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Optical Sensors 
This is the first in a series of 1998 OPN articles that takes an in-depth look at optical sensor 

technology and anticipates the 1998 OSA Annual Meeting. "Sensing the World Around Us." 
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By Larry Fabiny 

As semiconductor wafers and other optoelectronic devices grow smaller, the detection of microscopic dust and 
other particles prior to manufacturing becomes increasingly important. Fabiny looks inside an optical sensor 
that is cleaning up this industry. 

The effects of light scattering 
from particles are evident in 
many natural phenomena— 
from the blue color of the 
daytime sky and the red 
orange of a sunset to the 
appearance of clouds and 
rainbows. The study of these 
effects has grown into the 
field of aerosol science, which 
in turn has led scientists to 
apply scattering theory to var
ious technologies. Devices 
that use optical scattering 
range from precision instru
ments that monitor atmos

pheric pollutants to common household smoke detec
tors. An entire industry has evolved around the optical 
measurement of sub- and super-micron particles. Parti
cle size statistics provide crucial information from the 
production of paint pigments and pharmaceutical prod
ucts, to monitoring the performance of filtration sys
tems in clean room environments. 

While many of these technologies are based on 
measuring optical scattering from an ensemble of par
ticles, there is also an entire sub-field devoted to the 
optical detection and measurement of solitary particles 
(so-called rare events). One particular industry that 
makes use of this technology is semiconductor manu
facturing. As feature sizes of integrated circuits 
decrease, the importance of minimizing particle conta
mination in the manufacturing process grows. Conta
minants create defects on semiconductor wafers. It is 
therefore an economic advantage to find and remove 
any contaminants as they are introduced during wafer 
processing rather than discovering them through a 
defective finished wafer. To combat the problem of 
contaminants, the semiconductor industry uses optical 
particle counters (OPCs) to detect single particles by 
measuring optical scatter. The pharmaceutical industry 
uses this technology as well. OPCs can monitor air, 

high pressure gases, liquids (corrosive or noncorro
sive), and vacuum environments. 

Development of optical particle counters 
Detecting optical scatter from a single particle for use as 
a diagnostic tool has a long history.1 Robert Millikan 
used scattered light to monitor electrically charged oil 
droplets that were suspended between charged plates. 
By knowing the capacitance of the plates and then mea
suring the fall rate of the droplets when the electric field 
was switched off, Millikan was able to determine the 
fundamental charge of the electron. 

In their simplest form, today's OPCs are comprised 
of the same basic components as those designed as early 
as 1949.1 Most OPCs consist of a light source, optics for 
beam shaping to define a sample volume, collection 
optics to gather the scattered light, detectors for optical-
to-electrical signal 
conversion, and sig
nal processing elec
tronics to convert 
electrical pulses into 
information on the 
detected particles. A 
simplified diagram is 
shown in Figure 1. 
What then differenti
ates the performance 
of various particle 
counters and is there 
room for further im
provement? 

Before answering 
these questions, it is 
important to consid
er the functionality of OPCs. OPCs provide two key 
information points when monitoring particles.2 First, 
they measure particle number concentration to some 
minimum particle size. Today's best OPCs have a mini
mum sensitivity of approximately 50-nm diameter par
ticles, while the maximum measured particle size can 

Figure 1. Simplified diagram of the basic components 
of an optical particle counter (OPC). 
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approach 30 μm. Second, they generate particle sizing 
information by correlating the scattered light intensity 
to the particle size. Sizing resolution (minimum 

detectable size difference) 
varies widely among instru
ments, from low resolution 
particle monitors with per
haps 4 size channels per 
decade of particle size to 
sophisticated high resolu
tion particle spectrometers, 
with 32 size channels per 
decade. As we shall see, siz
ing accuracy and resolution 
vary widely because of the 
optical design of the instru
ment and because scattered 
light intensity is a function 
of particle shape and com
position. 

