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GUIDE FOR ANGLE RESOLVED OPTICAL SCATTER
MEASUREMENTS ON SPECULAR OR DIFFUSE SURFACES

This Standard was technically approved by the Silicon Wafer Global Technical Committee. This edition was
approved for publication by the global Audits and Reviews Subcommittee on August 31, 2015. Available at
www.semiviews.org and www.semi.org in January 2016; originally published by ASTM International as
ASTM E1392-90; previously published November 2009.

1 Purpose

1.1 The microroughness and contamination due to particulates and films on silicon wafers are interrogated with
varying forms of light scattering techniques. The angular distribution of light scattered by semiconductor surfaces is
a generalized basis for most scanning surface inspection systems and as such may be used to cross-correlate various
tools.

1.2 The angular distribution of scatter from optically smooth surfaces, such as polished silicon wafers, can be used to
calculate surface parameters or reveal surface characteristics. For example, the total scatter found by integrating the
bidirectional reflectance distribution function (BRDF) over the hemisphere can be related to surface roughness. The
amount of scatter at a given scatter angle can be associated with a specific surface spatial frequency.

1.3 The angular distribution of scatter is a general property of surfaces that may have direct consequences. Scatter
from mirrors and other components in an optical system can be the limiting factor in resolution or optical signal to
noise level. Scatter can be an important design parameter for telescopes. Scatter measurements are crucial to correct
operation of ring laser gyros. Scatter from a painted surface, such as on automobiles, can influence sales appeal.

2 Scope

2.1 This Guide explains a procedure for the determination of the amount and angular distribution of optical scatter
from an opaque surface. In particular it focuses on measurement of the BRDF, which is a convenient and well accepted
means of expressing optical scatter levels for many purposes. > Additional data presentation formats described in
Related Information 1 have advantages for certain applications. Surface parameters can be calculated from optical
scatter data when assumptions are made about model relationships. Some of these extrapolated parameters are
described in Related Information 2.

2.2 Optical scatter from an opaque surface results from surface topography, surface contamination, and subsurface
effects. It is the user’s responsibility to be certain that measured scatter levels are ascribed to the correct mechanism.
Scatter from small amounts of contamination can easily dominate the scatter from a smooth surface. Likewise,
subsurface effects may play a more important scatter role than typically realized when surfaces are super polished.

2.3 This Guide does not provide a method to extrapolate data for one wavelength from data for any other wavelength.
Data taken at particular incident and scatter directions are not extrapolated to other directions. In other words, no
wavelength or angle scaling is to be inferred from this Guide. Normally the user must make measurements at the
wavelengths and angles of interest.

2.4 This Guide applies only to BRDF measurements on opaque samples. It does not apply to scatter from translucent
or transparent materials. There are subtle complications, which affect measurement of translucent or transparent
| materials that are best addressed in separate standards (see, for example, ASTM E2387).

2.5 The wavelengths for which this Guide applies include the ultraviolet, visible, and infrared regions. Difficulty in

obtaining appropriate sources, detectors, and low scatter optics complicate its practical application at wavelengths less

than about 0.25 um. Diffraction effects that start to become important for wavelengths greater than 15 pm complicate

its practical application at longer wavelengths. Diffraction effects can be properly dealt with in scatter measurements,’
| but they are not discussed in this Guide.

! Nicodemus, Fred E. “Directional Reflectance and Emissivity of an Opaque Object.” Applied Optics 4 (1965): p. 767.

2 Nicodemus, F. E., Richmond, J. C., and Hsia, J. J. “Geometrical Considerations and Nomenclature for Reflectance.” NBS Monograph 160,
1977.

3 Smith, Sheldon M. “Reflectance of AMES 24E, Infrablack and Martin Black.” SPIE 967 (1988): p. 251.
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2.6 Any experimental parameter is a possible variable. Parameters that remain constant during a measurement
sequence are reported as header information for the tabular data set. Related Information 3 gives a suggested reporting
format that is adaptable to varying any of the sample or system parameters.

2.7 This Guide applies to flat or curved samples of arbitrary shape. However, only a flat, circular sample is addressed
in the discussion and examples. It is the user’s responsibility to define an appropriate sample coordinate system to
specify the measurement location on the sample surface for samples that are not flat.

2.8 The apparatus and measurement procedure are generic, so that specific instruments are neither excluded nor
implied in the use of this Guide.

NOTICE: SEMI Standards and Safety Guidelines do not purport to address all safety issues associated with their use.
It is the responsibility of the users of the Documents to establish appropriate safety and health practices, and determine
the applicability of regulatory or other limitations prior to use.

