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New Techniques Move
In Situ Particle Monitoring
Closer to the Wafer

In situ particle monitors evolve into semiconductor yield-enhancing process control tools.

John R, Mitehell

Brian A. Knollenberg
Particle Measuring Systenis
Eowlder, Colo.
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At A Glance:

The traditional particle monitoring
daoneg in cleanroom areds has
changed from an integral part of
improving process gields to a
gquality control (QC) measarement
in order (o ensare hat the particle
concendraltions are below control
limits, Real-time in situ particle
monitors are o continuation of this
evolution; technological advances
permit their use in process control
Junctions.

S tate-of-the-art eleanrooms and pro-
cedures used by semiconductor
manufacturers have reduced particle
levels to such low concentrations Lhat
wvield loss resulting from particles in
the cleanroom environment is almost
negligible. Similarly, ultrapure water
syvstems, raw gases and many of the
provess chemicals supplied to the man-
ufacturers are exceedingly clean. The
requirements of microcontamination
control, however, are still evolving.
Semiconductor fabricators are building
or refitting manufacturing lines that
use larger walers; their inereased
value eauses more money to be lost
from the use of witness wafers, process
tool downtime and product serapped
because of process anomalies. To

reduce these costs, real-time monitor-
ing of the process environment using in
situ particle monitors (ISPMs) will be
needed, Future emphasis in contami-
nation control will change from a QC
measurement to a process control mea-
surement. Thiz article reviews some
recent technological developments
with in situ monitoring, in partieular
itz uze as applied to liguid process
chemicals and innovations in vacuum
PrOcESSE Sens0rE,

Benefits from 15PMs

The financial benefits from using
IEPMs ean be separated into at least
four broad categories. The first and
mast apparently luerative category is
yield enhancement. Data from [SPMs
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1. Liquid ISPM on a veciveulating wet bench.
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2a. ISPM particle data detects improper wafers placed in bath.

iz nsed to monitor, moedily and control
processes so the yield loss from parti-
cles iz reduced. Although Pham et al,
were able to correlate vield to ISPM
data! using an exhaust line sensor,
their study was an exception. The vast
majority of studies have either not
looked for a correlation to yield® or
found no relationship ® Monitoring one
tool used in a manufacturing process
with hundreds of steps and expecting
to see a correlation may be unrealistic
for zome tonls,

A szecond eost savings comes from
eliminating particle test wafers,! sav-
ing the cost of the test wafer and the
time needed to run and inspect the test
wafer. Larger test wafers are more
cxpensive.”

A third cost advantage is throughput
enhancement.’ 1SPMs ean improve
throughput by using particle data to
lengthen maintenance cyeles and by
enahbling faster requalification of tools
after a PM.

The fourth financial benefit is from
the use of an ISPM as a disaster moni-
tor2* When a tool is badly malfunetion-
ing, it often happens thal many parti-
cles are generated, Examples include a
filter not seated properly on a wet
bench, a broken wafer or a bad suscep-
tor on a chemical vapor deposition tool.
Several lots of product may be
processed before a witness wafer iz run
and tested, and all of these lots might
be serapped; one disaster can cost as
much az several [SPMs. [BPMs ean
detect pross contamination in real time
and minimize product loss. This is a
tvpe of yield enhaneement, even
though foeus is on identifying and fix-
ing the problem with the tool before
additional product iz lost as opposed to
modifving the process to improve
yield. However, dizasters can't be pre-

dieted, so the benefit of ISPMs as dis-
aster moniters is difficult to quantify.

The term “in situ particle monitor”
historically has primarily referred to
monitors on exhaust lines of vaenum
process tools. However, exhaust line
sensors currently account for only a
small percentage of total particle mon-
itoring equipment, perhaps because
nsers cannot simply purchase an
exhaust line sensor, plug it in on a new
application and use it as theyv had the
more traditional particle counters.
Almost every tool and every process
recipe dictates a different set of
requirements for an ISPM. Having to
optimize ISPM performance for each
tool slows the growth of their wide-
spread use, A large number of success-
ful applications have been developed,
however, and this number continues to
increase.

15PMs for wet processes
Although particle monitors for liguids

2b. Clean up of HF bath after particle disaster.

have been used for some time on chem-
ical delivery and reprocessing svstems,
their application to wet benches is a
relatively recent development; the
first published work on the subject (by
Hess ot al.®) appeared this vear. Liguid
particle monitoring systems are able to
monitor particles in a fluid that is in
intimate contact with the wafer, and
they make it possible to sample the
fluid very close to the wafers being
processed. The particles that are
counted, therefore, are likely to he of
interest. Measurements in liguids ean
be made in units of particles per unit
volume so data can be compared from
tool to tool. Liguid monitors are easy to
install since there is no need to shut
down a tool, break vacuum and fit a
sensor inte a vacuum system, All one
neads is enough space to insert a sam-
ple line and a return line into the hath.