Scattering theory 
Much of the OPC's sophis
ticated optical design re
sides in defining the sample 
volume through appropri
ate beam shaping and in 
collecting as much of the 
scattered light as is practi
cal. Therefore, some under
standing of scattering theo
ry is essential to appreciate 
the underlying design con
siderations behind OPCs. 

Scattering theory predicts that the scattered signal is a 
function of the wavelength of the inci
dent light, the incident state of polariza
tion, the scattering angle, the index of 
refraction of the particle, the index of 
refraction of the surrounding medium, 
the particle size, and the particle shape 
and orientation. With so many variables, 
it is easy to understand why a wide vari
ety of instruments have been designed to 
operate in different environments. 

In the limit of particle size, much less 
than the wavelength of the incident light, 
the scattering is generally referred to as 
Rayleigh. In Rayleigh scattering, the inten
sity of the scattered optical signal is pro
portional to d 6/λ 4, where d is the particle 
diameter and λ is the wavelength of the 
incident light. Therefore a small decrease 
in particle diameter dramatically reduces 
the scattered signal. Reducing the particle 
size by half means that the scattered light 
is reduced by a factor of 64. We can see 
from the wavelength dependence of the scattering signal 
that there is much to gain in going to shorter illumina
tion wavelengths. 

When the particle size is comparable to the optical 
wavelength, scattering theory becomes more complex. 
At this point, particle shape is important because inter
ference effects among scattered light originating from 
different points of a single object begin to dominate. 
There are various theoretical approaches to calculating 
the scattering pattern of an arbitrary object, but with
out some knowledge of the shape of the scattering par
ticle under consideration these are of limited use. A 
simplifying theory, known as Lorenz-Mie, is used to 
calculate the scattering originating from perfect 
spheres. Although this assumption leads to predictions 
that can disagree considerably with what is measured 
from nonspherical particles, the theory provides some 
function in demonstrating how the scattering intensity 
is a complicated function of the particle size and refrac
tive index. Figure 2 shows the theoretical scattered sig
nal collected as a function of particle size for two differ
ent materials—polystyrene latex (PSL) and silicon—at 
a wavelength of 532 nm. Here the extent of the collec
tion angle is relatively small, ±14°. Figure 2 demon
strates that above the Rayleigh limit, the amplitude of 
the scattered signal is not necessarily a monotonic 
function of particle diameter. This multi-valued prob
lem can be reduced or eliminated entirely if the solid 
angle of the collection optics is increased sufficiently, 
but the refractive index of an unknown contaminant 
can still create errors in sizing even perfectly spherical 
particles. 

Optical design of particle counters 
Light sources 
The first optical particle counters predate the invention 
of the laser, so by necessity they used broadband light 
sources. Today OPCs take advantage of the higher power 

and beam quality 
(smaller focused spot 
size) of lasers to cre
ate instruments with 
improved sensitivity 
(~0.05 μm in a laser 
vs. ~0.3 μm in a 
broadband instru
ment). However, 
broadband sources 
have not been com
pletely discarded as 
they have the advan
tage of reducing the 
multi-valued re
sponse of the scattered 
signal as a function of 
particle size. In es
sence, broadband 
sources average out 
the local minima and 
maxima seen in Fig

ure 2, and as such have the potential to offer improved 
size resolution at the cost of poorer minimum de
tectable particle size. 

The first optical 
particle counters 
predate the 
invention of the 
laser, so by 
necessity they 
used broadband 
light sources. 
Today OPCs take 
advantage of 
the higher power 
and beam quality 
(smaller focused 
spot size) of 
lasers to create 
instruments 
with improved 
sensitivity... 

