

When the corrosive fluid is an oxidizing
agent such as hot sulfuric acid, the ozone
functions to oxidize organic contaminants
which have been removed from the wafers by
the corrosive fluid and to oxidize reduced deri-
vatives of sulfuric acid which have been pro-
duced by chemical reaction with species on
the surface of the wafers treated. For
example, sulfuric acid may be reduced to sul-
furous acid when reacting with wafer contami-
nants, and the ozone with regenerate the acid
by oxidying sulfurous acid to surfuric acid. The
injected ozone also tends to produce agitation
of the corrosive fluid by bubbling in the reser-
voir thereby promoting heat transfer between
the heated walls of the reservoir and the cor-
rosive fluid contained therein. Regeneration of
the corrosive fluid of ozonation allows the
cleaning fluid to be used over and over for up
to several weeks or more without being re-
placed. This not only reduces raw material ex-
penses but also avoids waste disposal prob-
lems.

Overall, the cleaning fluid portion of the pre-
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sent invention provides a means for pumping
and simultaneously filtering high temperature,
aggressive fluids. The operating sequence of
the illustrated pumping apparatus may be
summarized as follows:

When the pumping system is at rest, both
left and right reservoirs 7 and 2 are approxi-
mately half full. Both reservoirs are vented to
the atmosphere and valves 21 and 22 are
closed. Valve 23, however, is open to allow
the filter to "“breathe’ as the corrosive fluid in
the filter expands and contracts during tem-
perature fluctations.

When pumping begins, valve 27 opens and
valve 23 closes. The two three-way valves 24
and 25 are adjusted as to allow the corrosive
fluid to flow as illustrated in FIG. 1.-Gas pres-
sure is introduced to one of the corrosive fluid
reservoirs 1 or 2 arbitrarily selected and cor-
rosive fluid begins to flow up through the cor-
rosive fluid filter and the wafer vessel. Air or
gas which initially is in the wafer vessel is
forced out the top, through check valve 25
line 710, valve 17 or 12, and into the vented
corrosive fluid reservoir. Alternatively, valve
25 can be adjusted to send air and gases out
through the vent system eductor 27 However,
the previously described method is preferred
because it provides assurance that the corro-
sive fluid will stay on the corrosive fluid side
of the apparatus thereby preventing any possi-
bility of contacting corrosive fluid with other
treatment fluids such as rinse water.

Corrosive fluid is pumped from one storage
reservoir through the filter and through the
wafer vessel to the other reservoir until the
level sensors 7 and 8 indicate that the flow
should be reversed. The reciprocating action
of the pump continues for a predetermined
period of time to allow sufficient flow of cor-
rosive fluid past the wafers to effect the de-
sired degree of cleaning.

The flow of corrosive fluid through the
wafer vessel is terminated as follows: Valve
21 is closed to prevent any momentary
backwashing of the acid filter. Valve 23 is
opened permitting corrosive fluid to flow out
of the bottom of the wafer vessel and through
check valves 77 and 72 and into corrosive
fluid reservoirs 7 and 2 rather than into the
top of the corrosive fluid filter. Valve 25 is
adjusted to permit compressed gas to enter
the wafer vessel from a compressed gas
source through valve 28. The reservoir vent
valves 203 and 204 are also opened to per-
mit compressed gas to flow and allow corro-
sive filter to return to the resevoirs.

Corrosive fluid is displaced out of the wafer
vessel until the level switch 29 detects that
gas is present rather than liquid. At this point,
valve 24 is set to block off communication
line 210 and compressed gas from source 28
is simultaneously shut off. Because of the ar-
rangement of check valves employed, when
no differential pressure exists between the
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corrosive fluid reservoirs, corrosive fluid within
the reservoirs is self-leveling.

Rinsing Fluid Apparatus and Method

The present invention also provides appara-
tus and processes for generating, pumping,
and filtering high quality rinsing fluid used in
rinsing wafers contained within the wafer ves-
sel. Most semiconductor wet processes utilize
a relatively small flow of high purity water
which is ““final filtered’' and then utilized in a
oncethrough fashion. In contrast, the present
invention provides a high flow rate of rinsing
fluid which recirculates through filters and
which yields much better purity and efficiency
of rinsing than prior art processes. Achieving
a high circulation flow rate is facilitated by the
use of a totally enclosed process wafer vessel
such as that described in copending United
States Patent Applications Serial Nos.
747,894 and 747,895 and U.S. Patent No.
4,577,650. :

The preferred rinsing fluid is water. How-
ever, depending on the nature of the surface
of the wafer to be rinsed, the nature of the
contamination present on the surface, and the
nature of process chemicals (e.g., cleaning or
etching fluids) to be rinsed, other rinsing fluids
may be employed. Other rinsing fluids which
may be employed include organic solvents,
mixtures of organic solvents and water, mix-
tures of organic solvents, and the like. When
selecting alternative rinsing fluids, it is impor-
tant to determine whether the proposed rins-
ing fluid is compatible with the filtration mem-
brane material employed and the ion exchange
resin or resins employed to remove dissolved
materials. It is preferred that the rinsing fluid
be water which has been deionized and fil-
tered to remove dissolved and suspended
matter.

It is also preferred that the rinsing fluid con-
tact the wafers as a single phase, such as a
liquid, and be substantially free of phase
boundaries, such as gas/liquid interfaces,
which occur when gas bubbles are present in
a liquid. Particles tend to collect at such inter-
faces, and they are thus undesirable.

