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Abstract—An area-integrating method that uses the technique of
total integrated light scatter for evaluating the root mean square
height of the surface Sq has been presented in the paper. It is based
on the measurement of the scatter power using a flat photodiode
integrator rather than an optica sphere or a hemisphere. By this
means, one can obtain much less expensive and smaller instruments
than traditional ones. Thanks to this, they could find their application
for surface control purposes, particularly in small and medium size
enterprises. A description of the functioning of the measuring unit as
well as the impact caused by different factors on its properties is
presented first. Next, results of measurements of the Sq values
performed for optical, silicon and metal samples have been shown. It
has been aso proven that they are in a good agreement with the
results obtained using the Ulbricht sphere instrument.
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|. INTRODUCTION

T HE new 1SO 25178 surface roughness standard [5] has

created a need for making progress in the methods and
instrumentation destined for measurement of 3D surface
texture parameters. Areal-topography methods such as white
light interferometric microscopes [10] or atomic force
microscopes [2] have already been put into practice. These
instruments enable one to measure a great number of the
parameters specified in the ISO 25178 standard, but they are
very expensive. However, for many surface control tasks, the
root mean square (rms) height of surface Sq could merely be
sufficient. This takes place, for instance, in optical or
electronic industries, where this parameter (usually marked as
0) has been used for years. To measure it, an area-integrating
method (also specified in the standard), known as tota
integrated scatter, is often used. The light scattered from the
surface is collected over a wide range of angles, and the ratio
of its power and the power of specularly reflected light
(defined as the TIS parameter) is used to calculate the rms
roughness. For measuring this parameter, instrumentation,
including the Ulbricht sphere or the Coblentz hemisphere, is
usually applied [8]. Due to the considerable dimensions of
these units as well as their high cost, these methods are mainly
applied in laboratories and in measuring devices dedicated to
specific tasks, e.g. for control of magnetic disks [7]. It seems,
however, that one may aso find a possibility to design
portable and inexpensive TIS instruments, which may find
their application among manufacturers as well as recipients of
such items as optical components, length measuring standards
(e.g. size blocks), silicon wafers, etc.
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The aforementioned materials are characterised by their Sq
values from less than 1 nm to several or more than a dozen
nanometres, and their surface structure is isotropic in a
majority of cases. Having made such assumptions, one may
design a measuring device based on a completely different,
much simpler structural principle of the scattered radiation
integrating element. We are proposing to realise this idea by
using a planar silicon photodiode with a hole through which a
laser beam passes to reach the surface being examined. The
light scattered from this surface falls on the photodiode active
area, causing generation of a current proportional to the
incident light power.

However, such an integrating system, here referred to as a
photodiode integrator, requires checking whether it meets the
requirements applicable to TIS measuring units, and
particularly whether the results obtained by using it are similar
to those obtained in traditiona instruments. The major
question is, therefore, whether it ensures detection of the total
radiation scattered from a surface. Another property of the new
measuring unit is that its bandwidth limit values are mutually
interconnected (reduction of the lower angle causes reduction
of the upper one), which requires investigating as to whether
there are potential conditions under which a satisfactory area
of the unit’s operation can be established.

An analysis of the functioning of the unit, as well as the
impact caused by said factors on its properties, is the main
subject of the article. The analysis has been preceded by a
description of the measuring unit in question. In the final
section of the paper, the results obtained using an experimental
measuring unit have been provided.