3 Referenced Standards and Documents
3.1 SEMI Standards and Safety Guidelines
SEMI M20 — Practice for Establishing a Wafer Coordinate System
SEMI M59 — Terminology for Silicon Technology
| SEMIMF1048 — Test Method for Measuring Reflective Total Integrated Scatter

SEMI MF1811 — Guide for Estimating the Power Spectral Density Function and Related Finish Parameters from
Surface Profile Data

3.2 ASME Standard*
| ASME B46.1 — Surface Texture (Surface Roughness, Waviness, and Lay)
3.3 ASTM Standards®
| ASTM E284 — Standard Terminology of Appearance
| ASTM E2387 — Standard Practice for Goniometric Optical Scatter Measurements
NOTICE: Unless otherwise indicated, all documents cited shall be the latest published versions.

4 Terminology

4.1 Acronyms, terminology, and symbols used in silicon technology, including some related to the roughness of
silicon wafer surfaces, may be found in SEMI M59.

4.2 Additional terminology related to the power spectral density function and related finish parameters is discussed
in SEMI MF1811.

4.3 Additional terminology related to the finish of surfaces may be found in ASTM E284 or ASME B46.1. Additional
graphic information will be found in Figures A1-1 through A1-3 in Appendix 1.

4.4 Definitions of terms specific to this Guide are as follows:

| 4.4.1 angle of incidence, 0;, — polar angle between the central ray of the incident flux and the ZB axis, normal to the
sample surface.

4.4.2 beam coordinate system, XB YB ZB — a Cartesian coordinate system with the origin on the central ray of the
incident flux at the sample surface, the XB axis in the plane of incidence (PLIN) and the ZB axis normal to the surface.

4.4.2.1 Discussion — The angle of incidence, scatter angle, and incident and scatter azimuth angles are defined with
respect to the beam coordinate system. This coordinate system is illustrated in Figure A1-1.

4 American Society of Mechanical Engineers, Three Park Avenue, New York, NY 10016-5990, USA; Telephone: 973.882.1170, Fax:
973.882.1717, https://www.asme.org

5 ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, USA; Telephone: 610.832.9585, Fax: 610.832.9555,
http://www.astm.org
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4.4.3 bidirectional reflectance distribution function (BRDF) — a description of the distribution of light scattered by
a surface, it is the differential radiance normalized by the differential irradiance, and is approximated by the scattered
power per unit projected solid angle divided by the incident power.

4.4.3.1 Discussion — The procedures given in this Guide are correct only if the field of view (FOV) determined by
the receiver field stop is sufficiently large to include the entire illuminated area for all angles of incidence of interest.
BRDF is a differential function dependent on the wavelength, incident direction, scatter direction, and polarization
states of the incident and scattered fluxes. In practice, it is calculated from the average radiance divided by the average
irradiance as follows:

P
L (ZAc:)sﬁ. P -1
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The BRDF of a lambertian surface is independent of scatter direction. If a surface scatters nonuniformly from one
position to another then a series of measurements over the sample surface must be averaged to obtain suitable statistical
uncertainty. Nonuniformity may be caused by irregularity of the surface microughness or film, optical property
nonhomogeneity, or subsurface defects.

4.4.4 cosine-corrected BRDF — the BRDF times the cosine of the scatter polar angle.

4.4.4.1 Discussion — The cos6; in the BRDF definition is a result of the radiometric definition of BRDF. It is
sometimes useful to express the scattered field as normalized scatter intensity [(watts scattered/solid angle)/incident
power] as a function of scatter direction. This is accomplished by multiplying the BRDF by cosé..

4.4.5 delta beta, A — the projection of Af onto the XB-YB plane, that is, the delta theta angle measured in direction
cosine space.

4.4.5.1 Discussion — For scatter in the PLIN, Af = siné, — siné.. For scatter out of the plane of incidence (PLIN), the
| calculation of Ap becomes more complicated (see Related Information 1, § R1-2).

4.4.6 delta theta, A@— the angle between the specular direction and the scatter direction.

4.4.7 incident azimuth angle, ¢; — the fixed 180° angle from the XB axis to the projection of the incident direction
onto the XB-YB plane.

4.4.7.1 Discussion — It is convenient to use a beam coordinate system (refer to Figure A1-2), in which ¢; = 180°,
since this makes @, the correct angle to use directly in the familiar form of the grating equation. Conversion to a sample
coordinate system is straight forward, provided the sample location and rotation are known.