In the preferred embodiment the rinsing fluid
is water which is continuously recirculated
through cationic exchange resin and anionic
exchange resin prior to use in rinsing wafers.
Rinsing fluid used in the present invention is
filtered to remove particulate matter prior to
being used to rinse wafers. Filtration prefera-
bly occurs after dissolved ions have been re-
moved by flow of the rinsing fluids through
the ion exchange resin. Selection of the filtra-
tion medium to be used depends to some
extent on the use to be made of the rinsed
wafers. For example, when the wafers are to
be used in the fabrication of very large scale
integrated (VLSI) circuits, a filtration medium
selected to yield a particulate-free filtrate is
preferred. It is generally desirable to minimize
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both the quantity and average size of particu- lowed to drain by gravity from the surface of
late contamination in the rinsing fluid. For use the wafers after the corrosive fluid is dis-
in circulating the rinsing fluid to the system, a placed by pressurized gas as previously dis-
vertical sump pump 30, which requires no closed. After the corrosive fluid has been dis-

5 seal to protect the motor from the liquid being 70 placed out of the wafer vessel 200, upper
pumped, is preferred. three-way valve 25 and lower three-way valve
In the preferred embodiment, the rinsing 24 are adjusted to open the wafer vessel to
fluid storage tank 35 is constructed from vir- the rinsing fluid recirculation apparatus. Valve
gin, unpigmented polyvinylidene difluoride. The 42 is opened and eductor 27 is turned on so

10 return nozzle for the rinsing fluid stream is 75 that a partial vacuum is created in the wafer
mounted tangentially to the tank so as to give vessel 200 and rinsing fluid is drawn up
some swirling action inside of the tank. This through the vessel, through the vent valving,
agitation helps to prevent stagnation. Ad- and into the educator. This insures that any
ditionally, it is preferred that the rinsing fluid air or gases contained in the wafer vessel are

15 be irradiated to avoid bacterial growth. In the 80 completely expelled.
preferred embodiment, the irradiation is ef- Also, during this time the eductor is sup-
fected by an ultraviolet lamp 36 fitted into the plied with rinsing fluid from the reject side of
rinsing fluid storage tank to discourage bac- the ultrafiltration modules 32 through valve
terial growth. In an illustrated embodiment, 209. This allows for periodic flushing of solids

20 three level switches 37a, 37b and 37c, are 85 trapped on the feed side of the filtration units.
mounted on the exterior of the tank and sig- After a preset time interval, valves 43 and
nals from these switches are sensed to main- 44 are opened while valve means 42 is
tain the proper rinsing fluid tank level. The closed. At this point, a fast down flow rinse
tank vent {not shown) is designed so that through valve 44 to a drain surge tank 208

25 when the tank breathes out, it breathes out to 90 occurs. In the line to the drain surge tank
the ambient atmosphere, but when the tank there is a resistivity sensor which monitors
breathes in, it draws in purified gas under the quality of the rinse fluid coming out of the
pressure, such as purified nitrogen. wafer vessel. When the measured resistivity

It is preferred that an insertion heater 38 be increases to a preset point, valve 42 is

30 mounted within the rinsing fluid storage tank 95 opened and valve 44 is closed. At this point
35 so that the temperature in the rinsing fluid the rinse flow is no longer through to the
recirculation system may be maintained pre- drain surge tank 208, instead the rinse fluid
cisely at its set point temperature as mea- recirculates back to the rinsing fluid tank 35.
sured by temperature monitor 39. The tem- The recirculation rinse continues until the re-

35 perature set point may be optimized for the 100 sistivity indicator 33 and the particle counter
characteristics of the wafer surface and the 34 detect that the purity of the rinsing fluid
specific treatment process employed. coming out of the wafer vessel is satisfactory.

The rinsing fluid will be consumed as it is In the illustrated preferred embodiment the
contaminated with reagents inside the wafer ultra filtration modules 32 may be periodically

40 vessel. Thus, supplemental rinsing fluid must 105 backwashed. This may be accomplished by
be added to the system. In the illustrated em- closing valves 43, 45 and 46 while valves 47
bodiment, fresh, deionized make-up water is and 48 are open. In this manner the flow
introduced through a water heater 40 which through the ultrafiltration modules is reversed
has 50 kilowat heating capacity. A tempera- so that purified rinsing fluid flows into the out-

45 ture control loop 41 adjusts the flow rate of 110 let of the ultrafiltration modules 32, through
make-up water so that incoming water has a the ultrafiltration filter walls in the reverse di-
temperature equal to the recirculation tempera- rection, and out through the ultrafiltration mo-
ture set point. Make-up water flow is com- dule inlet, through valve 48, to the drain surge
pletely shut off if the water tank level exceeds tank 208. The interval at which this periodic

50 a maximum level as sensed by top level 115 backwash is performed will depend on the
switch 37c. Make-up water feed is resumed quality of the make-up water used.
when the water level within the storage tank
drops below a predetermined intermediate Reagent Injection Apparatus and Method
level as sensed by middle switch 37b. In the prediffusion cleaning of silicon sur-