Many liquid processes use corrosive
fluids, including HF and H, 50, often
at elevated temperatures. Liguid
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particle counters must be compatible
with these chemicals at temperatures
up to 150°C, Bafely issues become a
very important design consideration,
All of the liquid handling must be done
in a double containment vessel and the
vessel purged with N.. Sensors need to
continually monitor the liquid level at
several points; if any anomalies are
detected the instrument is immediate-
ly placed in a safe condition and shut
down,

Other requirements are similar for
all ISPMs, The counters should be sen-
sitive to particle sizes near (L3 pm; as
feature sizes decrease the sensitivity
needs to be improved to (.1

preatly reduced. This Lechnigue is only
suitable [or proeess haths like SC1 that
eontain high particle soncentrations.
HF baths are relatively particle free
and are less suitable for an in-line sam-
pling svstem. Also, the data from an in-
line system is a superposition of the fil-
ter performance and the number of
particles in the bath so the particle
data varies as filter perlormance
changes over the life of the filter, Since
the filter acts as a reservoir for hoth
fluid and particles, time response defe-
riorates and short duration events get
smoothed out.

For a single-sensor system, the in-

coordinated with toal events, A sample
ean be drawn from the area that has the
highest particle concentration for a
worst case, o1 from an area cloge to the
wafers being processed. Using a sam-
pling system, non-recireulating baths
can be monitored; controlling flow rate
and pressure and reducing bubbles is
more straightforward,

Description of a sampling system
Figure 1 illustrates a liguid ISPM
using a sampler on a recirculating wet
bench. The sample is drawn out of the
bath by the sampler, which in this case
iz shown as a Particle Measuring Sys-
tems CLS-030 chemiecal

pm. Sinee ISFMs run
almaost continuously, they
must operate unattended,
The data obtained must be
available over o network or
by some other remote
means so that contamina-
tion control personnel
don't need to enter the
cleanroom to monitor the
process, A sensor must be
very reliable; for an ISPM
to decrease tool uptime is
unacceptable.

o)

100 pm x
2000 pm
Beam

Obtaining samples

There are two ways to
extract samples from wet
benches. The first way is
called the “sampling”
method, in which a sampler
extracts the sample fluid
from the bath, pressurizes
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fluidics module, This mod-
ule contains the sampler
plumbing and a particle
gensor, The selection of
the particle sensor is
bazed on the sensitivity,
resolution and flow rate
required. Fluid passes
Lhrough a sample buret
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overflow chamber, flush-
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is filled, the inlet valve is
closed and the overflow
chamber is allowed to
drain, Onee the overflow
chamber iz drained, the
sample iz held under pres-

the sample and then injects
it into the particle counter.
The sample must be pressurized to pre-
vent the formation of bubbles which
aecur in effervescent fluids such as
hydrogen peroxide, Bubhles appear Lo
most optical particle counters as parti-
eles and therefore must be eliminated.

The second method, the “in-line”
method, consists of plumbing the
eounter in-line in the recirculation sys-
tem so that sample is pressurized by
the recireulation pump, However, pres-
surizing the sample requires the
counter to be downstream of the pump
— and pumps produee particles. To
eliminate these pump-produced parti-
eles the particle counter must be down-
stream from a filter which is between
the sensor and the pump. A fraction of
the particles will penetrate the filter so
the data will still give an indication of
the number of particles in the bath;
however, the number of particles is

4. Schematic representation of fiber oplic sensor.

line type ean be the less expensive
method, F'luid samplers and controllers
are sophisticated deviees that can cost
almost as much as a sensor, "or multi-
ple senzor systems the cost of the eon-
troller can be spread over several sen-
sors, so a sampling svstem cost
becomes similar to that of an in-line
svatem. Since the sample is taken
immediately after the filter, particle
data may be able to predict filter
breakthrough. The continuous nature
of the sampling is also preferable for
some applications, The advantages of
sampling are that no filter is needed
upstream from the sensor so eleaner
baths can he monitored, the time
response is much faster, and data mea-
surcment does not depend on the fileer
performance. Sampling systems pro-
vide flexihility in the sampling location
and the timing of the sampling can be

sure to foree any remain-

ing hubbles back into solu-
tion. After a compression delay to let
the sample reach perhaps 60 psi
(depending on the sample chemistry)
the sensor valve iz opened and the s=am-
ple iz foreed through the particle spee-
trometer at a known flow rate and pres-
sure. When this is completed the sensor
valve iz elosed and the pressurized lines
are vented. All fluids are returned to
the recireulation system of the chemical
bath, The fluidics module is controlled
by twoother modules that eommunicate
with Lthe wet beneh, coordinate the sam-
pling and transmit data to the remotely
located data eollection system.