Figure 2. C a l c u l a t e d relative s c a t t e r e d s ignal inten
si t ies obta ined f rom two types of spher ica l pa r t i c l es 
having dif ferent refractive ind ices : PSL (n = 1 .599) 
and s i l icon (n = 4.15 + i0.044), with the i l luminat ion 
wavelength = 532 n m . The col lect ion angle w a s c e n 
te red or thogona l to the laser b e a m (side scat ter ) , 
and ex tended ±14°. 
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Lasers 
For a long time the laser of choice was the 
HeNe operating at 633 nm, and it is still 
found in many instruments. The HeNe 
laser offers a favorable combination of 
beam quality, noise characteristics, and 
operating lifetime, and operates at a rela
tively short wavelength, which enhances 
the scattered intensity. Now, however, 
semiconductor lasers are widely used in 
OPCs due to their compact size, low volt
age operation, and higher powers (> 100 
mW), as compared to HeNe lasers, despite 
their higher operating wavelengths 
(700-850 nm). An alternative OPC source 
that has recently become commercially 
viable is the diode-pumped frequency-
doubled Nd:YAG laser operating at 
532 nm. Like diode lasers, frequency dou
bled Nd:YAG lasers are high power, com
pact, low-voltage devices yet they also 
operate at a shorter wavelength than HeNe 
or diode lasers, thereby producing a larger 
scattered signal. 

Resonant cavities 
The sensitivity of an OPC is greatly enhanced by mov
ing the particle flow to the inside of a resonant cavity 
where the intra-cavity power may be 10 W while the 
power outside the cavity is a few milliwatts. The design 
for such an instrument is shown in Figure 3. Intra-cavi
ty particle detection is analogous to work in nonlinear 
optics, where, for example, enhanced frequency dou
bling is achieved by moving a nonlinear crystal to the 
inside of a resonant cavity. Resonant cavity OPCs oper
ate in either active laser cavity (HeNe or Nd:YAG) or 
external passive cavity (HeNe) configurations. To date 
it is still difficult for a laser diode-based instrument to 
match the sensitivity of the best intra-cavity HeNe 
OPCs. 

Collecting sample volumes 
A combination of beam shaping optics, sample flow 
geometry, and collection optics determine the sample 
volume of an OPC. Ideally the sample volume is illumi
nated uniformly, but this can only be achieved to some 
degree of approximation when the illumination source 
is a Gaussian beam. In volumetric OPCs, where 100% of 
the sample flow is monitored, the contaminant-bearing 
sample flow is constrained to lie within the sample vol
ume by either forming a jet of fluid through a nozzle or 
by forcing the liquid through a precision capillary. In 
either case, the width of the focused laser beam is then 
greater than the width of the sample flow to ensure that 
every contaminant particle will pass near the center of 
the Gaussian illumination beam. A tradeoff exists in 
volumetric OPCs in setting the sample volume without 
requiring unrealistic velocities. If the sample velocity 
becomes too great then the electrical signal generated by 
a particle can be degraded due to bandwidth limita

tions. Other noise sources also become problematic. 
Typical flow rate specifications for volumetric aerosol 
OPCs are 0.1-1.0 ft3/min and depend on minimum sen
sitivity specifications. 

Ideally the OPCs collection optics would gather all 
of the light scattered through 4 π steradians, but this is 
not achievable in any practical instrument. Most OPCs 
can be separated into one of two operating configura
tions: forward scatter or side scatter (perpendicular to 
beam propagation). Forward-scatter OPCs with nar
row collection angles are least sensitive to the particle's 
refractive index, but are prone to multi-valued sizing 
responses.3 By broadening the collection angle, for
ward scatter OPCs are made less susceptible to multi
valued responses, but become more sensitive to the 
refractive index problem. Off-axis OPCs have the 
advantage of reduced background scatter from stray 
light and generally have better sizing sensitivity than 
forward scatter OPCs, but they are also more sensitive 
to refractive index. Usually the collection solid angle is 
made as large as practically achievable to produce a 
larger signal as well as a more monotonic scatter 
response as a function of particle size. 

Overcoming molecular scatter 
Can we just keep increasing the laser power to see ever-
smaller particles? Because molecular scattering 
becomes a problem at some point for instruments not 
monitoring a vacuum, unfortunately the answer is no. 
That is, at some small particle size, the scattered signal 
from the contaminant is comparable to the intrinsic 
molecular scatter from the sample fluid. However, there 
is a clever detection scheme for reducing the back
ground noise from molecular scatter.4 A single detector 
is replaced with a linear array, and the collection optics 
form an imaging system where each element of the 
array images a distinct section of the sample volume. 