55  The operation of the recirculating rinsing 120 faces, such as in the prediffusion cleaning of
fluid system during a wafer rinse cycle is illus- wafers for the manufacture of integrated circu-
trated with reference to FiG. 1 as follows: its, the surface is often lightly etched with an

During corrosive fluid processing of the waf- etchant such as hydrofluoric acid. Batch dipp-
ers, the rinsing fluid apparatus is in a recircula- ing methods for performing such etching reac-

60 tion mode wherein rinsing fluid flows up to 125 tions as well known in the art.
the wafer vessel through by-pass valve 45, The present invention also provides a pro-
and back to the rinsing fluid storage tank 35. cess and apparatus for reacting the surface of
During this time the rinsing fluid is being puri- the wafers within the wafer vessel with at
fied through multi-pass filtration. least one chemical reagent and for removing

65  Prior to rinsing, the corrosive fluid is al- 130 the chemical reagent from the wafers with a
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rinsing fluid. Preferably, as in the case of cor-
rosive fluid and rinsing fluids, the chemical re-
agent is introduced into the wafer vessel as a
single physical phase, such as a liquid or gas,
free from such discontinuities in phase as the
phase boundaries which occur between liquid
and gas species. For example, a chemical re-
agent in the form of a liquid phase containing
entrained gas bubbles, or a gaseous phase
containing liquid droplets, is to be avoided,
especially when the gas phase includes ambi-
ent air.

The chemical reagent may be an etchant
such as hydrochloric acid or hydrofluoric acid.
Preferably the chemical reagent in concen-
trated form is diluted with the rinsing fluid to
give diluted chemical reagent. It is preferred
that the chemical reagent in concentrated form
be metered into the rinsing fluid at a predeter-
mined rate after completion of a rinsing step.
At this point, the rinsing fluid has been deion-
ized and filtered and is substantially free of
contaminants such as residual corrosive fluid.
The diluted chemical reagent subsequently
contacts the wafers.

In one embodiment, it is preferred that the
chemical reagent be an aqueous solution of
hydrofiuoric acid which has a concentration of
about 0.05 to 5 percent by weight hydroflu-
oric acid. [t is especially preferred in the same
embodiment that the chemical reagent in con-
centrated form be an aqueous solution of hy-
drofluoric acid having a concentration of about
40 to 50 weight percent hydrofluoric acid and
that this concentrated reagent be metered into
the rinsing fluid at a rate sufficient to dilute
the concentrated reagent with the rinsing fluid
at a ratio of about 1:10 to 1:1000.

In another embodiment, the chemical may
be an agueous solution of hydrogen peroxide
which has a concentation of about 0.05 to 5
percent by weight hydrogen peroxide. It is
preferred in the same embodiment that the
chemical reagent have a concentration of
about 30 percent hydrogen peroxide and that
this chemical reagent in concentrated form be
metered into the rinsing fluid at a ratio of
about 1:5 to 1:500.

It is preferred that the concentrated chemi-
cal reagent be injected into the rinsing fluid by
valve means through which the chemical reag-
ent may be continuously recirculated when not
being metered into the rinsing fluid. A suitable
valve is available from Mace Corp., of S. E1
Monte, CA as series 803. This five port, four
way valve permits both recirculating chemical
reagent and rinsing fluid to flow through the
valve without mixing in one valve position,
while in another position the flow of rinsing
fluid into the valve is blocked and the chemi-
cal reagent inlet is connected to the outlet to
the rinsing fluid stream.

It is also preferred that the concentrated
chemical reagent be filtered through a filtration
membrane prior to injection into the rinsing
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fluid. When the concentrated chemical reagent
is not being injected into the rinsing fluid, but
rather is being continuously recirculated, the
concentrated chemical reagent is simultane-
ously being continuously filtered through the
filtration membrane. The flow of the concen-
trated chemical reagent is preferrably effected
by a metering pump such as that by Pulsaf-
eeder of Rochester, N.Y., model no. 680. The
filtration membrane employed to continuously
filter the concentrated chemical reagent is pre-
ferably a polypropylene membrane filter having
a nominal pore size of 0.2 microns (2 x 105
centimeter) such as that manufactured as by
Gelman of Ann Arbor, Michigan, and sold un-
der the "'Polypure’’ trademark as model no.
TDC.

Subsequent to completing injection of the
concentrated reagent, it is preferred that a
portion of the flow of the rinsing fluid be di-
rected to flow through the injection valve
means to rinse the valve means and to rinse
associated lines whereby the injection of the
concentrated reagent may be abruptly termi-
nated. A portion of the rinsing fluid is prefera-
bly diverted from the principal flow path to
the path passing through the injection valve by
means of an orifice plate.

The process employing the chemical reagent
injection apparatus of the present invention
may be illustrated with reference to the pre-
ferred embodiment of FIG. 1. A preferred in-
jection system consists of a concentrated re-
agent reservoir 49, preferably containing a
50% by weight solution of hydroftuoric acid, a
precision metering pump 50, a micron filter
51, and a five-port, fourway valve 52. The
purpose of this apparatus is to inject an exact
amount of solution into the flowing high purity
rinsing fluid stream for a precisely controlled
period of time. Prior to injection, pump 50
draws concentrated reagent out of reservoir
49, through filter 57, and through valve 52,
back into reservoir 49. This preinjection recir-
culation allows for the metering pump to
achieve a very precise flow rate. Transients in
the system associated with beginning to pump
are given time to level out. Simultaneously,
the rinse fluid flow rate and rinsing fluid tem-
perature are adjusted via flow control valve 46
and heater 38 to achieve precisely controlled
conditions. Simultaneously, water bypass valve
45 is closed to permit precise flow of the
rinsing fluid to give precise dilution of the con-
centrated reagent.