4.4.8 incident direction — the central ray of the incident flux specified by 6; and ¢; in the beam coordinate system.
4.4.9 incident power, P;— the radiant flux incident on the sample.

4.49.1 Discussion — For relative BRDF measurements, the incident power is not measured directly. For absolute
BRDF measurements it is important to verify the linearity, and if necessary correct for the nonlinearity, of the detector
system over the range from the incident power level down to the scatter level which may be as many as 13 to 15 orders
of magnitude lower. If the same detector is used to measure the incident power and the scattered flux, then it is not
necessary to correct for the detector responsivity; otherwise, the signal from each detector must be normalized by its
responsivity.

4.4.10 instrument signature — the mean scatter level detected when there is no sample scatter present expressed as
BRDF.

4.4.10.1 Discussion — Since BRDF is defined only for a surface, the instrument signature provides an equivalent
BRDF for the no-sample situation. The limitation on instrument signature is normally stray scatter from instrument
components and out-of-plane aperture position errors for receiver positions near the specular direction. For high grade
electronic detection systems, at large scatter angles, the limitation on instrument signature is normally Rayleigh scatter
from molecules within the volume of the incident light beam that is sampled by the receiver field of view. As 6
approaches 90°, the accuracy of 6 becomes important because of the I/cosé; term in BRDF. The signature can be
measured by scanning a very low scatter reference sample in which case the signature is adjusted by dividing by the
reference sample reflectance. The signature is commonly measured by moving the receiver near the optical axis of the
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source and making an angle scan with no sample in the sample holder. It is necessary to furnish the instrument
signature when reporting BRDF data so that the user can decide at what scatter direction the sample BRDF is lost in
the signature. Preferably the signature is several decades below the sample data and can be ignored.

4.4.11 noise equivalent BRDF, NEBRDF — the root mean square (rms) of the noise fluctuation expressed as
equivalent BRDF.

4.4.11.1 Discussion — Measurement precision is limited by the acceptable signal to noise ratio with respect to these
fluctuations. It should be noted that although the detector noise is independent of &, the NEBRDF increases at large
values of € because of the 1/cosé; factor. Measurement precision can also be limited by other experimental parameters
as discussed in § 10. The NEBRDF can be measured by blocking the source light.

4.4.12 plane of incidence, PLIN — the plane containing the sample normal and central ray of the incident flux.

4.4.13 receiver — a system that generally contains apertures, filters and focusing optics that gathers the scatter signal
over a known solid angle and transmits it to the scatter detector element.

4.4.14 receiver solid angle, £2— the solid angle subtended by the receiver aperture stop from the sample origin.

4.4.15 sample coordinate system — a coordinate system fixed to the sample and used to specify position on the
sample surface for the measurement.

4.4.15.1 Discussion — The sample coordinate system is application and sample specific. The Cartesian coordinate
system shown in Figure Al-1 is recommended for flat samples. The origin is at the geometric center of the sample
face with the Z axis normal to the sample. A fiducial mark must be shown at the periphery of the sample; it is most
conveniently placed along either the X or Y axes. For silicon wafers, the fiducial mark is commonly placed on the
periphery of the wafer at the —Y-axis as defined in SEMI M20.

4.4.16 sample irradiance, E. — the radiant flux incident on the sample surface per unit area.

4.4.16.1 Discussion — In practice, E. is an average calculated from the incident power, P;, divided by the illuminated
area, A. The incident flux should arrive from a single direction; however, the acceptable degree of collimation or
amount of divergence is application specific and should be reported.

4.4.17 sample radiance, L. — a differential quantity that is the reflected radiant flux per unit projected receiver solid
angle per unit sample area.

4.4.17.1 Discussion — In practice, L. is an average calculated from the scattered power, P;, collected by the projected
receiver solid angle, €2-cosé, from the illuminated area, 4. The receiver aperture and distance from the sample
determines (2 and the angular resolution of the instrument.

4.4.18 scatter — the radiant flux that has been redirected over a range of angles by interaction with the sample.

4.4.19 scatter azimuth angle, ¢, — angle from the XB axis to the projection of the scatter direction onto the XB-YB
plane.

4.4.20 scatter direction — the central ray of the collection solid angle of the scattered flux specified by & and ¢ in
the beam coordinate system.

4.4.21 scatter plane — the plane containing the central rays of the incident flux and the scatter direction.
4.4.22 scatter polar angle, 6,,— polar angle between the central ray of the scattered flux and the ZB axis.