II. A PRINCIPLE OF TISMEASUREMENTS

A light beam incident on a surface is partially diffused from
the surface and partially deflected under the angle equal the
angle of light incidence. By denoting the incident, specular and
diffuse power as P;, P, and Ps correspondingly, by definition,
the specular reflectance R, equals:

R =P/ /P D
and the diffuse reflectance Rs equals:
Rs= Ps/ P, @)

The reflectance value for the given material mainly depends
on how rough its surface is. The correlation between the
surface reflectance and the root mean square (rms) roughness —
denoted in optical terminology as o - for a perfectly
conductive surface of Gaussian irregularity distribution was
provided by Davies [4] and then generalised for a partialy
light absorbing surface by Bennett and Porteus [1]. In the
course of further works, it was proved that the above
dependence also applies to surfaces of any irregularity
distribution Church [3]. Therefore, with reference to the said
works, the ratio of the specular and the total reflectance
decreases exponentially along with the ratio of o and light
wavelength A.
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Assuming that surface irregularities are far smdtan the

As a laser source, a He-Ne 633 nm is most frequeiséd

wavelength, i.e. whew <</, the exponential function may be and a measuring range is from several decimalgrtesens

substituted with its linear approximation. Additaly

entailing that the total reflectance practicallyuals the 350 mm, which makes the whole measuring unit has a

nanometres in this case. The sphere diameterris I&0 up to

specular one in such a case, one obtains the follpw stationary character and which can mostly be used i

dependence:

! R,

[— =,
4ncosO, | R,
where@ is the angle of light incidence.
The ratio of the diffuse and the specular reflectais
commonly referred to as the TIS parameter [8]:
TIS =R,/R=Ps/P; . 4)
Having substituted formula (3) with (4), one obsithe
following relation:

P
_4 JTISO AR .
4n coso); 4ncoso; | P,

®)

od (5)

In the case, wher@) is close to zero, and changing the |

symbol of rms roughness from into Sq one obtains:

A A [P
qO0-=JTIso = |-=. 6
4t 4n | B, ©

laboratory conditions.

I1l.  MEASURING UNIT

The main components of the new surface roughneds an
reflectance measuring unit have been depictedgnZi

Ui
Ur
D2 ke s
D1
= Cusn S =3

The main function of a measuring unit based on theig. 2 Diagram of the surface parameters measuuiity B — beam

application of the light scatter phenomenon is s of the
scattered and specularly reflected light, whiclsegiwhen the
light beam strikes the surface, and the measuringheir
radiant power. To realise this function, two measuwnt units
are commonly applied [8], namely the Ulbricht sghdor
integrating sphere) and the Coblentz sphere (or
hemispherical mirror). In the first one, the ligitattered from
a sample surface reflects many times from the shffu
reflected surface coating, and finally an insidetpdetector
measures the power proportional to the total scétben the
sample. In the second unit, the scattered ligheflected by
the hemispherical mirror onto a photodetector. Specular
beam in both approaches enters and leaves theespheough
a small circular hole. The diameter of that holéras the near
specular limit of the instrument, e.g. the miniraagle of the
scattered light that is measured by the sphereic@y, its
value is 2. The maximal angle can be close t8 8.

For purpose of estimation of the novel measuring an
Ulbricht sphere unit has been used and therefagestiown in
Fig. 1

Fig. 1Unit for measuring TIS parameter with the Ulbrisphere
B — beam splitter, D1, D2, D3 — photodiodes, laser, P — surface
being examined

splitter, D1- photodiode integrator, D2, D3 — pliitales, K1, K2
and K3 — photodiode loading elements, L — semicotatuaser
module, P — surface being examined

The light beam emitted by the laser (L), after pags
through the beam splitter (B) and then throughititegrator
(D1) hole, falls on the surface being examined &R} is
directly reflected and scattered from its. The beacdence
angle is close to normal, owing to which the reflecbeam
returns through the hole to unit B, from wheresidirected to
photodiode D2. The scattered beams fall on theeqtart of
photodiode D1 causing emergence of currents casrelipg
to the radiant power of these beams. The beantespétso
serves another purpose, namely that of generatiedeaence
beam used to determine the power of the incideambby
means of photodiode D3. All detectors operate ie th
photovoltaic mode, as a result of which their ottpurrent is
proportional to the power of the incident light.€Tburrent is
transformed into the voltage, for instance by meahsa
transimpedance amplifier (K), or on the load resistBy
measuring these voltagdd; (U, andUg), one can calculate the
relevant surface parameters by applying the depmede
provided below.

