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Roughness characterization of well-polished surfaces 
by measurements of light scattering distribution
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According to vector scattering and scalar scattering theory, the relationship of BRDF (bidirectional
reflectance distribution function) of light scattering from micro-rough surface with TIS (total
integrated scattering) is analyzed. Roughness statistical characterization such as RMS (root mean
square), PSD (power spectral density) function are deduced by TIS of polished surface. Based on
the light scattering measurement theory, an automatic measure system of light scattering with one
dimensional scanning method is built, BRDF of two kinds of polished surfaces (silica surface and
Ag reflector) have been measured. PSD of two surfaces has been given by light scattering
measurements, roughness characterization of two surfaces has been compared with the data tested
by profile meter. The results show that the light scattering measurement method has great
application prospects as regards nondestructive measurement for polishing surfaces.
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1. Introduction
In modern industry, there are growing needs for testing roughness of well-polished
surfaces, such as metal, ceramic, glass, semiconductor wafer, and so on [1]. These
polished surfaces are usually examined by using vision inspection method, comparing
the surface examined with the sample of known roughness, or by using mechanical
profile meter to examine the roughness. None of these methods is capable of fast,
on-line, nondestructive, noninvasive measurement [2]. Hence, a non-contact and more
speedy optical method would be attractive. Different optical non-contact methods for
measuring surface roughness have been developed mainly based on reflected light
detection, focus error detection, laser scattering, speckle and the interference method.
Among these methods, the light scattering method has proven to be a useful one [3].

The root mean square (RMS) roughness σ  of well polished surface is often far less
than the inspection wavelength λ, σ /λ << 1; these well polished surfaces can been
called micro-rough surfaces. Light scattering, caused by micro-rough surfaces, not
only contains roughness information on the surface but also provides an on-line and
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nondestructive method for the demanding quality control in modern industry.
Numerous experimental data have been accumulated and analytical methods including
numerical solutions have been developed to explain and inspect the roughness of
a well polished surface [4, 5]. However, practical tools based on laser scattering
technique are relatively few.

In this paper, the relationship of bidirectional reflectance distribution function
(BRDF) of light scattering from micro-rough surface with total integrated scattering
(TIS) is analyzed. Also, roughness statistical characterization such as RMS (root mean
square roughness), PSD (power spectral density function), etc., are deduced by TIS of
polished surface. And, an automatic measure system of scattering with one
dimensional scanning method is introduced. Based on the light scattering measurement
system, BRDF of two kinds of polished surfaces (silica surface and Ag reflector) have
been tested, and RMS, PSD of two surfaces have been given by light scattering
measurements. The results show that the light scattering measurement system can be
widely applied to on-line and nondestructive measurement for polishing surface.

2. Theoretical description
The theoretical background of light scattering from a micro-rough surface is based
mainly on Beckmann and Spizzichino’s rough surface light scattering model [6]. As
shown in Fig. 1, a beam of laser is directed towards a micro-rough surface, the reflected
light field consists of specular reflection beam and scattered light.

According to Beckmann and Spizzichino’s rough-surface light scattering model,
for a well polished surface, the roughness of which is much smaller than the wave-
length of the scattered light, the relation between the scattered light and surface
roughness is as follows:

(1)

where TIS is the total integrated scattering, R is the specular reflection ratio, R0 is
the total of reflection and scattering ratio, θ i is the incident angle, λ is the laser

Fig. 1. Laser light scattering from rough surface.

TIS 1 R
R0

------------– 1
4πσ θicos

λ
-------------------------------
⎝ ⎠
⎜ ⎟
⎛ ⎞2

–exp–= =



Roughness characterization of well-polished surfaces... 813

wavelength, σ  is the root mean square roughness. Equation (1) shows that TIS is
the function of root mean square σ . So, the root mean square σ can be acquired by
measuring the total integrated scattering light. 

