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Standard Practice for
Angle Resolved Optical Scatter Measurements on Specular
or Diffuse Surfaces *

This standard is issued under the fixed designation E 1392; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope obtaining appropriate sources, detectors, and low scatter optics

1.1 This practice explains a procedure for the determinatio§omplicate its practical application at wavelengths less than
of the amount and angular distribution of optical scatter from@Pout 0.25 pm. Diffraction effects that start to become impor-
an opaque surface. In particular it focuses on measurement §int for wavelengths greater than 15 um complicate its practical
the bidirectional reflectance distribution function (BRDF). @pplication at longer wavelengths. Diffraction effects can be
BRDF is a convenient and well accepted means of expressingfoPerly dealt with in scatter measureme(8 but they are
optical scatter levels for many purpog@s?).2 Additional data  Not discussed in this practice. . . _
presentation formats described in Appendix X1 have advan- 1.6 Any experimental parameter is a possible variable.
tages for certain applications. Surface parameters can Hearameters that remain constant during a measurement se-
calculated from optical scatter data when assumptions ar@uence are reported as header information for the tabular data
made about model relationships. Some of these extrapolaté&i§!: Appendix X3 gives a recommended reporting format that is
parameters are described in Appendix X2. adaptable to varying any of the sample or system parameters.

1.2 Optical scatter from an opaque surface results from 1.7 This practice applies to flat or curved samples of
surface topography, surface contamination, and subsurfa@bitrary shape. However, only a flat, circular sample is
effects. Itis the user’s responsibility to be certain that measure@ddressed in the discussion and examples. It is the user's
scatter levels are ascribed to the correct mechanism. Scatté&Sponsibility to define an appropriate sample coordinate
from small amounts of contamination can easily dominate th&yStem to specify the measurement location on the sample
scatter from a smooth surface. Likewise, subsurface effeci@urface for samples that are not flat. _
may play a more important scatter role than typically realized 1.8 The apparatus and measurement procedure are generic,
when surfaces are superpolished. so that speC|f|c instruments are neither excluded nor implied in

1.3 This practice does not provide a method to extrapolatéhe use of this practice.
data for one wavelength from data for any other wavelength, 1.9 This standard does not purport to address the safety
Data taken at particular incident and scatter directions are n&oncerns, if any, associated with its use. It is the responsibility
extrapolated to other directions. In other words, no wavelengtQf the user of this standard to establish appropriate safety and
or angle scaling is to be inferred from this practice. Normallyhealth practices and determine the applicability of regulatory

the user must make measurements at the wavelengths ai@itations prior to use.

angles of interest.
1.4 This practice applies only to BRDF measurements onZ' Referenced Docume.nts
opagque samples. It does not apply to scatter from translucent or 2-1 ASTM Standards: _
transparent materials. There are subtle complications which E 167 Practice for Goniophotometry of Objects and Mate-

affect measurement of translucent or transparent materials that rial

are best addressed in separate standards (see Practice E 167 179 Guide for Selection of Geometric Conditions for
and Guide E 179). Measurement of Reflection and Transmission Properties of

1.5 The wavelengths for which this practice applies include Materials

the ultraviolet, visible, and infrared regions. Difficulty in  E 284 Terminology Relating to Appeararice
F 1048 Test Method for Measuring the Effective Surface
Roughness of Optical Components by Total Integrated
1 This practice is under the jurisdiction of ASTM Committee FO1 on Electronics Scatteringj
and is the direct responsibility of Subcommittee F01.06 on Silicon Materials and
Process Control. 2.2 ANSI Standard:
Current edition approved Dec. 10, 1996. Published December 1997. Originally
published as E 1392 - 90. Last previous edition E 1392 — 90.
2The boldface numbers in parentheses refer to a list of references at the end of  Annual Book of ASTM Standardg! 06.01.
the text. 4 Annual Book of ASTM Standardggl 10.05.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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ANSI/ASME B46.1, Surface Texture (Surface Roughnessthe XB axis to the projection of the incident direction onto the
Waviness, and Lay) XB-YBplane.
3.2.7.1 Discussion—It is convenient to use a beam coordi-
o nate system (refer to Fig. A1.2) in whiek = 180°, since this
3.1 Definitions: makesd, the correct angle to use directly in the familiar form
3.1.1 Definitions of terms not included here will be found in of the grating equation. Conversion to a sample coordinate
Terminology E 284 or ANSI Standard B 46.1. Additional system is straight forward, provided the sample location and
graphic information will be found in Figs. A1.1-A1.3 in Annex rotation are known.
Al. o » ] 3.2.8 incident direction—the central ray of the incident flux
3.2.1 angle of incidencef—polar angle between the cen- 3 5 g jncident power, P—the radiant flux incident on the
tral ray of the incident flux and th&B axis. sample.

co%ril.'i:teeam (t:(;)r?]rdlnt?]tethzyztr'emr; ;Btthcﬁra?igeSginthe 3.2.9.1 Discussion—For relative BRDF measurements, the
coordl SYS Wi 9l e y incident power is not measured directly. For absolute BRDF
incident flux at the sample surface, tk8 axis in the plane of

o . measurements it is important to verify the linearity, and if
;nhccl)(\j\?nn(i:r? I:(IZLEL\IJ? land theZB axis normal to the surface as necessary correct for the nonlinearity, of the detector system

3.2.2.1 Discussion—The angle of incidence, scatter angleover the range from the incident power level down to the

and incident and scatter azimuth angles are defined wit catter level which may be as many as 13 to 15 orders of
respect to the beam coordinate system _ a_gnltude lower. If the same detector is gsgd to measure the
3 2 3 bidirectional reflectance dis.tribution function incident power and the scattereq flux, then itis not necessary to
o ’ _correct for the detector responsivity; otherwise, the signal from

BRDF—the sample radiance divided by the sample |rrad|ancee.ach detector must be normalized by its responsivity.