When all conditions monitored indicate that
predetermined injection criteria are met, valve
52 switches so that concentrated reagent is
injected into the flowing rinsing fluid line
rather than being recirculated back to the res-
ervoir. A static mixer insures that the injected
concentrated reagent is mixed well with the
flowing rinsing fluid. In this manner, a precise
and reproducible concentration of diluted
chemical reagent can be pumped through the

-
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wafer vessel. Normally, valve 44 will be
opened and valve 42 will be closed so that
the dilute reagent is sent to the drain surge
tank 208 rather than being recycled back to
the rinsing fluid reservoir.

After the preset injection time interval has
elasped, valve 52 is turned back to the recy-
cle position. When this occurs rinsing fluid is
allowed to flow through the five-port, four-
way valve of the preferred embodiment. This
rinsing fluid flow through the valve sweeps
the residual chemical reagent out of the valve
to insure a very prompt and clean termination
of the injection step. An orifice plate 53 pro-
vides an incentive for the rinsing fluid to flow
through valve 52 and back into the flowing
rinsing fluid line.

Alternatively the four-way valve may be re-
placed with a pair of three-way valves. In this
embodiment one of the three-way valves
forms an element of the concentrated reagent
recirculation loop such that one port of the
valve is connected to the particle filter 57 out-
let and another port is connected to the return
to the concentrated reagent reservoir 49.
These ports are connected in the recirculation
mode. The third port of the first valve is con-
nected to an inlet port of the second valve.
One of the other two ports of the second
valve is connected to an inlet rinsing fluid line
upstream of the orifice plate 54 and the third
port of the second valve is connected to an
outlet line returning to the rinsing fluid line
downstream of the orifice plate 54.

In the injection mode, the first valve is ad-
justed so that the inlet port from the particle
fiter 517 is connected to the outlet port of the
first valve to the second valve and the second
valve inlet port is open to receive from the
first valve the flow of concentrated reagent
pumped by pump 50. The second valve is
adjusted to direct the flow of concentrated
reagent to the outlet return line downstream

of the orifice plate 54. Other valving arrange- -

ments will be readily apparent to those skilled
in the art.

In the preferred embodiment, the entire con-
centrated reagent injection apparatus is con-
structed of virgin polytetrafluoroethylene and
copolymers of tetrafluoroethylene and fluori-
nated vinyl ether to insure high resistance
against corrosion.

It is preferred that immediately prior to con-
tacting the surface of the wafers within the
wafer vessel, the diluted chemical reagent be
passed through a helical flow director to pro-
mote turbulent, plug flow and to substantially
avoid channel flow of the chemical reagent
past the wafers. While a helical flow diverter
such as disclosed in U.S. Patent Application
Serial No. 747,894 is preferred other types of
flow directors which impart angular momen-
tum to the diluted reagent solution and which
are used in connection with apparatus which
increases the cross-sectional area transverse
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to the fluid flow prior to contacting the waf-
ers, such as disclosed in U.S. Patent Applica-
tion Serial No. 747,894, may also be used.
Other flow imparting structures which permit
uniform displacement of rinsing fluid with
chemical reagent at the initiation of the chemi-
cal reagent injection step and uniform dis-
placement of the diluted reagent with rinsing
fiuid at the termination of that step, may also
be used.

After a chemical reagent reaction step has
been terminated, the rinsing fluid recirculation
apparatus goes back into a rinse mode. Refer-
ring again to FIG. 1, rinsing fluid flows through
the wafer vessel 200 in the downward direc-
tion to the ‘drain surge tank until the measured
resistivity reaches a preset level. At that po-
int, the rinsing fluid returns to full recirculation
until resistivity sensor 33 and particle analyzer
34 indicate that the quality of rinsing fluid
coming out of the wafer vessel meets predet-
ermined criteria. At this point, the wafer ves-
sel 200 is purged of rinsed fluid by opening
gas inlet 28 and closing valve 43. Rinsing fluid
is pushed out of the system until level indicat-
ing switch 29 detects that no liquid remains in
the vessel. At this point valve 42 closes and
the rinsing fluid system is now on full bypass.

In addition to its use in delivering precisely
metered amounts of etchants to the rinsing
fluid stream for use in etching or “‘polishing’
the surface of the wafers, the above appara-
tus of the present invention may be employed
to inject other chemical reagents precisely into
the rinsing fluid stream for reaction with the
surface of the wafers. For example, the same
apparatus, or an additional apparatus of the
same description, may be employed to inject
concentrated hydrochloric acid into the rinse
fluid, thereby permitting a precisely controlled
wash of the surface of the wafers with dilute
hydrochloric acid. For example, the chemical
reagent in concentrated form may be an aque-
ous solution of hydrochloric acid having a con-
centration from about 10 to 40 weight per-
cent hydrochloric acid and this concentrated
reagent may be metered into the rinsing fluid
at a rate sufficient to dilute the concentrated
reagent with the rinsing fluid at a ratio of
about 1:5 to 1:500. Such a hydrochloric acid
wash step is favored in some techniques of
preparing silicon wafers for diffusion.