Under certain circumstances, total integrated scattering can be acquired by angular
resolved scattering (ARS) method. NICODEMUS et al. [7] introduced the ARS method
and BRDF was put forward, the latter being defined by:

(2)

In Equation (2), d Ls is the flux of light scattering, Li is the total flux of incident light,
Ω i is the solid angle of incident light, Ωs is the solid angle of outgoing direction. So,
the angle resolved light scattering techniques (ARS) can be used to make maps of
scattering as a function of position on a surface and to give the RMS roughness

ARS = BRDF cosθ s

Thus, the total integrated scattering is the integral of the BRDF:

(3)

The θ s and ϕ s are illustrated in Fig. 2.
Also, the surface power spectral density (PSD) function can be calculated from

the measured bidirectional reflectance distribution (BRDF) function

(4)

The light wavelength is denoted by λ, and the angles θ i and θ s (measured from surface
normal) are the incident and scattering angles, respectively, Q is the polarization
coefficient (which is numerically close to the specular reflectance for many
situations). This relationship has been investigated in great detail in the literature and
has been proven to be very accurate for the case of smooth, clean, front surface
reflectors. The PSD function is the frequency spectrum of the surface roughness
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Fig. 2. The geometry angle used in
the paper.
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measured in units of spatial frequency. The PSD function provides information about
both the amplitude and spatial wavelength of the surface. The most useful feature of
the PSD function is that it relates information about the Fourier transform of the surface
into a form that makes it possible to readily compare information generated from
various instruments. The RMS roughness may be calculated directly as the square root
of the integral of the one-dimensional PSD curve.

So, after the angle resolved light scattering (ARS) measurement instrumentation
has been built, roughness characterization such as root mean square roughness and
PSD of well polished surfaces can be acquired by light scattering measurement
according to Eqs. (1)–(4).

3. Measurement system arrangement

An automatic measurement system of scattering has been developed to perform
high-speed, accurate, non-contact measurements of surface roughness. Figure 3 shows
the arrangement of measurement system which was made in Zhejiang University.
A visible He-Ne laser emits a laser beam that passes through a splitter, one beam is
encoded by a chopper and strikes the sample surface, and one beam is reflected by
a splitter into detector for phase lock signal. The sample is put on an angular
resolved plane. The light is reflected and scattered by the sample surface into
a photomultiplier, decoded and amplified by phase-lock amplifier, then input and
processed by a computer.

Fig. 3. Arrangement of measurement system.
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The intensity and angular distribution of the specularly reflected and scattered light
are measured, the data are digitized, and the roughness characterization of surface
sample is calculated at the position of the illuminated spot by the computer. The param-
eters of the system are as follows:

– Light source: He-Ne laser,10 mW;
– Sensor: photomultiplier tube (PMT);
– Angle range: form –90° to 90°;
– Angle step: 0.45°;
– Angular resolution: 0.5°;
– S/N ratio: > 40 dB;
– Size: 2000 mm×1200 mm×900 mm.
Calibration of measurement system is carefully established by standard lambertian

surface. BaSO4 powder was pressed in the plate as calibration plate, which was
proved the scatter the radiation incident according to the Lambert law. Figure 4
shows the calibration curve. From Fig. 4, the calibration curve is well matched with
the lambertian surface from 0 to 80°.

4. Measurement and experiment

The new automatic measurement system of scattering is used to measure the well
polished surface. A well polished silicon wafer and an Ag-coated reflector have been
used as an example.

Figure 5a shows tested BRDF data of Ag-coated reflector at a 9° angle of incidence,
Fig. 5b shows tested BRDF data of well polished silicon wafer using measurement
system at different incidence angles: 9°,18°, and 36°.

At the same time, profile meter was used to test the roughness characterization of
two surfaces. This instrument has measurement length 80 μm and a height sensitivity
of –0.1 nm RMS. Figure 6 shows the tested profile data of well polished silicon wafer

Fig. 4. Calibration curve of measurement system.
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(Fig. 6a), of Ag-coated reflector (Fig. 6b), whereas Fig. 6c is the HDF (height
distribution function) of well polished silicon wafer, and Fig. 6d is the tested HDF of
Ag-coated reflector. 