The pr r iven in this practi r rr nly if th ) .
e procedures give S practice are correct only If the 3.2.10instrument signature-the mean scatter level de-

field of view (FOV) determined by the receiver field stop is tected when there is no sample scatter present expressed as
sufficiently large to include the entire illuminated area for all BRDF P P P
angles of incidence of interest. j i i , , i
3.2.10.1 Discussion—Since BRDF is defined only for a
BRDF = L _ (Ps/Acosh P (1) surface, the instrument signature provides an equivalent BRDF
for the no-sample situation. The limitation on instrument

3. Terminology

_ s -1
E P /A Pacose, S |

3.2.3.1 Discussion—BRDF is a differential function depen- signature is normally stray scatter from instrument components
dent on the wavelength, incident direction, scatter directionand out-of-plane aperture position errors for receiver positions
and polarization states of the incident and scattered fluxes. Inear the specular direction. For high grade electronic detection
practice, it is calculated from the average radiance divided bgystems, at large scatter angles, the limitation on instrument
the average irradiance. The BRDF of a lambertian surface isignature is normally Rayleigh scatter from molecules within
independent of scatter direction. If a surface scatters nonunihe volume of the incident light beam that is sampled by the
formly from one position to another then a series of measurereceiver field of view. A9, approaches 90°, the accuracy @f
ments over the sample surface must be averaged to obtaizcomes important because of the I/égserm in BRDF. The
suitable statistical uncertainty. Nonuniformity may be causeaignature can be measured by scanning a very low scatter
by irregularity of the surface microughness or film, optical reference sample in which case the signature is adjusted by

property nonhomogeneity, or subsurface defects. dividing by the reference sample reflectance. The signature is
3.2.4 cosine-corrected BRDF—the BRDF times the cosinecommonly measured by moving the receiver near the optical
of the scatter polar angle. axis of the source and making an angle scan with no sample in

3.2.4.1 Discussion—The co8; in the BRDF definition is a  the sample holder. It is necessary to furnish the instrument
result of the radiometric definition of BRDF. It is sometimes signature when reporting BRDF data so that the user can
useful to express the scattered field as normalized scattelecide at what scatter direction the sample BRDF is lost in the
intensity [(watts scattered/solid angle)/incident power] as aignature.. Preferably the signature is several decades below
function of scatter direction. This is accomplished by multi-the sample data and can be ignored.
plying the BRDF by cod 3.2.11 noise equivalent BRDF, NEBRBRhe root mean
3.2.5 delta beta AB—the projection ofAB onto theXB-YB  square (r/min) of the noise fluctuation expressed as equivalent
plane, that is, the delta theta angle measured in direction CoSirBRDF.
space. For scatter in the PLINB = sin ;- sin ;. For scatter 3 5 11 1 Discussion—Measurement precision is limited by
out of the plan of incidence (PLIN), the calculation &8 the acceptable signal to noise ratio with respect to these

becomes more complicated (see Appendix X1.2). ~fluctuations. It should be noted that although the detector noise
_ 3.2.6 delta thetaA6—the angle between the specular direc-js independent of, the NEBRDF will increase at large values
tion and the scatter direction. of 6 because of the 1/cdk factor. Measurement precision can

3.2.7 incident azimuth angleb—the fixed 180° angle from 5150 pe limited by other experimental parameters as discussed
in Section 10. The NEBRDF can be measured by blocking the

5 Available from American National Standards Institute, 1430 Broadway, NY, source “ght‘ L L
NY 10018. 3.2.12 plane of incidence, PLIN-the plane containing the
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sample normal and central ray of the incident flux. found by integrating the BRDF over the hemisphere can be

3.2.13 receiver—a system that generally contains aperturegelated to surface roughness. The amount of scatter at a given
filters and focussing optics that gathers the scatter signal ovacatter angle can be associated with a specific surface spatial
a known solid angle and transmits it to the scatter detectofrequency.

element. . _ . 4.3 The microroughness and contamination due to particu-
3.2.14 receiver solid angle()— the solid angle subtended lates and films on silicon wafers are interrogated with varying
by the receiver aperture stop from the sample origin. forms of light scattering techniques. The angular distribution of

3.2.15sample coordinate systesa coordinate system light scattered by semiconductor surfaces is a generalized basis
fixed to the sample and used to specify position on the sampl@r most scanning surface inspection systems and as such may
surface for the measurement. be used to cross-correlate various tools.

3.2.15.1 Discussion—The sample coordinate system is ap-
plication and sample specific. The cartesian coordinate syste Apparatus
shown in Fig. Al.1 is recommended for flat samples. The ¢4 saoneral—

A . ) Non-specular reflectometers or instruments
origin is at the geometric center of the sample face withzhe j:

) used to measure scattered light utilizes some form of the
ive components described in this section. These components
re described in a general manner so as to not exclude any
particular type of scatter instrument. To achievg ¢g; 0., dJ
positioning the instrument design must incorporate four df
between the source, sample holder, and receiver assemblies.
5.2 Source Assembly— containing the source and associated
o o ; . optics to produce irradiancg,, on the sample over a specified
lated from the _|nC|dent powek, d|\_/|ded by ‘h? |IIum|_natgd sgot areffA If a broad bané source is uzed the W:velength
areaA. The incident flux should arrive from a single direction; §election téchnique should be specified D’epending on the
gglvgfveer:’céhg :Ccﬁgigre] Sdegé;fii g;gc;l“g]ﬁgoge?e a(r)r:;)elfjnt %andwidth and selection techniques, the detector assembly may
3 2917 sam Iep?adiance S__a differential quantit pthat i's affect the wavelength sensitivity. If a laser source is used, it is
- pie ' . . quantity th: usually sufficient to specify the center wavelength; however, it
the refl_ected radiant flux per unit projected receiver solid anglti':s sometimes necessary to be more specific such as providing
peé ;nlr[?Sla [r;]igl:eussrﬁ; In practicel. is an average calcu the particular line in a Colaser,
. . . B e = . . . .
lated from the scattered powe®, collected by the projected 521 A source monitor is used to correct for fluctut|o_ns in
the source intensity. If it is located at the source output it only

receiver solid angle) cosf, from the illuminated ared. The i . : ”

receiver aperature and distance from the sample deterfiines measures variations in the Source power and is not sensitive to

and the angular resolution of the instrument variations due to angular drift or downstream transmission.
3.2.18 scatter—the radiant flux that has .been redirected! N€ source monitor should monitor incident power as close to

over a range of angles by interaction with the sample. he sample as possible while minimizing agldltlonal system
3.2.19 scatter azimuth angleh—angle from theXB axis to scatter. Attention should be paid to possible laser mode

the projection of the scatter diréction onto tKB-YBplane. hppplng and consequent wa_nder of the begm on spatial filter

pinholes and to fluctuations in source polarization.

3.2.20 scatter direction—the central ray of the collection . ) . .
solid angle of the scattered flux specified fayand . in the 5.2.2 Collimated or slightly converging source light can be
beam coordinate system. used to measurBRDF. Most instruments use a converging
3.2.21 scatter plane—the plane containing the central ray?€am focused at the receiver. If the convergence angle is small,
of the incident flux and the scatter direction. the uncertainty introduced by a non-unique angle of incidence
is usually negligible. The same considerations apply if a curved

3.2.22 scatter polar angle,6—polar angle between the p ) ) S
central ray of the scattered flux and tHB axis. sample is measured. It is the user’s responsibility to assure that

3.2.23 specular direction—the central ray of the reflected @Y Spread in; does not compromise the results. Normal

axis normal to the sample. A fiducial mark must be shown a
the periphery of the sample; it is most conveniently place
along either theX or Y axes. For silicon wafers, the fiducial
mark is commonly placed on theaxis.

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

3.2.16.1Discussion—In practicek, is an average calcu-

flux that lies in the PLIN withd_ = 6, and b, = O. practice limits convergence to f/20 or greater with a focus at
s s the receiver to increase the angular resolution of measurements
4. Significance and Use near the specular beam or diffraction peaks.

4.1 The angular distribution of scatter is a property of 5.2.3 Typically the source assembly is fixed in position and
surfaces that may have direct consequences. Scatter frovariations in 6, are made with the sample holder. Good
mirrors and other components in an optical system can be thi@duction of the instrument signature requires baffling around
limiting factor in resolution or optical signal to noise level. the source assembly and use of a spatial filter to limit off-axis
Scatter can be an important design parameter for telescopéight. The final mirror (or lens) which directs light to the
Scatter measurements are crucial to correct operation of ringgmple should have low scatter, since it contributes directly to
laser gyros. Scatter from a painted surface such as on automemall angle scatter in the instrument signature.
biles can influence sales appeal. 5.2.4 A means should be provided for controlling the

4.2 The angular distribution of scatter from optically polarization state of the incident flux as this can impact the
smooth surfaces can be used to calculate surface parametersnoeasured BRDF. Orthogonal source polarization components
reveal surface characteristics. For example, the total scatt¢parallel, orp, and perpendicular, &) are defined relative to
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the plane defined by the source direction and the sampliation analyzer at the receiver. The scatter reflux can be
surface normal. broken into perpendicular and parallel components that are

5.2.5 Absorbing samples may be heated by the incident f|ur<e_spectively perpendicular and parallel to the scatter plane (see
and may change their scatter characteristics, mechanicalfyig. A1.2).
distort or burn. Special care must be taken with IR laser . N~
sources on absorbing samples 6. Calibration and Normalization

5.3 Sample Holder— The sa.mple holder should provide a 6.1 General—Instrument calibration is often confused with
secure mount for the sample that does not introduce any wargi€asurement & Calibration of a BRDF instrument involves
The rotation axes of the stages that achieve thei{§0. bJ) systematic standardization and verification of its quantitative

1 S .

positioning must be relative to the sample front surface; this_resqlts. Incident power must be measured for correct normal-
can be accomplished by orienting the sample holder or theZation of the scattered power. Absollut.e measurement of powers
source, or both, and receiver assemblies. Some sample mourifd10t required as long as theP; ratio is correctly measured.
incorporate positioning stages for a raster scan of the samplé\termatively, a reference sample can be used as a normaliza-
surface at fixed incident and scatter angles. The sample moufPn reference.

must be kept unobtrusive so that it does not contribute stray 6-2 Calibration— A leading cause of inaccuracy in BRDF
flux to the signature or block large, scatter. measurement is a lack of instrument calibration. An error

5.4 Beam Dump—It is important to trap any Specularanalysis of the four quantities defining the BRDO';, (P, 2, 6J)

reflection from the sample so that it cannot contribute to thefa:jne hee:]%é?]ta\/c;ﬁ;?ﬁe“:?sz?322;?;:10(;)'5 Es?grr:] Ofatrgfnseetef(r):rFor
scatter signal through lab/instrument reflections. Examples agf vep : X Sy P T
beam dumps are black paper, a razor blade stack absorbiff ample,lgdepends on receiver linearity, eleqtrlcal noise aqd