Wafer Drying Apparatus and Methods
Conventionally, semiconductors are dried
through centrifugal force in a spin-rinser-drier.

Because these devices rely on centrifugal
force, their use results in several problems.
First, there are mechanical stresses placed on
the wafers which may result in wafer break-
age. Second, because there are many moving
parts inside a spinrinser-drier, contamination
control becomes a difficult problem. Third,
since the wafers conventionally travel at high
velocity through dry nitrogen, static electric
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charges develop on the wafer surfaces. Since
oppositely charged airborne particles are
quickly drawn to the wafer surfaces when the
spin-rinser-drier is open, particle contamination
results. Fourth, it is difficult to avoid evapora-
tion of water from the surfaces of the wafers
during the spin process. Because even short
periods of contact of ultra-high purity water
with wafer surfaces will permit the water to
dissolve minute quantities of silicon or silicon
dioxide, evaporation of water containing dis-
solved silicon (deposited silicon or silicon
dioxide) or silicon dioxide will result in a
streak or spot on the wafer surface. Streaking
or spotting often ultimately results in device
failure.

The drying fluid of the present invention is
preferably superheated steam, which may be
generated as illustrated in FIG. 1. Water from
the rinsing fluid recirculation apparatus may be
used to partially fill stainless steel pressure
vessel 7160. The water is continuously recircu-
lated by pump 763 through particle filter 764
when not in a drying mode. Prior to initiating
a drying step, valves 762 and 765 are closed
and heat is applied to the vessel 760 by
means of band heaters 767. Temperature sen-
sor 167 and pressure sensor 766 monitor the
temperature and pressure of the contents of
the pressure vessel 7160. Valve 768 and nee-
dle valve 169 are opened, and valve 7170 is
adjusted to permit steam to enter vent con-
denser 171. Needle valve 169 is adjusted to
permit saturated steam from pressure tank
160 to expand adiabatically to yield super-
heated, unsaturated steam. To begin drying
the wafers inside the wafer vessel 200, valve
170 is adjusted to direct the steam toward
valve 172, which is opened, as is valve 175.
Valve 43 is closed and valves 62 and 25 are
adjusted to permit steam to flow into the
wafer vessel to displace rinsing fluid from the
wafer vessel through lower three-way valve
24. When the rinsing fluid has been displaced,
the flow of the superheated steam past the
wafers is continued to heat the wafers and
volatilize residual rinsing fluid.

Alternatively, superheated steam may be
prepared by heating saturated steam, as is
well know in the art.

Steam exiting the wafer vessel 200 through
three-way valve 24 may be directed to a vent
condenser {not shown) and the condensate
may be discarded.

The steam may be mixed with a carrier gas
such as nitrogen, argon or compressed air.
Dilution with the carrier gas may be initiated
at the same time the steam is first admitted
into the wafer vessel 200, or subsequently.
The flow of carrier gas may continue after the
flow of steam has been terminated.

Preferably, the drying fiuid is substantially
non-reactive with the wafer surfaces.

The process of the present invention may
alternatively use ‘‘chemical drying’’ rather than
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mechancial or steam drying. ‘‘Chemical dry-
ing’" occurs in two steps. First, the rinsing
fluid, preferably water, is driven off the wafers
and replaced by a nonaqueous drying fluid.
Second, the nonaqueous drying fluid is evapo-
rated using a predried gas, preferably an inert
gas such as nitrogen, at low flow velocity.

In one embodiment, the nonaqueous drying
fluid is recirculated by condensing it after it
has been evaporated from the wafer surfaces
and by collecting the condensed drying fluid.
In this embodiment it is preferred that a nona-
queous fluid which does not form an azeo-
trope with water, such as methanol, be em-
ployed. This permits relatively facile separation
of drying fluid from residual rinsing fluid, such
as water.

On the other hand, recycling of a nonaque-
ous drying fluid is not always necessary or
desirable, as for example, when relatively
small quantities of drying fluid are employed.
In this case, it is preferred that a non-aqueous
drying fluid which forms an azeotrope with the
rinsing fluid, such as isopropanol does with
water, be used. Although use of azeotrope-
forming drying fluid makes recovery of the
effluent drying fluid and its purification prior to
recirculation difficult, use of an azeotrope-
forming drying fluid insures that rinsing fluid is
completely removed from the surface of the
wafers prior to final evaporation of the drying
fluid. The lower boiling azeotrope will volatilize
from the surface of the wafers before the
higher boiling drying fluid. However, when a
substantial excess of drying fluid over rinsing
fluid is present on the wafers’ surfaces, all
rinsing fluid will volatilize as the azeotrope
prior to evaporation of the residual drying
fluid.

When the rinsing fluid is water and a drying
fluid such a methanol, which does not form an
azeotrope with water, is used, the drying fluid
may completely evaporate before the higher
boiling water fully evaporates, an undesired re-
sult.

Preferably, the nonaqueous drying fluid is
heated to form a vapor which enters the
wafer tank and condenses on the interior sur-
faces, including the surface of the wafers to
be dried. The condensed vapor displaces
liquid rinsing fluid from the surface of the waf-
ers. The transfer of drying fluid from a drying
fluid liquid source to the interior of the wafer
tank as a gas is preferred, as this technique
reduces the amount of drying fluid which must
be used to displace rinsing fluid from the
wafer surfaces. Because the drying fluid may

‘be an organic compound, such as isopropanol

or methanol, which presents disposal prob-
lems, it if preferred to minimize the quantity of
drying fluid employed in the process of the
present invention.

