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ABSTRACT 

The statistical para~eters of surfaces to be measured for industrial applications vary 
over several orders of maqnitude. Surfaces with large slopes or edges are particularly 
difficult to be recorded. Some measuring methods developed in our laborato ry are compared 
and the range of applications are discussed . 

For polished and tine qround glass and metal surfaces a heterodyne profilometer with a 
vertical resolution of O.S nm, lateral resolution of 0.6 ~m. and large scanning length is 
discussed. The interferometer can be c hanged from sinqle- to double-pass operation by rota
tion of a quarter-wave-plate. 

For rouqher surfaces a profilometer of the photometric-balance type with resolution 
Rq ; 4 na and dynamiC range of 20 ~m and an interference microscope with automated fringe 
evaluation is described . An integral white light roughness sensor covers the roughness 
range 0.04~. to 10~. and measures independently mean roughness and autocorrelation width . 

1. INTRODUCTION 

There is an increasing need for optical profllometry and surface measuring I ntstruments . 
For smooth surfaces optical methods have become a powerfull tool l

,2 particularly for high 
quality optical surfaces . Resolution of 0.1 nm specified as rms-values have been reached. 
However for surfaces with larger local slopes such as of fine qround surfaces or for 
surfaces with larqe roughness values as used In metalworking industrl •• for metallic 
surfaces, problems of reliance and of larqe local errors arise . In this paper we describe 
results for non-smooth surfaces of roughness values in the nm- and ~m- range. 

2. DEFINITIONS FOR OPTICAL SURFACE AND ROUGHNESS MEASUREMENT 

In order to test and to discuss measuring methods and instruments, the testet surfaces 
should be carefully selected. They should be globally flat or geometrically we ll defined 
with mean r oughness much smaller than the measuring length L and with negligible contri
but ions ot spatial frequencies f < IlL. The heiqht protile h{x) can then be described as a 
stationary random process with lIlean<h(x»-O given by the raw data y(x) by subtraction of a 
best fitted quadratic curve, 

h(x) • y(x) - a - b·x -c ·x' 

(or a straiqht line for c-O). This trend removal is necessary to exclude residual set-up 
errors . 

( 1) 

In thi8 paper we use the rills - value 
standard dev i ation 6h of h(x) 

or quadratic mean roughness Rq as an estimate of the 

( 2) 

( 3) 

In (]) eqodi ci ty and neqllqlble sampling errors are assumed . The number ot discrete sample 
values should be large enouqh to assure stationarity of statistical cha racterist ics. 

The co rrelation function of second order C(6) o r the autocorrelation function rIA) 
provide ho riz ontal and vertical tnfor.ation 

r( t.) = C(t.) = _(_ E( h(x) h(x+t.» 
0 2 0'2 • • 

wher e 6 is in the autocorrelation lag alon9 the x-axlsl, ~ . The autocorrelation function is 
related to the spectral density function S(f) by Fourier transfor.: 

• We denote the mathematical expectation value by £( ... ) and the correspondi ng measured 
sallple estimate with ( ... ) . 

( 4 ) 
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wher e f is the spatial frequency and SIt) 1s the o ne-si ded spectral density or power 
spec trum . As a horiz on tal descr ip tor we use the co rrelation length WI as wid th of the auto
correlation lunction, within which the surface heights h{x ) are correlated. For surfaces 
with negligible contribut ion o f low frequency -components due to the machining proces S (oon
fractal ) the obj e ctions S against autocorrelation width do not apply. 

3 . 0 Optical microproll1ometry 

The surface is scanned relatively t o the dete c ti o n system 1n the same manner , as it is 
done by mechanical profilometry. However, the diamond stylus 1s replac ed by a fo cus of a 
gaussian beam with the width of 0.3 urn to 5 urn, depe nding on the numerical aperture o f the 
profiling lens. 