! ' system alignment parameters. The total error is also a function

glass plates, or a tapered blackened glass tube. o .
5 5 Receiver Assemblv—If th tem desian includes df f incidence angle and scatter angle. It is reasonable to expect
-2 Recever Assembly—il the system design includes rrors in the 3 to 10 % range for measurements taken a few

the receiver for achieving the scaiter dlr_eqt|on, then t.h egrees from specular to abof= 85°. System nonlinearity is
receiver ass_embly should normally have provisions for rotating, major contributor to error in this central region. At either
about an axis on the front face of the sample in order to var

s If out of the PLIN measurements are required, the receiveg

. 0. Error is also a function of the type of sample being
becomes more difficult to dump the specularly reflected beanﬁ:easured. For example, larger errors are expected in the

5.5.1 The acceptance aperture for the receiver must be well|aively steep BRDF associated with specular samples than
defined, since the solid anglé€), subtended by the receiver ¢, ihe flatter response of a diffuse surface.
aperture stop from the sample, is used in the BRDF calculation g 5 1 The receiver and preamplifier must be calibrated

and defines the angular resolution. The field of view of thegether over their useful operating range. The final result is a
detector mustinclude the entire iradiated afealhere can be  gjipration curve showing relative optical power versus voltage
an exception to these requirements if a relative BRDF 0Ok, aach preamplifier gain setting. Operating regimes are

relative total reflectance normalization is used. In that case it i§elected for each gain setting to avoid saturating the detector
the user's responsibility to ensure that the system parametefgiie remaining on a low gain setting. The source monitor
remain constant between measurements. must also be calibrated in the same way.

5.5.2 If the acceptance aperture is too small and a coherentg 2 2 There are several ways to vary the optical power and
source is used to irradiate the sample, speckle may causgake this calibration curve. Optical filters with a known
strong, unpredictable variations in the scatter. This is a comattenuation can be used, but multiple reflections and coherent
mon problem when measuring diffuse (that is, rough) samplegsffects (interference between the two filter faces) can change
It is sometimes desirable to spin a diffuse sample about itghe attenuation. An excellent method of changing the optical
normal to average the effects of speckle while making &ower at the receiver is by moving away from a diffuse source
measurement. It is the user's responsibility to ensure thapr 1/r2 attenuation. Other methods include crossed polarizers
BRDF features are not due to speckle. The user may wish tgr changing the duty cycle of a chopper. The user must select
employ a variable aperture stop to trade sensitivity for angulagn attenuation method with suitable reproducibility to perform
resolution when measuring specular surfaces, since best angWe calibration.
lar resolution is needed near specular where BRDF has a steepg 2.3 The receiver and preamplifier each have a maximum
slope. Best sensitivity is needed at larger angles where BRDytput voltage to avoid saturation, but there is also a minimum
might approach the NEBRDF. electronic noise level which should be kept in mind to avoid

5.5.3 It may be necessary to use an optical bandpass filter agporting noise as BRDF. When electronic noise is expressed
the detector to minimize acceptance of background light. Thisis NEBRDF, note that although the noise may be constant,
can also be accomplished by modulating the amplitude (with §EBRDF depends on the receiver solid angle the incident
mechanical chopper) of the source light, and using a synchrgower,P;, and cos.. This means NEBRDF can be lowered by
nized, phase sensitive (lock-in) amplifier with the detector. changing these system parameters.

5.5.4 Since depolarization can occur in scattering, complete 6.2.4 A full system calibration is not required on a daily
characterization of scatter requires measurements with a poldasis, but the system should be checked daily. This check can



Ay E 1392

be accomplished by measuring the instrument signature and a6.3.4 Relative Total ReflectaneeThe fourth method in-
stable reference sample that provides data over several deslves integration of relative BRDF over the hemisphere and
cades. Changes from past results are an indication of calibradjustment of constants to match the directional hemispherical
tion problems and the cause of the change must be determine@flectancep (also referred to as total hemispherical reflec-
It is good operating practice to maintain a reference sample aance). Normalization can only be accomplished after sufficient
the scatter facility for this calibration check. Recalibration scatter data are accumulated to define the integhas. method
must be accomplished when components are changed, repairéepends on a separately measured directional hemispherical
or realigned. Include a data file number for the most recenteflectance and knowing relative scatter over the entire hemi-
reference sample measurement with every set of BRDF data aphere.It is best suited to isotropic, diffuse samples.

a record of instrument response in case the data set is6.3.4.1 When sufficient scatter data has been accumulated

guestioned at a later time. the following integral is performed.
6.3 Normalization—There are four acceptable methods for 2n (i _
normalizing the scattered power to the incident power. Each Pealc = fo o BRDF cosf;sinf;dos db ®)

method is dependent on different measured parameters. BRDF is obtained with constantg,R\/P;, removed from the
6.3.1 Absolute—An  absolute normalization is made byintegral. These constants are adjusted to makegual to the

moving the receiver assembly onto the optical axis of th&,iemally measureg. The constants are then returned to Eq 7
source with no sample in the sample hold&his method ., calculation of absolute BRDE.

depends on extending receiver calibration to high power levels. g 3 4 5 A perfectly reflectings(= 1) and diffuse sample has
The entire incident beam must enter the receiver assembly anghstant BRDF and integration of the above equation shows
a voltage,V;, is rgcorded. If the unsaturated detector respons&ya¢ jt is equal to 1/m. A diffuse sample will depolarize incident
is R\ (watts/volt): plane polarized light, therefore care must be exercised so that
P =V, R\ (2) the polarization state of the light is taken into account for both
It is not necessary to know ,Rfor the sample BRDF the scatter and directional hemispherical reflectance measure-

calculation if it remains constant. The source monitor voltageMents.
V, must also be recorded at this time.