The system shown is outside the wet
station and mounted above the wet
bench to prevent the possibility of
siphoning in the event of a catastroph-
ie failure. A Teflon drain line connects
the double containment vessel to the
existing drain system of the wel bench;
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the particle sensor iz purged with
nitrogen. Liguid ISPMs can be
integrated into wet process tools to
simplify system plumbing and fluid
containment,

A case history

As an example, ISPM systems were
inatalled on several of a semiconductor
manufacturer’s HF tanks as a tool to
inerease productivity. Prior to
installing the ISPM systems, qualify-
ing the tank required calling in a per-
apn from contamination control to
bring down a liguid particle counter
ani check the bath; the tool remained
idle until the check was complete. The
company required the tanks' particle
concentration to be below a control
limit after a process chemical change.
Mow the dedicated ISPM automatical-
ly checks the particle coneentration in
the hath; as 2oon as the concentration
ig below the control limit the technician
ean run produet. The downtime of the
bath was minimized and the work load
for the contamination control group
wag reduced. In some cases tank
process chemical changes can oceur as
often as every four hours, so reducing
downtime after a change can signifi-
cantly affeet the throughput of a tool.

Disaster monitoring with ISPMs

In addition to inereased productivity
the [SPM serves as areal-time disaster
monitor (Fig, 2). The particle back-
ground is very low in Fig. 2a until the
wrong type of wafers were placed in

the bhath; then the concentration
inereased dramatically. An ISPM
detected the problem and no additional
lots were run until the chemical was
changed; the partiele counts then
dropped dramatieally. Without the
I5PM several lots of product would
have been processed before the proh-
lem waz detected. The savings from
this ineident alone was more than five
times the cost of the TSPM.

The data for the second chemieal
change in Fig. 2a (the small peak on the
right} is replotted on a log seale in Fig.
2b. Alter the chemical change the con-

eentration slowly dropped to the quali-
fieation limit and product was
processed shortly thereafter. In a sim-
ilar way a4 sensor can be used to mini-
mize the interval between processing
lots. The purchase of the ISPMs was

Justified by the increased produoctivity;

the savings from detecting process
anomalies was an additional bonus,
These examples show that liquid
ISPMs are already more than QC
instruments and that they are current-
v used in proeess control, Their role in
process control will be expanded as
users gain experience with them.

In situ monitors for vacuum tools

Widespread application of in situ mon-
itors for vacuum tools hag been limited
by their technology, The environment
within process tools can be very harsh;
high temperatures, corrosive species,
high electromagnetie fields and very
low pressures are found in many semi-
conductor vacuum processes. Instru-
ments that are eurrently used Lo moni-
tor contaminantis in semiconductor
processes use light scattering to size
particles. The type of light source for
these instruments is typically a semi-
conductor diode laser (SDL). While
other sources can be used, these lasers
are chosen becaunse of their low eost,
small size and relatively high bright-
ness. S0Ls, however, are not able to
withstand the harsh environment
inside of many semiconductor process
tools, In particular, high temperature
severely shortens the life of 8DLs: an
operating temperature of 60°C will
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reduee the life of an SDL by a factor of
ten.”™ This limits the loeation of moni-
tors that use these lasers and thereby
the usefulness of the instruments.

A particle counter’s ability to moni-
tor contamination in process tools is
determined by the particle size detec-
tion limit, the size of the sample zone
and the location of the sample zone. It
is generally believed that best resulis
are produced by monitoring particles
in close proximity to the wafer being
processed. Sinee SDLs cannot with-
stand the harsh environments found
within many process tools,

where particles are detected, The
detection limit is about (03 pm with a
sample volume of 30 co/min. A schemat-
ic of the optical system' is shown in
Fig. 3. Having absolutely no compo-
nents within the chamber makes the
[SICL sensor very attractive; howev-
er, more testing in a manufacturing
environment needs Lo be done Lo assess
its usefulness.

The other new technigue for moni-
toring vacuum chambers involves the
use of fiber optics to move the sample
area close to the wafer.™ A representa-

has unigue requirements for size, form
factor and sensitivity. Building only
one sensor and attempting to shoehorn
it into many different applications is
difficult and may not produce optimum
results, As a result, a unique sensor
head is designed for each application,
In the ideal case these sensors would
be integrated into the process toal, The
components outside of the chamber, the
interface module and software, remain
bazically the same from application to
application.