4.4.23 specular direction — the central ray of the reflected flux that lies in the PLIN with 6 = 6 and ¢, = 0.

5 Apparatus

5.1 General — Nonspecular reflectometers or instruments® used to measure scattered light utilize some form of the
five components described in this section. These components are described in a general manner so as to not exclude
any particular type of scatter instrument. To achieve (6, ¢; 6, @) positioning the instrument design must incorporate
four angular degrees of freedom between the source, sample holder, and receiver assemblies.

® Hsia, J. J. and Richmond, J. C. “A High Resolution Laser Bidirectional Reflectometer with Results on Several Optical Coatings.” J. Res. NBS-A.
Physics and Chemistry 80A (1976): pp. 189-205.
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5.2 Source Assembly — Containing the source and associated optics to produce irradiance, E., on the sample over a
specified spot area, 4. If a broad band source is used, the wavelength selection technique should be specified.
Depending on the bandwidth and selection techniques, the detector assembly may affect the wavelength sensitivity.
If a laser source is used, it is usually sufficient to specify the center wavelength; however, it is sometimes necessary
to be more specific, such as providing the particular line in a CO; laser.

5.2.1 A source monitor is used to correct for fluctuations in the source intensity. If it is located at the source output it
only measures variations in the source power and is not sensitive to variations due to angular drift or downstream
transmission. The source monitor should monitor incident power as close to the sample as possible while minimizing
additional system scatter. Attention should be paid to possible laser mode hopping and consequent wander of the beam
on spatial filter pinholes and to fluctuations in source polarization.

5.2.2 Collimated or slightly converging source light can be used to measure BRDF. Most instruments use a
converging beam focused at the receiver. If the convergence angle is small, the uncertainty introduced by a non-unique
angle of incidence is usually negligible. The same considerations apply if a curved sample is measured. It is the user’s
responsibility to assure that any spread in 6 does not compromise the results. Normal practice limits convergence to
/720 or greater with a focus at the receiver to increase the angular resolution of measurements near the specular beam
or diffraction peaks.

5.2.3 Typically the source assembly is fixed in position and variations in &, are made with the sample holder. Good
reduction of the instrument signature requires baffling around the source assembly and use of a spatial filter to limit
off-axis light. The final mirror (or lens) which directs light to the sample should have low scatter, since it contributes
directly to small angle scatter in the instrument signature.

5.2.4 A means should be provided for controlling the polarization state of the incident flux as this can impact the
measured BRDF. Orthogonal source polarization components (parallel, or p, and perpendicular, or s) are defined
relative to the plane defined by the source direction and the sample surface normal.

5.2.5 Absorbing samples may be heated by the incident flux and may change their scatter characteristics,
mechanically distort or burn. Special care must be taken with IR laser sources on absorbing samples.

5.3 Sample Holder — The sample holder should provide a secure mount for the sample that does not introduce any
warp. The rotation axes of the stages that achieve the (6, ¢, 6 ¢;) positioning must be relative to the sample front
surface; this can be accomplished by orienting the sample holder or the source, or both, and receiver assemblies. Some
sample mounts incorporate positioning stages for a raster scan of the sample surface at fixed incident and scatter
angles. The sample mount must be kept unobtrusive so that it does not contribute stray flux to the signature or block
large 6 scatter.

5.4 Beam Dump — It is important to trap any specular reflection from the sample so that it cannot contribute to the
scatter signal through lab/instrument reflections. Examples of beam dumps are black paper, a razor blade stack,
absorbing glass plates, or a tapered blackened glass tube.

5.5 Receiver Assembly — If the system design includes angular degrees of freedom at the receiver for achieving the
scatter direction, then the receiver assembly should normally have provisions for rotating about an axis on the front
face of the sample in order to vary 6. If out of the PLIN measurements are required, the receiver assembly may also
rotate out of the PLIN. This capability may also be provided by pitch, yaw, and roll of the sample, but it becomes
more difficult to dump the specularly reflected beam.

5.5.1 The acceptance aperture for the receiver must be well defined, since the solid angle, ©, subtended by the receiver
aperture stop from the sample, is used in the BRDF calculation and defines the angular resolution. The field of view
of the detector must include the entire irradiated area, 4. There can be an exception to these requirements if a relative
BRDF or relative total reflectance normalization is used. In that case it is the user’s responsibility to ensure that the
system parameters remain constant between measurements.