PSD of the sample surfaces can be calculated by Eq. (4). In Figure 7, curve 1
represents the PSD calculated by angle resolved light scattering method; another

Fig. 5. Test BRDF of silicon wafer using measurement system: BRDF data of Ag-coated reflector at
a 9° angle of incidence (a), BRDF data of polished silicon wafer at 9°, 18°, and 36° angles of incidence (b).

a b

Fig. 6. Tested roughness data of silicon wafer and Ag-coated reflector using profile meter: surface
profiler of silicon wafer (a), surface profiler of Ag-coated reflector (b), height distribution function
of silicon wafer (c), height distribution function of Ag-coated reflector (d).

c d

a b
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method is using height distribution function to calculate PSD; curve 2 (blue) and
curve 3 (red) are two PSD curve which are calculated by height distribution function
data using profile meter, with the measurement being repeated twice to improve
the measurement precision. Figure 7a shows the PSD curves of silicon wafer, and
Fig. 7b shows the PSD curves of Ag-coated reflector. Comparing the PSD curves
which are calculated by different methods, we can see that the PSD curves match well,
which means that the angle resolved light scattering method can be consistently used
to measure the roughness of polished surface.

By Equations (1)–(4), the root mean square roughness σ  can be calculated.
The Table compares the tested RMS roughness of silicon wafer and Ag-coated reflector
using light scattering method with the data tested using profile meter.

By comparing the roughness test result using the method of light scattering with
that of using profile meter, roughness data by scattering method is usually larger than
that of using profile meter. There are many reasons for this; firstly, any pits or other
surface defects that have large deviations from the mean surface level greatly influence
the RMS roughness values, especially influenced by scattering derived method because
of surface defects. Secondly, the roughness data derived by scattering method probably
contain the particulate scattering effects, which would influence the result greatly in
scattering method. So, individual dust particles are readily avoided in the light
scattering measurement system. 

Fig. 7. PSD of two surfaces using different test methods: PSD curve of silicon wafer (a), PSD curve
of Ag-coated reflector (b).

a b

T a b l e. Comparison of tested RMS data using different method.

RMS [nm]
Surface Profile meter Scattering
Silicon wafer 2.044 2.981
Ag-coated reflector 1.581 2.648
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5. Conclusions

In this paper, an automatic measurement system of scattering is introduced to test
roughness by the relationship of BRDF of micro-rough surface with TIS. Roughness
statistical characteristics are measured by TIS and BRDF of polished surface. The
BRDFs of two kinds of polished surfaces (silica surface and Ag reflector) have been
tested, and RMS, PSD of two surfaces have been given by light scattering
measurements. Also, tested roughness characteristics are compared with test data using
profile meter. The results show that light scattering measurement system has great
application prospects in non-destructive testing for polished surface.

Reference
[1] SAARINEN J., KALLIONIEMI I., NIINISTO A., FRIBERG A.T., Surface roughness measurement with optical

scatterometry, Proceedings of SPIE 3897, 1999, pp. 570–577.
[2] STOVER J.C., BERNT M.L., CHURCH E.L., TAKACS P.Z., Measurement and analysis of scatter from

silicon wafers, Proceedings of SPIE 2260, 1994, pp. 182–191.
[3] VALLIANT J.G., FOLEY M.P., BENNETT J.M., Instrument for on-line monitoring of surface roughness

of machined surfaces, Optical Engineering 39 (12) , 2000, pp. 3247–3254.
[4] GRUZDEV V.E., GRUZDEVA A.S., Light scattering by rough dielectric surface, Proceedings of

SPIE 3933, 2000, pp. 412–424.
[5] WANG S.H., CHENGGEN QUAN, TAY C.J., SHANG H.M., Surface roughness measurement in

the submicrometer range using laser scattering, Optical Engineering 39 (6), 2000, pp. 1597–1601.
[6] BECKMANN P., SPIZZICHINO A., The Scattering of Electromagnetic Waves from Rough Surfaces,

Pergamon, Oxford, 1965.
[7] NICODEMUS F.E., RICHMOND J.C., HSIA J.J., GINSBERG I.W., LIMPERIS T., Geometrical Considerations

and Nomenclature for Reflectance, National Bureau of Standards, Gaithersburg, 1977.

Received July 28, 2009
in revised form November 17, 2009



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