A sensor on an ion implanter

the location of the sample
area must be moved so the
SDL can be located outside

Sensor Data vs. Particle Count

of the process tool and L H0
directed through a window £ 70
into the process environ- 2 60l
: 2 ; o
ment. This usually means o2
the particle counter is locat- 50
ed in an exhaust line, far 2 oaolt
[rom the waler being -ﬁ
processed. The exhanst line z %0
is useless for low pressure s
applications because parti- = 10l
cles are not transported by o

200

R =0.83

An example of an application
specifie design is shown in
Fig. 5. The geometry of the
tool, an Applied Materials
0500 series ion implanter,
allowed monitoring the ion
implant beam and keeping all
the active components out-
side the chamber without
having to usze fiber optics,
The 9500 series operates at a
pressure of about 10-7 Torr,
so particles cither fall due to
gravity or are transported by

the remaining pas; instead, 1
the particles simply fall {(due
to gravity) or are transport-

i . ¥
10 100
ISPM sensor counts

the electrostatic forees of the
ion beam. A& spoked wheel is
used to hold the wafers; as

1000

ed by electrie fields. [fa par-
ticle monitor is not located
near the semiconductor
wafer being processed it may not be
able to see any partieles that could
affect the wafer.

There are at least two techniques
now being developed to address Lhe
shortecomings of vacuum [SPMs, One
was developed by IBMY and ealled in
sitil coherent LIDAR (ISICL). All of
the in situ coherent lidar (LIDAR=
light detection and ranging) compo-
nents (Fig. 3) remain outside of the
chamber. A laser beam is directed into
the chamber through a window and
seanned to form a sample volume.
Coherent detection is uzed to differen-
tiate light backseattered by particles
from other extraneous light, such as
seattering off of chamber surfaces and
process penerated light.!! Because
backseattering is used only one small
window 15 needed; the windows used on
process tools typieally are more than
adequate and could even be shared
with other instruments such as oplical
endpoint detectors. The beam can be
seanned in any desired direction and
pattern so one can look directly above
the wafer, In addition, the instrument
is capable of mapping the location

6. Particles added to test wafers (as a result of an implant
process) vs, ISPM counis.

tion of the fiber senzor is shown in Mg,
4. The outpot from a laser diode is cou-
pled into a single mode fiber which car-
riesz light through a vacoum feed-
through into the chamber. There the
light emerges [rom the fber, is reclan-
gularly shaped by means of a lens, and
is directed through a sample area, Par-
ticles falling through the sample area
seatter light which is foensed onto a
fiber bundle. The bundle carries the
light out of the chamber through anoth-
cr fiber feedthrough to a serviee mod-
ule where the light is filtered and
focuzed onto a detectorn

By moving the S2DL and all other

active components outside of the cham-
ber the reliability problems are solved.
Only passive companents such as lens-
es are in the chamber and they are able
to withetand the harzh conditionz. The
remote location of the detector makes
the system immune to electromagnetic
noise generated by some processes.
Filtering the light before the detector
makes the system insensitive to noise
from proeess generated light,

Fiber optics may be used effectively
with various sensor designs, Each tool

the wheel sping the implant
beam alternately strikes the
walers and passes through to
the beam stop. A ring sensor was
inserted between the wheel and the
beamstop, as shown in Fig, 5a. The sen-
gor ig shaped like a flange or ring, as
shown in Fig. 5b; the ion beam goes
through the center of the ring., The par-
ticle sensor incorporates a HelNe laser
which pumps a passive cavity that has
a circulating power of about 3-58 W {i.e.
the rezonant cavity increases the illu-
mination on the particle to that of a 3-5
W lager). This type of system is used in
aerosol particle counters because the
high optical power produces good size
sensitivity and the passive ecavity is
very relinhle, Scattered lipht from the
particle is collected, collimated, fil-
tered by a narrow band optical filter Lo
reject the glow from the implant beam
and then focused onto a detector.
Results from a prototype are shown
in Fig. 6; the sensor data iz plotted
against particles added to wafers.
Three witness wafers were used for
edch test in Applied's development lab;
the number plotted iz the average of
the three walers in eight tests for a
total of 24 wafer scans, With just a few
data points a eorrelation eoefficient
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K = 0,83 was obtained between the
mean number of particles added (as
determined from before and after mea-
surements on a Tencor-type particle
counter) and the ISPM particle counts.
In addition to the wafer data, the sen-
gor wias able to identify particle related
events such as arcing of the implant
beam, mis-tuning of the implant beam
and spin-up of the wafer wheel, This
initial data appears very promising;
more testing is in progress.

The future of 15PMs

In silu particle monitors will become
more widespread as their applications
are broadened to liguids and as new
technologies enable effective vacuum
chamber particle monitoring. As wafer
diameters inerease, in situ particle
monitoring provides aceelerated cost
advantapes. ]
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