6.3.2 Relative BRDF-A relative normalization is made by
measuring a reference sample that has a known BRDF leve

7. Procedure
| 7.1 Sample cleanliness can be a significant factor in the

This method depends on knowing the reference sample BRDEAttEr Ieve_l. The user should adopt a procedur_e for cleaning
This reference sample is usually a high reflectance, difus§@Mples prior to measurement and this cleaning procedure
surface. They are readily available for visible wavelengths anghould be reported with the BRDF results. .
the BRDF is the same for a large rangedpand6.. Ideally the 7.2 Corrgct alignment of the source, sample, and receiver
reference sample has a known BRDF that is similar to the?® €ssential for accurate BRDF measurements. A typical
unknown sample to be tested in both magnitude and inciden§X@mPple of a subtle error that can be introduced by misalign-
scatter directions, but this is rarely true. The reference sampl&n€nt occurs when the receiver does not rotaté;iabout the

should be spatially uniform and isotropic to alleviate align- S2mple face. The receiver field-of-view will “walk off” the
ment concerns. illuminated area, A, and the measured BRDF is then lower

6.3.2.1 The reference sample is inserted in the samplg’an actual BRDF a$, increases. Although it is not necessary

holder and a detector voltagé, corresponding to the scattered t© Perform a total system alignment every day, alignment must

light for the known BRDF is recorded. The following can now P€ Verified on a daily basis for movable components.
be calculated: 7.3 After cleaning the sample and verification of alignment,

the sample is inserted in the sample holder. The detector
Pi = VRA/BRDF () cosbs @) voltage,V,, and the source monitor voltage, Y are recorded
It is not necessary to kno#2 or 64 for the sample BRDF for each parameter set of interest. For example, BRDF
calculation if they remain constant. The source monitor volt-measured in the plane-of-incidence requires changinghile
age,V, must also be recorded at this time. holding other parameters constant. The measurement results
6.3.3 Relative Specular ReflectareeAn alternative rela- consist of three columns of data féy, V., Vg,, The constant
tive normalization can be made with a specular referenc@arametersp; and ¢, are retained in the header information
sample having a known specular reflectariReThis method for this data set. Post processing is used to calculate BRDF
depends on knowing R for the same collection solid angle asnd express the results in the desired tabular or graphical
used in the Pmeasurement. format, but we can calculate Rt this time. In this calculation,
6.3.3.1 Insert the specular reference sample in the samptae ratio of source monitor voltages is included to correct for
holder and measure the voltagé, for the entire specular variation of source intensity.
beam into the receiver assembly. The following can now be

calculated: P, = VLRV, JV. ®)
Pi=VIRAR “ 7.4 BRDF can exhibit strong sensitivity to azimuthal orien-
It is not necessary to knowRr, for the sample BRDF tation, spot size and position changes on the sample face. Good

calculation if it remains constant. The source monitor voltagepperating practice dictates checking for sensitivity to these and
V, must also be recorded at this time. other system parameters.
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8. Calculation 9.5 Appendix X3 provides a reporting format recommended

8.1 The BRDF of an unknown sample is calculated at eacfior use. This format is general in nature and allows for
incident and scattered direction from the following relation-Variation of any sample or system parameters.
ship: 10. Precision and Bias
BRDF = PJP, () cosb; = (VV)[V;RA /P, Q cosfJsr ™ (7) 10.1 Precision—The precision of this practice is inconclu-

The value ofP, is determined by the normalization method sive based on the results of an interlaboratory round robin
used. The correct angular variables may also be calculated ronducted in 19886). This round robin was conducted at a
post processing with BRDF. In all cases and 6, are  single wavelength (0.6328 pm), angle of incidence (10°),
referenced to the sample normal. polarization state g incident) and with four specific sample

8.2 Many facilities prefer to store only raw data and surfaces. It was found that precision depends on the BRDF
calculate BRDF and display variables as required to produce level and scatter angle as discussed in R8f Additional
graph or data table. If data are sent to another facility, it ignformation on precision was accumulated in a 10.6-um round
essential to convert to BRDF and the angular variables defineabin conducted in 19888).
in this practice. A recommended reporting format is given in  10.1.1 A white diffuse sample with mean BRDF = 07/
Appendix X3. gave a fractional deviation (standard deviation of the 18
measurement sets divided by the mean BRDF) close to 17 % at
9. Report scatter angles from 15 to 70°. A black diffuse sample with

9.1 BRDF data is expressed in tabular or graphical format amean BRDF = 0.0%f gave fractional deviations from 24 to
a function of the variable parameter. It is necessary to state th@9 % depending on scatter angle. Specular mirrors gave
accuracy of angular measurements and the size of the receivieactional deviations from 31 to 134 % depending on scatter
solid angle (). These latter parameters are important for smallangle. Variations were larger at large scatter angles where
angle scatter. It is usually meaningless to measure within 1° adetector noise levels of some instruments and errofg irad
specular or to measure very narrow” diffraction spikes” whena large effect. These variations are much larger then expected
() spans several degrees. from a typical error analysis.

9.2 It is necessary to furnish the instrument signature with 10.2 Bias—There is no bias inherent in this practice. BRDF
the sample BRDF data so that the user can make an informadl a number derived from the ratio of physical parameters that
decision about the angle where the sample’s scatter becomean be specified in absolute units. However, individual labo-
lost in the signature. Correct comparison of the signature witlatories may have measurement errors that lead to systematic
BRDF data requires multiplying the signature by the sample’'offsets, such as an inaccurately measured solid angle. Other
specular reflectance for that portion of the signature due tpossible mechanisms are discussed in Rgf.lt is not possible
instrument scattered stray light (usually the caseffonear at this time to separate these systematic errors from bias;
specular). The portion of the signature due to electronic noishowever, intralaboratory measurements on the same instrument
is not reduced by the sample reflectance. typically repeat within 5 % Ref5).