3.1 Heterodyne profl1ometry The principle of this pr o fil omete r is based on heterodyne 
interferometry. Fig .l shows the arrangement of our heterodyne pr o fil ornet e rlll.q A He-Ne lase r 
with Zeeman s plitting of the 633 nm line is used as source. Two orthogonall y polarized modes 
with a beat frequency o f 2 MHz are focused o nt o the s urface by the scanning lens 03 and held 
in f ocus by auto f ocus control (AFC). The interferometer i s constituted by the pola rizing 
beam-spl i tter as, se parat ing object and referenc e arm . 
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Fig 1 : arrangement of the heteodyne pro fll ometer 
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F ig.4 Height transfer funct ion 
of the heterodyne pro filometer 

Fig 2: heterodyne profil ometer 
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Fig . 5a and b: PTS-calibration 
standard 

Microscope lenses with very h i gh aperture NA-O.95 can be used. A double-pass system , 
described in detail in 3.3 consis ting of a quarter-wave plate in each arm and a double-pass 
mirror DPH serves for compensation o f local profile s lopes . In contrast t o~· 7 , the pro
filometer is not a differential type but measures profil height directly with reference to 
an air - bearing s11deway of )00 mm length ( Fig .2) . Thus shape measuremen ts (F i g . 5) 1n the 10 
nm to 40 pm range can be obtained directly on smooth surfaces, and roughness measurements 1n 
the nm- or sub- nm-range can be obtained after digital high-p'ass-filtering of the raw-profile 
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ff I til f typically 100 "m - 500 ~m_ A very high degree of flexibility is 
with cuto -wave eng 0 ~ 

Oaranteed froa this concept. 5 I I 
I I 

'
1 step of our digital electronics 1st O. nm. Latera reso ution 

The incrementa reso u on V (Fi 3) V Df ith a t 
is qiven by the aperture, NA-O .95, and the aperture ratio q.. - \oj' ,w per ute 
width 0 and width of the gaussian beam waist w. In the focal plane of the proftling lens. 
The beam waist v.- can be adjusted by the focal length ratio of the beam. expander aI, 02: In 
Fl .4 the profile height transfer function with V as a parameter Is depicted as a funetlon 
of9spatlal frequency f (~-6))nm). Very high lateral resolution up to the frequency limit of 
f _ )000 mm'can be realized. Fig . S shows the profile of a PTB- calibration standard used to 
calibrate mechanical stvlus instruments. Six grooves. precisely lapped into a plane glass 

plate. are profiled 
(Fig.Sa). The depths of 
the measured grooves agree 
we ll with the values given 
by the manufacturer. Hete
rodyne profilometry is 
well suited to measure 
geometrical structures 
without large local slopes 
and sharp dicontinuities. 
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Ftg.6: Hand-polished me
tall surface with Rq-20nm 

: :'>':: .. _" MOO\!- a) heigh-pa8s fi ltered 
profile cut-off 
wavelength L·800~m 

b) normalized spectral 
density function 
(perlodogramm) 

c) autocorelation function 
of the [11leced pro(lle 

fig. 7: Smooth zerodur 
glass-ceramic with 
sub-nm resolution; 
cut-off wavelength 
L~ • 100 pm 

~ .. ~,.. 
However surfaces with 

irregularities within the 
spot witdth or with large 

local slopes and edges are extremly difficult to be profiled. Double-pass compensates for 
scattering angles which pass the entrance pupil of the scanning lens. But stronger 
scattering passing outside of the pupil causes fatal break down of the signal. 

Fig.6 Fig.7 

fig. 6 shows an example of a successfully scanned surface with mean roughness Ra • 20nm 
and relatively large local slopes. The profile of a very smooth zerodur sample (fig.7) has a 
rms-value of less than 1 nm after high-pass filtering with a cutoff wavelength of 100 ~m. 

J.2 Photo_etric balance proftl oaeter This principle of height detection orginated from 
focussing methods"'. fig.8a shovs our realization v ith laser lO.1I and double-pass for compen
sation of local slopes. 

The gaussian beam of a He-He-Laser Is focussed onto the rough surface by the profiling 
lens OJ. Tvo photodetectors DETI and DET2 are positioned intra- and extrafocal with respect 
to the secondary foci fl and f2 of the scanning focus on the surface. The detectors OETI and 
DET2 are adjusted so as to recieve exactly the same light fluxes when the surface is exactly 
in focus. The normalized difference signal s - (11-12)/(11+12) is zero in this case. If 
hovever the surface is scanned. the signal s is a measure of the prof tie height. The height 
Y{K)is calculated for ev@ry data point vtth a calibration curve stored in the computer as a 
polynoainal of third order as the best fit within the calibration range K of th@ characte
ristical curve of Fig . 8b. 