Figure 3. Optical diagram for a high-sensitivity active-cavity aerosol OPC (Model PMS HS-LAS). 
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Light imaged from a particle is focused onto a single 
detector element while the molecular scatter for the 
entire sample volume is spread among all the elements 
of the array. Therefore, the instrument has a large sam
ple volume with only a fraction of the associated mole
cular scatter per detector element. 

Sizing particles 
Finally we are left with a problem common to all parti
cle measurement instrumentation. How is particle size 
ultimately defined? OPCs produce an electrical pulse 
proportional to the amount of collected scattered light, 
a function of particle composition, shape, and size. 
With the vast complexity of possible contaminants in 
the world, encoun
tering a perfect 
sphere is a rarity. 
Even if we consider 
a single irregularly 
shaped contami
nant, we are still 
faced with a scat
tered optical signal 
that depends on par
ticle orientation— 
consider how scatter 
from a straight pin 
depends on the ob
ject's orientation as 
it passes through an 
illumination beam. How then to calibrate the pulse 
height to some supposed particle size? 

A common procedure is to calibrate OPCs with well 
characterized polystyrene latex spheres (PSLs). PSLs are 
commercially available in monodisperse distributions, 
ranging in diameter from 20 nm to 1.0 mm—many to 
NIST traceable specifications. It is worth emphasizing 
again that while OPCs can be extremely precise, their 
sizing accuracy is heavily dependent on particle compo
sition and shape. 

Future of optical particle counters 
Optical particle counters have existed long enough to be 
considered a mature technology, but there are still some 
interesting enhancements under development. Interfer-
ometric methods can be used to detect individual parti
cles, but of course this entails a more sophisticated opti
cal design. In one technique, in situ coherent lidar 
(ISICL),5 particles inside of a semiconductor processing 
chamber are detected optically through a single access 
window. Unlike conventional OPCs that draw the fluid 
through the instrument and thus have complete control 
over the scattering environment and the collection 
optics, the ISICL must operate under much harsher 
restrictions. No collection optics or other instrumenta
tion can be placed in the chamber, there is often only a 
single access window that necessitates measuring optical 
backscatter through a small numerical aperture, and 
there is little control over the background signal from 
the laser incident on the back wall of the chamber. A 

diagram of the system is shown in Figure 4. This tech
nique has been used to detect a 50-photon scattered 
pulse from a particle in the presence of 106 photons col
lected from the back wall. 

Identification of contaminant species, rather than 
simple detection and sizing, is becoming more of a con
cern. Consequently, various optical techniques for parti
cle identification have been proposed and are under dif
ferent stages of development. These methods generally 
rely on various inelastic scattering phenomena, whereas 
conventional OPCs are based on elastic scattering. For 
example, optical spectroscopy is used in the measure
ment of fluorescence, Raman scattering, or atomic emis
sion (laser induced breakdown spectroscopy) as a means 

of identifying cont
aminant species. 
Another technique 
is laser microprobe 
mass spectrometry, 
whereby a laser 
pulse breaks a 
particle into its 
constituent ions 
through ablation 
or ionization. The 
ions are then ana
lyzed with an 
a c c o m p a n y i n g 
time-of-flight mass 
spectrometer. Each 

of these methods has its particular advantages, the 
choice between them is heavily dependent upon the 
nature and range of the contaminant specks. 

As long as the semiconductor industry continues to 
pursue smaller minimum feature sizes, the importance 
of maintaining clean operating environments will esca
late. These demands will serve as the primary driving 
force for enhanced performance from optical particle 
counters and will lead to improvements in sensitivity 
and identification of contaminants. We can also expect 
to see an expanded use of fiber optic technology in 
OPCs in the near future, as space limitations in clean 
rooms are creating a push for smaller, more versatile, 
instruments. 
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Optical analysis of the surface of a silicon wafer with contaminant 
particles. See story on page 34. 