5.5.2 If the acceptance aperture is too small and a coherent source is used to irradiate the sample, speckle may cause
strong, unpredictable variations in the scatter. This is a common problem when measuring diffuse (that is, rough)
samples. It is sometimes desirable to spin a diffuse sample about its normal to average the effects of speckle while
making a measurement. It is the user’s responsibility to ensure that BRDF features are not due to speckle. The user
may wish to employ a variable aperture stop to trade sensitivity for angular resolution when measuring specular
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surfaces, since best angular resolution is needed near specular where BRDF has a steep slope. Best sensitivity is
needed at larger angles where BRDF might approach the NEBRDF-.

5.5.3 It may be necessary to use an optical bandpass filter on the detector to minimize acceptance of background light.
This can also be accomplished by modulating the amplitude (with a mechanical chopper) of the source light, and using
a synchronized, phase sensitive (lock-in) amplifier with the detector.

5.5.4 Since depolarization can occur in scattering, complete characterization of scatter requires measurements with a
polarization analyzer at the receiver. The scatter reflux can be broken into perpendicular and parallel components that
are respectively perpendicular and parallel to the scatter plane (see Figure A1-2).

6 Calibration and Normalization

6.1 General — Instrument calibration is often confused with measurement of P;. Calibration of a BRDF instrument
involves systematic standardization and verification of its quantitative results. Incident power must be measured for
correct normalization of the scattered power. Absolute measurement of powers is not required as long as the P,/P;
ratio is correctly measured. Alternatively, a reference sample can be used as a normalization reference.

6.2 Calibration — A leading cause of inaccuracy in BRDF measurement is a lack of instrument calibration. An error
analysis of the four quantities defining the BRDF (P;, Ps, Q, &) can help to accomplish a calibration.” Each of these
four independent variables is a function of system parameters. For example, Py depends on receiver linearity, electrical
noise and system alignment parameters. The total error is also a function of incidence angle and scatter angle. It is
reasonable to expect errors in the 3% to 10% range for measurements taken a few degrees from specular to about
6, = 85°. System nonlinearity is a major contributor to error in this central region. At either end of this central region
errors rise dramatically. Near specular, this is caused by out of plane receiver position error, and near the grazing angle
the increase is due to uncertainty in 6. Error is also a function of the type of sample being measured. For example,
larger errors are expected in the relatively steep BRDF associated with specular samples than for the flatter response
of a diffuse surface.

6.2.1 The receiver and preamplifier must be calibrated together over their useful operating range. The final result is
a calibration curve showing relative optical power versus voltage for each preamplifier gain setting. Operating regimes
are selected for each gain setting to avoid saturating the detector while remaining on a low gain setting. The source
monitor must also be calibrated in the same way.

6.2.2 There are several ways to vary the optical power and make this calibration curve. Optical filters with a known
attenuation can be used, but multiple reflections and coherent effects (interference between the two filter faces) can
change the attenuation. An excellent method of changing the optical power at the receiver is by moving away from a
diffuse source for 1/7? attenuation. Other methods include crossed polarizers or changing the duty cycle of a chopper.
The user must select an attenuation method with suitable reproducibility to perform the calibration.

6.2.3 The receiver and preamplifier each have a maximum output voltage to avoid saturation, but there is also a
minimum electronic noise level which should be kept in mind to avoid reporting noise as BRDF. When electronic
noise is expressed as NEBRDF, note that although the noise may be constant, NEBRDF depends on the receiver solid
angle, Q, the incident power, P;, and cosé. This means NEBRDF can be lowered by changing these system parameters.

6.2.4 A full system calibration is not required on a daily basis, but the system should be checked daily. This check
can be accomplished by measuring the instrument signature and a stable reference sample that provides data over
several decades. Changes from past results are an indication of calibration problems and the cause of the change must
be determined. It is good operating practice to maintain a reference sample at the scatter facility for this calibration
check. Recalibration must be accomplished when components are changed, repaired, or realigned. Include a data file
number for the most recent reference sample measurement with every set of BRDF data as a record of instrument
response in case the data set is questioned at a later time.

6.3 Normalization — There are four acceptable methods for normalizing the scattered power to the incident power.
Each method is dependent on different measured parameters.

6.3.1 Absolute — An absolute normalization is made by moving the receiver assembly onto the optical axis of the
source with no sample in the sample holder. This method depends on extending receiver calibration to high power

7 Cady, F. M., Bjork, D. R., Rifkin, J., and Stover, J.C. “BRDF Error Analysis.” Proceedings SPIE 1165 (1989): pp. 154-164.
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