9.3 Itis necessary to furnish the normalization method with
BRDF data. If a relative normalization is used the source of thé-1. Keywords
reference sample BRDF must be stated. 11.1 bidirectional reflectance distribution function (BRDF);

9.4 BRDF data can span many decades so it is usuallgiffuse; irradiance; power spectrum; radiance; reflectance;
expressed in base ten exponential form or plotted on aeflectance factor; roughness; scatter; specular; total integrated
logarithmic scale. scatter

ANNEX
(Mandatory Information)

Al. GEOMETRY

Al.1 — Relationship Between the Sample (X, Y, Z) andAzimuth angles are measured from tKB axis. The incident
Beam (XB, YB, ZB) Coordinate SysteniEhe Z andZB axes  azimuth angleg,, is always 180° s@, can be used directly in
are always the local normal to the sample face. Locations othe common form of the grating equation.
the sample face are measured in the sample coordinate system.

The incident and scatter directions are measured in the beamA13 The Receiver Geometryln many cases the field stop
coordinate system. If the sample fiducial mark is noeaxis s set by the detector size; however, as the aperture stop
mark, the intended value must be indicated on the sample. g55r0aches the field stop the risk of seeing unwanted stray light

Al1.2 Angle Conventions for the Incident and Scatteredincreases. Other receiver geometries may be used. They all
Light in the Beam Coordinate SysterThe projection of the have effective aperture and field stops and it is good operating
incident direction onto the sample face is theXB axis.  practice to make them well defined.



i FIDUCIAL MARK ON

THE SAMPLE -
SHOWN ON THE X
AXIS

SAMPLE FACE a
\ X8

s gy

Note 1—TheX-Y zero position on the sample face is assumed to be the
geometric center of the sample.
Note 2—The fiducial mark can be on the edge or back of the sample.
FIG. Al.1 Relationship Between Sample and Beam Coordinate
Systems

pa:]

SAMPLE
NORMAL

Note 1—The PLIN is thel-O-ZB plane. The scatter plane is the
S-O-ZBplane.
FIG. Al1.2 Angle Conventions
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SPECULAR
BEAM

APERTURE
STOP

FIELD
STOP

SOURCE OR
SPATIAL
FILTER

“ DETECTOR
FINAL FOCUSING OR
COLLIMATING ELEMENT

NORMAL

Note 1—A=illuminated area with averagg = P,/A, FOV = field of
view that must include all are&, Aperture Stop, limits{) , and Field
Stop; limits FOV.

FIG. Al1.3 Receiver Geometry

APPENDIXES
(Nonmandatory Information)

X1. ADDITIONAL DATA PRESENTATIONS

X1.1 A6 Presentation—It is common practice to plot This equation can be used to relajg¢o f. Only the first order
BRDF with respect to the angle from the specular be&én |f (n =1) is significant for roughness << the wavelength. BRDF
scatter is measured only in the PLING = 6, — 6;. However, in  can now be interpreted as the ability of eddb scatter light.
the more general case for scatter out of the PLIN: If BRDF is plotted versus &@ scale it may be independent of

A6 = cos (cos6, cosb, + sin6, sin 6, cosdy) (X1.1) 0; and propqrtipnal 'tci. If the surface behaves in this way the
BRDF is “shift invariant”(9). In the general case for scatter out

This is a useful angular reference for specular sample%f ; ; ; ; ;
. . . the PLIN the following two dimensional grating equations
However, when using this format care must be taken Alfais g g ged

not confused withf, in the calculation of BRDF. This apply:

presentation format is normally used only whAf passes Cosds sinfs = sinf; = NAf, (X1.3)
through zero, that is, when the scatter scan includes the

specular beam. The terms “forward scatter” and “back scatter” sinf sinfs = = n\f, (X1.4)

refer to PLIN scatter directions for which6 is respectively

positive or negative. Note that6 continues to increase as a
negative angle when passing the surface normal since the s
of ¢ switches in the above equation. AB? = sinf 0, + sirf 6 — 2sin;- sin6 - cosb,  (X1.5)

The definition of AB must be expanded to include the
i&r]ojection of the scattered light in thé€andY directions:

X1.2 AR Presentation—AB= § - B, where =sin 6g X1.3 Reflectance Factor—A measure of diffuse reflectance
and B, = sin 6;, a method of expressing the angle between then common use is the reflectance factar,that is the ratio of
specular and scatter directions in direction cosine space alongjyx propagated from source to receiver in a reflectometer with
the surface for scatter in the PLIN. This is a very usefuly specimen, to the flux propagated with a perfectly reflecting
normalization when scatter results only from surface micror-gjyser. Regarding a scatterometer as a very directional

oughness, and the grating equation: bi-directional reflectometer the following relationship between

Sin s = sin®; = nAf (X1.2) R and BRDF is obtained as follows:
. BRDF  BRDF
where: o = BRDF =7 =™ BRDF (X1.6)
N = wavelength of the incident flux, diffuser '"
f = linear spatial frequency for the microroughness inxhe  aqgitional information can be found in Practice E 167.
or y direction, and Reflectance factor and specular reflectance share the same
n = diffraction order.

symbol,R, but they are not the same parameter.
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X2. MODEL DEPENDENT CALCULATED PARAMETERS

X2.1 Total Integrated Scatter (TIS}TIS can be calculated X2.2.1 The user must confirm the usefulness of this
from BRDF by integrating BRDF over the hemisphéf®). calculation based on the particular measurement circum-
Typically a 5° total angle “hole” is left around the specular stances. It may have strong frequency limitations and not agree
beam since specular light is not included in total integratedvith surface roughness derived from optical or mechanical
scatter (see Test Method F 1048). profile instruments (which can have different spatial frequency

X2.1.1 For an isotropic surface we can measure in-planémits (12)).