As 1n the case of the heterodyn@ profilo.@ ter large errors are produced, when large local 
slopes. curvatures. edges. or structures within the width of the focus occu r . On surface~ 
not too rough our photometriC profllometer. when operating 1n this simple mode, has a 
resolution of Rq::::: 2-5n •. In order to improve the dynamic range, a automatic focus con
trol. AfC, is incorporated and the Vertical position of the scannlnq lena OJ. when it ia 
exactly in focua. is taken as the relative profile height. In thi~ operation mode a range as 
larqe aa 1:5000 can be realized . fig .9 shovs a typical result of our heigh resolution photo-
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metric protilometer. It i~ a dark and very hard SiC ceramic gasket ring, very costly to be 
profiled with stylus instruments because of a possible damage of the diamond tip. 

0 ' s 

y 
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K 

fig. 8a: arrangement of the photometric profilometer Fig. 8b: kalibration range 

Commercially available probes based on the photometric principle but using compact-disk 
technology have resolution and measuring range given in table 1. 

Fig. lOa shows a )-0 scan of 64x64 sample points of a end-milled metal surface of nominal 
mean roughness R • 1.6 m and fig. lOb a graphical representation of the 2-dimensional 
spectral density function. 
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Flg.9 SiC-ceramic Fig .lO End-milled surface 

vignetting. A local defect can produce large ~spikes~ 
surfaces are measured with inco rrect roughness values. 

IICUUri ng resolution latenl slope techno-

r' tI'le r esolution cMlllen - log\e 
' J 5Ition 

USH 1 6~) 500 .u.I ) 100 MI • 00 IInes/ ... · . CO 
SO .u.I ) 10 n. lI SO. l inn/_ · . CO 

RM 600b) 300 .u.I ) 200 11.1) 
)0 .u.I ) 20 11.1) 500 I ines/_ · . CO 

) JI,.I) 2 nIl11 . Z) 

110c ) 20 11113) • 1\112) 1200 linn/_ double- labor.tory 
Phot · Pror pusS) set- up 

noc ) 20 .u. 3) .. 0,5 n.Z) 1200 Hiles/_ double- hboriltory 
Het-Pror pusS) set up 

tabletl. 

fig lla shows the effect of 
angel of ~ leads to geometric 

measured surface and fine 

.) U. 8reitmeier HeBtechnik CmbH, Stuttgart 
b) C. Rodenstock, Hunchen 
e) Institut rur tachnische optik, Stuttgart 
I) data given by th. lIanuracturer 
2) on relatively slIooth surrac •• 
l) II.lted presently by a pie~o-tran.lator or 

the AFC 
.) spacial frequency with transrer ractor 0,5 
5) single-pasa optionally 
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Fig.llb shows th@ principl@ of th@ double - pass system C. The double-pass mirror in the 
back focal plan@ on th@ scanning objective reflects th@ deviat@d and scattered beams back 
into the scanning point of the surfac@ from where the beams are reflected backwards exactly 
in their original direction (usually the beam axis). The ideal double- pass mirror would be 
a phase conjugated mirror whi c h wou ld compensate also for local curvacture. In Fig.12a pola
rizing beamsplitt@r and a ~ / 4 plate in diagonal orientation show the same effect but main 
tain the full aperture.By rotation of the phase-plates by an angel of ~/4 the operation ca n 
easily be changed to single pass, for surfaces of very low reflection. 
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Fig.lla Fig . llb Fig . 12 

4. Aoghness measu r ement v ith t he interfer e nce mic r oscope and a u toma ted f ri nge analysis 
phas@ s h ifti ng in t er fero.~ 

For highly pol1!5hed surfaces with roughness values Rq (25 nm interference microscopy 
such as a Nom~rBkl dIfferential interference contraot 10 a well established method of 
roughness estimation . Hodern methodes ot automated tinge analysis by phase shifting inter

aD 
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., 
m 

-Fig .13 

AT-PC comput@l'". The interference phas@s</>(1l.,y) 
h(x,y) are calculated. 

ferometryI2.l ." I~, can be used for smooth 
surfaces. Fig.l) shows our modified Linnik 
Interference- microscope. Thus, microscope 
objectives with very high numerical aper
ture can be used and very high lateral 
resolution can b@ obtained . 