The surface parameters can be established basdtieon
following formulae:

R = KU, / KU, (7)

R.= KU./KU;, (8)

TIS= KU /KU, ©)]

oo [KYs (10)
4| K, U,

where quantitie¥s, K;, andK; are constants of the measuring
unit which can be established by way of measuresnent
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Concluding the above consideration, one may natiaein To measure the influence of the an@lg the distancé& has
order to calculate the rms roughness of a surfaée.enough been changed precisely while the diaphragm dianmetebeen
to measure two voltages, or three voltages wherstinface regulated to proved, value approximately constant. To

reflectance is also to be established. measure the influence of the upper angle, the dimph
diameter has been changed preciselyla¢ing constant.
IV. RESULTS OFEXPERIMENTS Measurement results obtained for some sampkesiawn
in Fig. 4 and Fig. 5.
A. Subject of Investigations 1,1
In order to conduct a preliminary assessment optitential
measurement applications of the new method, a mofial 1 - "
photodiode integrator as well as an experimentalsmeng set  Sdn \ i
has been prepared. The integrator model was deagbloging 09 \ —
e . . . 1
four planar silicon photodiodes. The integratonivecsurface z\\‘j\
diameter is ca. 20 mm, and the internal hole diamist2 mm. 08 \ —
The measuring set included a semiconductor laseulaavith e
an output power of 3 mW and a beam diameter of 1 e 0T 3ol (20nm ~—|
samples used in testing comprised manually polishethl ié“ii{ég'n%fn”n? \
size blocks and lapped tungsten carbide plateshamizally 06 I —o—siicon (0,5 nm)
polished silicon wafers, mirrors with a very higéflection
coefficient with sputtered layers. In the followjnthe Sq 05 '
measurement results obtained for these samplesgelhghe ! 15 2 25 3 on [degl®®

results the Ulbricht sphere, are presented. Theyfatowed  Fig. 4 Influence of the lower angle on normaliggalues for the
by a showing of the influence of the distance betw¢he  samples: metal (tungsten carbide), optical mirrat silicon wafer
integrator and a sample on the unit range of tlee@tance (in brackets3q values of the samplesare given)
angle and measured Sq values.
The graphs show measured valueSephormalised to their
B. Influence of the Angular Bandwidth on Rms Roughness maximum values given in figure captions. As implBdFig. 4
Theoretical analysis of the influence of the meiaguunit  in the case of very smooth surfaces (silicon wafeven slight
angular bandwidth on the measured roughness valugsS augmentation of the lower angle causes a consitiecsibp of
instruments has been given in the paper [9]. Hezepresent the measure®q value. The most of standard TIS instruments
experimental results concerning the photodiode gnater because of technical regards is characterised dwdtue of
model. Measuring unit parameters have been defm®). 3.  the lower angle ever®2

11

. D .
d l—=— O
] Sqn o §§§E§5g,
| . 09 F—— | =l
T %/
[ 4 /
™, || L 26, / 08 2l
\'\\\ -"'--HI Il‘"'x. m //
. | /
L ™, 1 2{;}” Vd 0,7 —e—metal (20 nm) =
\\ . - —e=— metal %11 nm}
., . A —a— size block (5 nm)
K 06 —a—mirror (2,4 hm) |_|
. I/ // h —0O—silicon El nm)
~ y —o—silicon (0,5 nm)
Y /i 05 !
15 20 25 30