BRDF atf; =0 and calculate the expected total integrated
scatter by integrating over the angle limits specified in Test X2.3 Power Spectrum—The surface power spectral density
Method F 1048. function (PSD) can be calculated from the BRDF through a
scatter model. For example, the grating equation model dis-
(x2.1) cussed in Appendix X1.2 shows that high frequency surface
perturbations will scatter light far from specular and low
frequency perturbations will scatter close to specular. The PSD
Zhows the amount of modulation verduthat is, the square of
the Fourier transform of the surface profile. Since it is a sample
roperty, the same PSD should be obtained regardless of

be exact since the total integrated scatter detector is le avelength and incident angle dependent differences in the

sensitive to light incident on the detector at large angles and i RDF data.
low f (close to specular) scatter dominates the 5° hole size is X2.3.1 Wavelength scaling is another check on system
critical. In addition a TIS instrument is not polarization calibration. Smooth, clean, nonabsorbing front surface reflec-
selective. tors should yield the same PSD for different BRDF measure-
) _ ment wavelengths. If the instrument does not wavelength scale

X2.2. Roughness—The r/min surface roughnessis an  on appropriate samples, the BRDF measurement may be
often quoted number that can be obtained from direct prOf'l%uspect. Polished molybdenum and silicon wafers are two
measurements with stylus or optical profilometers. It can alsamples of surfaces that have been shown to wavelength scale
be inferred from total integrated scatter whens< MAm for ., the visible into the infrared. Many beryllium mirrors and
front surface scatter from a clean, smooth surfgt¥), as gjjicon carbide mirrors have been shown to not wavelength
described in Test Method F 1048. scale because of anomalous scatter that arises from features

o = (M4m)(TIS)Y/? (Xx2.2)  other than surface roughness.

TIS(calculated) = 27R*70°2.5° cos, BRDF sin6df

X2.1.2 Sample specular reflectané®, must be included,
since total integrated scatter is referenced to reflected and n
incident power. The co8, term must be included since BRDF
is defined in terms of the projected receiver aperture. Thi
comparison between total integrated scatter and BRDF may n

X3. REPORTING FORMAT

X3.1 There is a considerable amount of information that X3.3 The data sequence must come at the end of the file.
should accompany BRDF measurements. This recommenddghch line in the data sequence represents a single data point. It
data file format divides the information into descriptive headergnust begin with a numeric character oreth, — character.
followed by a data sequence of variables. The headers consitultiple variables for each data point are on the same line but
of laboratory information, system information, sample infor- separated by commas. This permits the data sequence to be
mation and measurement parameters. These are simply genepitnted as a set of columns. Each variable must remain in the
labels that help to organize the fields under the headers. Any &&me column throughout a file. The VARS field specifies which
the header fields can be a variable in the data sequenceariable is in each column.
however, variables are normally limited to measurement pa- x34 Because of the name tag, there is no position

rameters. dependence for information in the headers. The number of
header fields can vary from one data file to another. If a certain
X3.2 The data files are stored as ASCII text fields. Each sefield is not in the file it means that information was not
of data taken is stored as a separate data file. Each field in thecorded or does not apply to that measurement. Every user
headers and each data point in the data sequence will begin @hould supply a format template for their header and data
a new line (carriage return—line feed pair terminates eaclkequence. This will expedite conversion from site to site and
line). Multiple items under each field in the headers andavoid confusion over units and field size. Fields can easily be
multiple variables per data point field in the data sequence argdded to the headers if sufficient descriptive text is provided in
separated by commas. Each field in the headers will have the field or on the template. Fields can be added or deleted
unique one word name preceding the field contents on the sanfi®m old data sets without obsoleting the data file. This is a
line. This name identifies the contents of the field. The firstsuggested list of fields in a recommended grouping and order.
character of a name must be an alpha character. Additional fields will be defined by users and as they become
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accepted by the scatter community they can be added to this

practice.

LABORATORY INFORMA-

TION

LAB_NAME
LAB_ADD
LAB_CITY
LAB_STATE
LAB_ZIP
LAB_PHONE
LAB_OPERATOR
LAB_COMMENTS

SYSTEM INFORMATION

SYSTEM_NAME
SOURCE_KW
RX_KW

APERTURE

NORM

FILE_REF

FILE_SIG

NEBRDF

ERROR
SYSTEM_COMMENTS

SAMPLE INFORMATION

SAMPLE_NAME
SAMPLE_TYPE
SAMPLE_VEND
SAMPLE_ADD
SAMPLE_CITY
SAMPLE_STATE
SAMPLE_ZIP
SAMPLE_PHONE
SAMPLE_CONTACT
SAMPLE_KW

MANUF_KW
TREAT_KW
SHAPE_KW

FS_AREA
SIZE_DIM
SIZE_X
SIZE_Y
SIZE_Z
SUB_MAT
SUB_N

SUB_K
FS_FINISH_KW

BS_FINISH_KW
FS_CURV

BS_CURV

FS_COAT
FS_SPEC_REFL
FS_SPEC_TRAN
FS_DIFF_REFL
FS_DIFF_TRAN
CLEAN
SAMPLE_COMMENTS

MEASUREMENT
PARAMETERS

MEAS_NAME

text field with the name of the facility

street address of the facility

city the facility is located in

state the facility is located in

zip code

phone number of the laboratory

name of the operator

comments that pertain to the laboratory in open format

name of the instrument the data was measured with; many facilities have more than one scatter instru-
ment

key words describing the source assembly such as laser, coherent, broad band, blackbody, or vendor
key words describing the receiver assembly such as cooled, silicon, array, HgCdTe