Any fluid which is miscible with the rinsing
fluid and non-reactive with the surface of the
wafers may be used as a drying fluid. How-

»
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ever, it is desirable that the drying fluid have a
relatively low boiling point. The drying fluid
may be selected from organic compounds
having a boiling point of less than about 140
degrees centigrade at atmospheric pressure.
Examples of drying fluids which may be em-
ployed are steam, methanol, ethanol, 1-propa-
nol, isopropanol, n-butanol, secbutanol, tert-
butanol, tert-amyl alcohol, acetone, acetoni-
trile, hexafluoroacetone, nitromethane, acetic
acid, propionic acid, ethylene glycol mono-me-
thyl ether, difluoroethane, isopropyl acetate,
1,1,2-trichloro-1,2,2-trifluoroethane, 1,2-dichlo-
roethane, trichloroethane, perfluoro-2-butyltet-
rahydrofuran, perfluoro-1,4dimethylcyclohexane
and mixtures thereof. it is especiaily preferred
that the drying fluids be an alcohol selected
from isopropanol, methanol, 1-propanol, meth-
anol, tert-butanol and mixtures thereof. As in-
dicated above, in one embodiment it is pre-
ferred that the alcohol be methanol and in
another that it be isopropanol.

The processes and apparatus of the present
invention are especially useful in the prediffu-
sion cleaning of wafers, and generally, in
cleaning the wafers’ surface prior to modifica-
tion or treatment at high temperatures, and
especially prior to diffusion, epitaxial growth,
and chemical vapor deposition. The present
invention may be used to clean wafer surfaces
prior to a variety of techniques employed to
modify the surface structure and character-
istics of semiconductor materials, including
surface modification and surface layer growth
techniques by such means as molecular beam
epitaxy, photodeposition, plasma etching, ion
implantation, vacuum metallization and like
processes.

The present invention may also be em-
ployed in other types of wet processing of
semiconductor wafers. The invention may be
used in wet processing generally, such as in
photoresist primer application, photoresist de-
veloping, postdevelopment rinsing, wet etch-
ing, and photoresist stripping. For example, in
etching semiconductor wafer surfaces, et-
chants such as hydrogen fluoride, and hydro-
gen fluoride buffered with ammonia fluoride,
may be used to etch silicon dioxide; phos-
phoric, nitric, or acetic acid may be used to
etch aluminum; phosphoric acid may be used
to etch silicon nitride, etc.

The capability of exposing the surface of the
wafers to a precisely controlled concentration
chemical reagent for a precisely determined
period of time indicates that the present in-
vention may be useful in a variety of wet pro-
cessing techniques which may now be devel-
oped in analogy with current dry processing
and plasma, vacuum, or gas phase processing
techniques.

While the body of the wafers which may be
processed with the present invention is typi-
cally silicon, gallium arsenide and other wafer
substrates may be used. Thus, the body may
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be a semiconductor, a semi-insulator, a semir-
esistor or an insulator. The wafer surface may
be any surface which is employed in the semi-
conductor manufacturing art. For example,
areas of the surface may be single crystal sili-
con, polycrystalline silicon, amorphous silicon,
or silicon dioxide. The silicon and/or silicon
dioxide surface may be either undoped, or
doped with impurity atoms or ions, such as
boron, phosphorous, arsenic et al., as is well
known in the art. Similarly, the surface may
contain areas of aluminum, gold or other
metals.

It will be recognized by those skilled in the
art that changes may be made to the above
described embodiment of the invention with-
out departing from the broad inventive con-
cepts thereof. It is understood, therefor, that
this invention is not limited to the particular
embodiments disclosed, but is intended to
cover all modifications which are within the
scope and spirit of the invention as -defined by
the appended claims.

CLAIMS

1. An enclosed, full flow method for the
cleaning of semiconductor wafers wherein pro-
cess fluids flow sequentially and continuously
past said wafers in a vessel, comprising the
steps of

(a) contacting said wafers with at least one
cleaning fluid to remove contaminants from
said wafers.

{b) removing said cleaning fluid from said
wafers with a rinsing fluid, and

(c) removing said rinsing fluid from said waf-
ers with a drying fluid;

whereby the processing does not require
movement or operator handling of said wafers
between said steps, and

wherein the vessel containing said wafers is
hydraulically full during each process step.

2. A method according to claim 1 wherein
process fluids contact said wafers as a single
fluid phase substantially free of phase bound-
aries.

3. A method according to claim 1 addition-
ally comprising the steps of

(d) reacting the surface of said wafers with
at least one chemical reagent and

{e) removing said chemical reagent from said
wafers with a rinsing fluid.

4. A method according to claim 3 wherein
the transition between said chemical reagent
and said rinsing fluid occurs without an inter-
mediate fluid contacting said wafers.

5. A method according to claim 3 wherein
said additional steps follow rinsing said clean-
ing fluid and precede removing said rinsing
fluid with said drying fluid.

6. A method according to claim 1 wherein
said cleaning fluid additionally comprises an
oxidizing agent selected from ozone and hy-
drogen peroxide.