Whlte light of a incandescent lamp is 
used. A white light fringe system as close 
as possible to the central or achromatic 
fringe 1s ~dj usted. Immediately before th~ 
phase steps ar~ i n troduced, int@rfer~nce 
filt@rs a r e insert~d into the illuminating 
beam. Fo~ automatic fringe ana lysis the 
frinq~s are shifted by t he piezo translator 
acting onto the beamsplitte ~ B5. 

Th r ee intensity distributions ·~re sam
peled by a 500x582 pixel imaqe sensor and 
diqitized by a image processing card in a 

of each pixel within a p r esel~cted frame and 

,\ 
h(,.y) =" ~ ('S) (6) 

Fiq 14 Fig 15 



However, as in the case o f heterodyne- and photometric profilometry, surfaces with large 
local slopes, edges, and irregularities within the point spread are difficult to be mapped . 
Phase- and localization errors arise even for surfaces with height variations not exceeding 
the ~/2- intervall.Fig.14 shows a polished germanium surface with scratches and a defect . 
SOxSO pixels where used for an object field of 16 ~m x II pm . Fig. IS shows an example of a 
coarser geometrical structure. It is a grid-like topography from a semiconductor chip with 
maximal vertical height difference of 238 nm. For height variations larger than A / 2 two 
wavele ng th phase-shifting met hodes can be used . 

5, Integral roughness .easurement 

Wh ile photomtetric and interferometric methods are mapping the surface in one or two 
scanning directions, integral or area methods use the scattered radiation from a fi n ite area 
of the surface and supply statistical characteristics of the surface. 

S.l Coherent scattering It is well known that coherent scattering 1n the far field or in 
the image plane of a lens is not well suited fo r roughness RQ~A/ 5. In u s ome calculations of 
the scatte r e d intensity fo r the small angl e range in the fourier - plane of a scatte r ing 
detector are shown as a function of ve r tical r oughness Rq and of the ho r izontal roughness 
parameter correlation leng th w •. For the Rq-range interesti ng for industrial produced metal 
lic surfaces , the intensity is shown to be a function of both RQ and wa . Thus there is 
apparently no way to seperate and to measure both parameters independently. 

5.2 White light speckle contrast 
t rast measu r ement (e.g. II •. I ' ) . As 

The same situation is found fo r c oherent 
it is well known the speckle cont ra st C 

I 

c-~- [ lrl -1 1 2 
( I ) ( I)' 

speck 1 e con-

(7) 

wh e re (1) is the mean intensity over a sample of i ntensity measurement s I and 6T 1s the 
standard deviation, !laturCltes to a value C % 1 for RQ ?A/S, provided the number of i ndepen 
dent scattering regions on t he surface is l arge enough (see Fig . 18a) . As the optical fields 
near the detector are nearly gaussian. e xpe riment s i nvol ving higher o rde r moments are also 
o f the rest ricted value. 

Speckle medsurements with wh ite light"' " have shown t hat the con trast curves C 
( Fig.19bl. af te r rea c hing a maximum c ontrast for RQ<:::"Jo../S fall down again. Howeve r, due to 
nonmonotonic behavior of measured curve s and due to the interdependency of horizontal and 
vert ical r oughnes s parameters no practical application of direct white light speckle mea 
surement has become known so far. 