text field that describes the type of receiver aperture (circular, slit, bow tie, other)

normalization method—absolute (A), relative BRDF (R), relative specular reflectance (S), relative total
reflectance (T7)

name/number/id of the file that contains the reference sample information for the instrument and this
measurement

name/number/id of the file that contains the signature information for the instrument and this measure-
ment

noise equivalent BRDF of the instrument

error levels expected in the BRDF measurement

comments that pertain to the system, for example, the type of normalization used

name or id number of the sample

type of sample such as mirror, lens, window, grating, baffle substrate, paper

name of the sample vendor

street address of the sample vendor

city of the sample vendor

state of the sample vendor

zip code of the sample vendor

phone number of the sample vendor

name of a contact person for the sample

key words describing the sample such as silver, black, diffuse, grating, specular, one-dimensional, two-
dimensional, color

key words describing the manufacturing process of the sample such as molded, polished, ground,
diamond-turned, crystal

key words describing the treatment process of the sample such as cleaned, radiated, e-beam, dust,
contaminated

key words describing the shape of the sample such as flat, square, circular, spherical, hemisphere, el-
lipse, irregular

surface area of the front surface of the sample

diameter or the sample

size of the sample at the sample center from edge to edge in the x dimension

size of the sample at the sample center from edge to edge in the y dimension

thickness of the sample at the sample center

sample substrate material

substrate index of refraction, n

substrate extinction coefficient, k

key words describing sample front surface finish such as coated, superpolish, hardened, ground, irradi-
ated, smooth, rough

key words describing the sample back surface finish

the inverse of the radius of curvature of the sample front surface, convex is positive, concave is nega-
tive

the inverse of the radius of curvature of the sample back surface

description of the coating on the front surface

specular reflectance of the sample front surface

specular transmittance of the sample when the front surface is incident

total hemispherical reflectance of the sample front surface

total hemispherical transmittance of the sample when the front surface is incident

description of the cleaning procedure

comments that pertain to the sample

a descriptive name for the measurement

10



FILE_NAME
MEAS_DATE
MEAS_TIME
MODE

NUM_AVE
NUM_POINTS
VARS

BRDF
WAVELENGTH
BANDWIDTH
ALPHA

THETA |

PHI_I

THETA_S

PHI_S

POWER_INC
POWER_SCTR
SPOT_SIZE
SOURCE_POL _|
SOURCE_POL_M
SOURCE_POL_C
SOURCE_POL_S
RX_POL_|
RX_POL_M
RX_POL_C
RX_POL_S
SOURCE_POL_ORN

RX_POL_ORN

RX_DIST
APER_SIZE

RX_FOV
SAMPLE_TEMP
SAMPLE_ATM_KW

SAMPLE_PRES
SAMPLE_HUMID
SOURCE_CONV

SPOT_X
SPOT_Y
SPOT_Z

MEAS_COMMENTS
DATA SEQUENCE
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name/number/id of this data file

date the measurement was made, mm-dd-yyyy

time the measurement finished, hh:mm:ss, 24 h format

indicates whether the sample was measured in a reflective (R), transmissive (T) or both (B) mode or is
a signature (S), Values are R, T, B, S

the number of measurements averaged for each data point in the data sequence

the number of data points in the data sequence, this is a mandatory field

list of the field names for the variables that will appear in the data sequence, the entry after each of
these fields in the headers will be varl, var2, var3, etc. depending on the position (column) in the data
sequence

BRDF of the sample, this is normally varl

center wavelength of the source, units are pm

bandwidth of the source, FWHM

the sample x axis position as measured from the incident plane or XB axis in degrees

angle of incidence, 6;

incident azimuthal angle, &;

polar angle from sample normal, 64

scatter azimuthal angle, &g

total incident power on sample in watts

scattered power from the sample in watts

iluminated spot size, A, on the sample defined by the exp ~2 power points

| component of the stokes vector defining the source polarization

M component of the stokes vector defining the source polarization

C component of the stokes vector defining the source polarization

S component of the stokes vector defining the source polarization

I component of the stokes vector defining the receiver polarization selection

M component of the stokes vector defining the receiver polarization selection

C component of the stokes vector defining the receiver polarization selection

S component of the stokes vector defining the receiver polarization selection

the angular orientation of linear polarization for the source light wrt the PLIN, p=0°, s=90°, in degrees
from 0 to 90°

the angular orientation of a linear polarizer in the receiver wrt the scatter plane, P =0°, S=90°, in de-
grees from 0 to 90°

rotational radius of the aperture stop defining the solid angle for the BRDF calculation

size of the aperture stop, this is the width of a slit or the diameter of a circular aperture or the area of a
bow tie or other type of complex aperture

receiver FOV in steradians

sample temperature in degrees K

key words that describe the test atmosphere surrounding the sample during the measurement such as
vacuum, air, vapor, chemical

pressure of the gas surrounding the sample in torr

humidity of the gas surrounding the sample in percent

the source convergence or divergence at the sample in radians, convergence is positive and diver-
gence is negative

illuminated spot position in the X direction with respect to sample center

illuminated spot position in the Y direction with respect to sample center

sample front surface location with respect to the center of rotation of the instrument. A sample mounted
so the front surface was the surface inspected would have a value of 0.0. A sample mounted so the
back surface was the surface inspected such as a back surface reflector would have a value equal to
the sample thickness

comments that pertain to the measurement

This section of the data file is a list of all data for the measurement. Each data point is stored on a
separate line ending in a carriage return—line feed pair. Separate variables in the line are delimitated
with commas. There is no imposed limit to the number of variables in the line. Variables that do not
change from the data point to the next do not have to be repeated, but two commas are needed to re-
serve the column.
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