7. A method according to claim 6 wherein
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said oxidizng agent is ozone and is injected
into said acid as a gas whereby said gaseous
ozone agitates said acid.

8. A method according to claim 1 wherein
said acid is a hot, concentrated acid.

9. A method according to claim 1 wherein
said cleaning fluid comprises at least one
base.

10. A method according to claim 9 wherein
said base is ammonium hydroxide.

11. A method according to claim 1 wherein
said cleaning fluid is prefiltered through a par-
ticle filter which effectively removes particles
having an average particle size greater than
about 0.2 microns prior to contacting said
wafers.

12. A method according to claim 1 wherein
said cleaning fluid is recycled through said
particle filter.

13. A method according to claim 1 wherein
the flow of said cleaning fluid is effected by
application of pressure to a surface of said
cleaning fiuid in a first storage reservoir, and
said pressure effects the flow of cleaning fluid
from said first storage reservoir, through a
particle filter, into contact with said wafers,
and subsequently to a second storage reser-
voir.

14. A method according to claim 13
wherein the flow of fluid from first to second
resevoir is reversed, wherein the direction of
fluid flow through said particle filter and past
said wafers is maintained.

15. A method according to claim 13
wherein said pressure application is effected
by gas under pressure and said gas is a gas
selected from nitrogen, argon, and com-
pressed air.

16. A method according to claim 1 wherein
said cleaning fluid is displaced by pressurized
gas prior to said rinsing step (b).

17. A method according to claim 16
wherein said cleaning fluid is allowed to drain
by gravity from the surface of said wafers
prior to said rinsing step (b).

18. A method accarding to claim 3 wherein
said chemical reagent is an etchant.

19. A method according to claim 18
wherein said etchant is an aqueous solution of
hydrofluoric acid.

20. A method according to claim 4 wherein
said chemical reagent in concentrated form is
diluted with said rinsing fluid to give diluted
chemical reagent.

21. A method according to claim 20
wherein said chemical reagent in concentrated
form is metered into said rinsing fluid at a
predetermined rate after completion of rinsing
step (b), wherein said rinsing fluid is deionized
and filtered to give diluted chemical reagent
which subsequently contacts said wafers.

22. A method according to claim 21
wherein said concentrated chemical reagent is’
injected into said rinsing fluid by valve means
through which said chemical reagent is contin-
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uously recirculated when not being metered
into said rinsing fluid.

23. The method according to claim 22
wherein said valve has at least two flow paths
within the body of said valve means such that
while said chemical reagent is continuously re-
circulated through one of said flow paths rins-
ing fluid circulates through another of said
flow paths.

24. A method according to claim 23
wherein said concentrated chemical reagent
and said rinsing fluid are mixed by means of a
static mixer prior to said chemical reagent
contacting said wafers.

25. A method according to claim 22
wherein subsequent to completing injection of
said concentrated reagent, a portion of the
flow of said rinsing fluid is directed to flow
through said valve means to rinse said valve
means and to rinse associated fluid communi-
cation means, whereby the injection of con-
centrated reagent may be abruptly terminated.

26. A method according to claim 25
whereby said rinsing fluid is diverted by
means of an orifice plate.

27. A method according to claim 1 wherein
said drying fluid is miscible with said rinsing
fluid and substantially non-reactive with the
surface of said wafers.

28. A method according to claim 1 wherein
said drying fluid is selected from organic com-
pounds having a boiling point of less than
about 140 degrees centigrade at atmospheric
pressure. :

29. A method according to claim 27
wherein said drying fluid is superheated
steam.

30. A method according to claim 29
wherein said super heated steam is diluted
with a carrier gas selected from nitrogen, ar-
gon and dry air.

31. A method according to claim 28
wherein said drying fluid is an alcohol selected
from isopropanol, methanol, 1-propanol, tert-
butanol and mixtures thereof.

32. A method according to claim 31
wherein rinsed wafers are contacted with a
stream of alcohol vapor as said rinsing fluid is
displaced by said alcohol vapor.

33. A method according to claim 31
wherein said wafers have a temperature lower
than said alcohol vapor and liquid alcohol con-
sequently condenses on said wafers.

34. A method according to claim 32
wherein alcohol is evaporated from said waf-
ers after said alcohol has substantially re-
placed the rinsing fluid on said wafers.

35. A method according to claim 34
wherein the evaporation of said alcohol is as-
sisted by a stream of gas flowing past said
wafers.

36. An enclosed, full flow method for the
treatment of semiconductor wafers wherein
process fluids flow sequentially and continu-
ously past wafers in a vessel comprising ex-
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posing the surface of said wafers to at least
one cleaning fluid, whereby the processing
does not require movement or handling of
said wafers between said steps.

37. An enclosed, full flow method for the
treatment of semiconductor wafers wherein
process fluids flow sequentially and continu-
ously past said wafers in a vessel comprising
reacting the surface of said wafers with at
least one chemical reagent, whereby the pro-
cessing does not require movement or hand-
ling of said wafers between said steps and
wherein the vessel containing said wafers is
hydraulically full during each process step.

38. A method according to claim 37 ad-
ditionally comprising the step of removing said
chemical reagent with a rinsing fluid.