In zo. 2I the nonmonoton ic behavior of the mea!lured cont r ast cu r ves could be overcome by a 
incohe ren t s uperposition of a unifo rm intensity t o t he speckle field nea r the detector. 
Fiq.16 ehowe a shematic arranqement f o r a contrast sensor. ~h ite liqht speck le are scanned 
by the pinhole of a photodetecto r or by a detector array in a detocussed imaqe plane x ~ Inzo 
a monotoni c f alling cu rve of co n tr ast as a fun ction of RQ was obtai ned by an inco he rent 
superposition of light fom the same beam by beamsplitter SS. attenuater SA. and mi rror M. 
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Fiq . 18 
17 shows the dependence of the cont rast C with the ratio t of constant i ntensity to 
intensity fo r Rq ~ ~h • 0 : 
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It can be seen that rather small values of incoherently superposed light (straylightl) 
can affect drastically the contrast curves. Fig.1S shows the contrast C measured from ground 
and planed standard speciaens with roghness O.06~m < Ra < 10~m. Due to a ratio t ... 1 . 4 the 
measuring range O,06~m<Rq<IO~m 1s rather large and exceeds the ranges of conventional 
speckle contrast methodes. 

5 . 3 White light ellalnatlon aethod In11we describe a new method . Vertical descriptor Rq 
and horizontal descriptor autocorrelation width w. are determined as independent values . 

The same sensor as in FIg .IS is used, however, contrast Co from a measurement with t ~ 0 
and in addition C. from a measurement with t • 1,4 is calculated. Fig.19b and 19c show 
curves of speckle contrast fro. a unpublished theoretical model using a special integration 
method over interlaced autocorrelation- and coherence-facettes on the surface involving a 
triangular .autocorrelation function of wldt va ' The end formula 15 given by eqn.(4) otIl.as a 
function of 6 h , v. and t and of 

k vavenumber· 2rt/J.., )... vavl!!lengs 
V ... width of the spectral density of illumination 
w~ vidth of the geometric point spread funktion 
w . ... width of the spatial coherence, 

The contrasts have been found to be in good agreement with experimental values (exept for 
parameter cocbination\vhere 6n.) 5~m. t < 0 ,05) . The curves give an excellent overview over 
contrast behavior as a function of all the parameters listed above . 

QJ 
_. 

bJ cI 

Flg .19 
Ve see frOID Fig.19 that for Rq -::- 6 .... > 0,15 )1111 all curves in b) and c) are parallel to each 

other. Thus the ratio c • C./C.intijs theory is independent from Rq. Ve find from eqn.(4) ofH 

w _ __ (:..2w_b"----_w-""J_w-'-, _ 
a (c-I) wb/I -+ wb - we 

(9 ) 

w~. v •. and t are known parameters of instrument and the light, and c is given by measuring 
C. and C. as described above . Thus, the autocorrelation width wa can be determined indepen
dently of &",. For 6h)O.lS}1m eqn.(4) 0(12 reduces with good aproltimation to 

For w. known by (9) the uncertainty of the determination i~ resolved and (10) can be 
inverted tor the unknown &~: 

I 

'h - (1/4 W) [-~-- ---"-'-1----:->JO-I]2 : R 
.... [ (III ~ wi/walt + wb/wa q 

(10) 

(11 ) 

(12) 

The root-mean-square rouqhness Rq ~ &~can thus be calculated in quasi real time by the 
sa.e PC- eo_puter as used tor sampling the intensity values. 



Practical measurements on surfaces with known roughness- and autocorrelation-values have 
shown very good results for O, l5pm ( Rq < 2pm and even, though not predicted by theory, for 
smaller Rq down to Rq-0.03 pm. Fig. 20 shows results of this procedure for surfaces of 
different manufacturing processes as grinding, polishing and planing. 

Fig.20 

In order to improve the method f o r 
surfaces with Rq>2 pm and to extend the 
measuring range up to Rq-l0 pm, c orrecti o n 

10 coefficients have been introduced in (12) . 
~ Further investigation on this coeffiCients 

0.'. 

and their justification as well a s on the 
measured values of w. will be necessary. 

A sensor based on this method with an 
array of 1728 diodes has a measuring time of 
about 3 ms for each of the two contrast 
measurements. The light source can be a small 
10 ~ incandescent lamp amd the free measuring 
distance is about 70 mm. 

Thus apart from the mapping methods of 
profilometry and phase-shift interference 
microscopy, new integral roughness sensors of 
the type described above could be very pro
missing for industrial on-line applications. 
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