39. An enclosed, full flow method for the
cleaning of semiconductor wafers wherein pro-
cess fluids flow sequentially and continuously
past said wafers in a vessel comprising rinsing
the surface of said wafers with at least one
rinsing fluid whereby the processing does not
require movement or handling of said wafers
between said process steps and wherein the
vessel containing said wafers is hydraulically
full during each process step.

40. An enclosed, full flow method for the
treatment of semiconductor wafers wherein
process fluids flow sequentially and continu-
ously past wafers in a vessel comprising rins-
ing the surface of said wafers with at least
one rinsing fluid and subsequently removing
said rinsing fluid with a drying fluid whereby
the processing does not require movement or
handling of said wafers between process
steps and wherein the vessel containing said
wafers is hydraulically full during each process
step.

41. Apparatus for non-static continuous
flow wet processing of semiconductor wafers
comprising:

(a) vessel means for supporting said wafer
in a closed circulation process stream wherein
process fluids may sequentially flow past said
wafers;

(b) means for supplying at least one chemi-
cal fluid to said process stream for removing
contaminants from said wafers, and means for
withdrawing said cleaning fluid from said pro-
cess stream;

{c) means for supplying a rinsing fluid to
said process stream for removing other fluids
from said wafers, and means for withdrawing
said rinsing fluid from said process stream;
and

(d) means for supplying a drying fluid to
said process stream for removing other fluids
from said wafers and means for withdrawing
said drying fluid from said process stream.

42. Apparatus of claim 41 additionally com-
prising means for recirculating said process
fluids.

43. Apparatus according to claim 41 ad-
ditionally comprising means for supplying at
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least one chemical reagent to said process
stream for reacting with portions of said waf-
ers and means for withdrawing said reagent
from said process stream.

44. Apparatus according to claim 41
wherein said cleaning fluid supply and with-
drawal means comprise first and second fluid
reservoir means, differential pressure pumping
means, and means for circulating said cleaning
fluid from a first fluid reservoir means into
said process stream and through said vessel
means, and into a second fluid reservoir
means, and means for circulating said cleaning
fluid from said second fluid resevoir means
into said process steam and through said ves-
sel means, and into said first fluid resevoir.

45. Apparatus according to claim 43
wherein said process includes particle filter
means which effectively remove particles from
a cleaning fluid, said filter means being located
between fluid supply means and said vessel
means.

46. Apparatus according to claim 44 inciud-
ing means for recycling said a process fluid
through said particle filter.

47. Apparatus according to claim 41
wherein said cleaning fluid supply and with-
drawal means comprise a high temperature,
concentrated acid circulation and filtration
means including a source of gas under pres-
sure to drive said acid from a first reservoir
through said filtration means and vessel
means and into a second acid reservoir, and
back from said second reservoir through said
filtration means and vessel means into said
first acid reservoir.

48. Apparatus according to claim 44
wherein said cleaning fluid supply means also
include an ozonator for oxidizing organic con-
taminants and reduced acid. :

49. Apparatus according to claim 44 ad
ditionally comprising means for agitating clean-
ing fluid within at least one of said fluid rese-
VoIrs.

50. Apparatus according to claim 41
wherein said vessel means comprises at least
one carrier for supporting at least one semi-
conductor wafer, said wafers being arranged
with their major surfaces parallel to said pro-
cess stream.

51. Apparatus according to claim 43
wherein said means for supply and withdrawal
of chemical reagent to said process stream
comprises reagent supply means, and means
for delivering metered amounts of reagent to
said process stream.

52. Apparatus according to claim 51 includ-
ing valve means for continuously recirculating
said reagent through said valve when said re-
agent is not being metered into said process
stream, and continuously circulating rinsing
fluid through said valve means without mixing
said reagent and said rinsing fluid.

53. Apparatus according to claim 51
wherein said valve means comprises at least
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54. Apparatus according to claim 51 includ-
ing means for supplying rinsing fluid and reag-
ent simultaneously to said process stream and
static mixing means for mixing said chemical
reagent and rinsing fluid prior to passing said
components in said vessel means.

55. Apparatus according to claim 41
wherein said means for supplying and with-
drawing drying fluid comprise means for gen-
erating superheated steam and means for sup-
plying said superheated steam to said wafer
vessel.

56. Apparatus according to claim 55
wherein said superheated steam is generated
from saturated steam by adiabatic expansion
of said saturated steam.

57. Apparatus according to claim b5 ad-
ditionally comprising means for diluting said
superheated steam with a carrier gas selected
from nitrogen, argon and dry air.

58. Apparatus according to claim 41
wherein said means for supplying and with-
drawing drying fluid comprise means for gen-
erating alcohol fluid vapor and means for
drawing said drying fluid vapor into said pro-
cess stream.

59. Apparatus according to claim 41
wherein said drying fluid withdrawal means
comprise means for evaporating drying fluid
from said wafers after said drying fluid has
substantially replaced said rinsing fluid.

60. Apparatus according to claim 59
wherein said evaporation means comprise a
source of gas for injection into said process
stream.

61. A method for cleaning semiconductor
wafers, substantially as hereinbefore described
and as described in conjunction with the ac-
companying drawing.

62. An apparatus according to claim 41,
substantially as hereinbefore described with
reference to the accompanying drawing.

63. A semiconductor wafer when cleaned
by a method according to any of claims 1 to
40 and 61.

64. A semiconductor wafer, when cleaned
in an apparatus according to any of claims 41
to 60 and 62.
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