_ _ o % ou [deg]™®
Fig. 3 Geometrical parameters of the measuring unit

Fig. 5 Influence of the upper angle on normaliZgdalues for the
The figure implies that the minimum ang®, and the = samples: metal (tungsten carbide), size blockcapthirror and
maximum angled,, between the scatter is measured, are given silicon wafer (in bracketSq values of the samples are given)
by the following formulae:
Gn= arctg@/2L), (11) As implied by Fig. 5 in the case of smooth surfaca
and 8. = arctg D/2L), (12) satisfactory value ofSq in function of the upper angle is
whered is the integrator hole diametd,is the outer diameter achieved already at 203¢°. For metal surface the values of
of the active integrator surface, the distance between the &4 should be greater than®30
sample and the integrator. Based on Fig. 3 one can notice that angular baribirdit
The influence of the lower ang# and the upper anglg, Vvalues are mutually interconnected. Reduction &f fthwer
on surface roughness measurement results has bemped angle by increasing the distanceauses also reduction of the

using a variable aperture diaphragm, which wasitliclose Upper one what can restrict measurement range of an

to the integrator. instrument.
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As a solution one can choose another parametehef t 4
measuring unit, e.g. the integrator diameter.dtilts from Fig. ~ Photodiode
6, which according to equations (11) and (12), shchange ";tzg[r:rtno]r
of the 8, and the4, as a function of..

3

60

50 AN == | S °
\A\ —o—%
O [deg] 4
[ 40 \\R\\\ \\k\u\ 2
A
" \ \\ A mirror
\ O silicon
“\\\ % A
20 oy 1 O =
L\u-\kﬂ\_n\—‘
10 o /o7
I ) SN i SRR —
10 15 20 2 30 B | (im0 0 o i} ) 3 Ubricht 4
Fig. 6 Angular bandwidth of the measuring unitundtion of the ssgh[i:]
distanceL: (1) &y ford = 1 mm, (2)é}, ford =2 mm, (3)4, for D = Fig. 7 Comparison ofq measurement results for very smooth
20 mm and (4@ for D = 40 mm surfaces using the photodiode integrator and thei¢hit sphere
As may be noticed, considerable changes of a@gleccur Measurements of metallic surfaces, that are routitzer the

on distanced. below 10— 15 mm. The working range &f previous ones, have to be performed at a greategrior
should exceed this threshold, and its more precigger diameter to cover total scatter. In Fig. 8perison is

dhetermi?atéon ;S ggrll'ditiodnarl]to the assgrred Iot\)neesth&!d of resented for such surfaces Sq together with piegeesults.
the angle bandwidth and the assumed laser beametiags To establish measuring the same part of the saniphas

well as the related hole diameter. Assuming, fetance, that located in a special holder and carefully posibrio laser

angle @, is 2, at the hole diameter is 2 mm, distahcghould beam. Nevertheless, because of surface non-hoibgen
come to ca. 30 mm. Then, as one may notice in ithehg the ) '
other factors occur spread of the results.

maximum angle ot will come to 20- 30° depending of the
integrator outer diameter. Still broader bandwidtiin be -
achieved for a smaller hole diameter. These resotteate .
that there are conditions under which a satisfgctor integrator

compromise can be established while designing dopimde Sq [nm]

integrator destined for measurement roughness ajogm 20
surfaces.

C. Comparison of Measurement Results Obtained Using the

Photodiode Integrator and the Ulbricht Sphere 1

For purpose of estimation of the new method dedtiioe A mirror
surface roughness evaluation, a measurement sé@bpequ 10 ° o silicon
with an Ulbricht sphere has been developed. Itsiraments Asizeblock
® tungsten carbide

are shown in Fig. 1. As a diffusing material of thghere,
barium sulfate is used. The sphere diameter isr2ied its
lower acceptance angle is 1%3he upper angle is about B0
To establish the same conditions for measuring asarf
roughness of samples using the integrating sphede the

photodiode integrator, the same laser source amet parts of 0 5 10 15 0 llepbﬂfrh; 5
the measuring units have been used. The spherealbmted Sq [nm]

using standards of diffuse reflectance made by fiatnsphere.
Because of the large influence of the lower anglitait of
TIS instruments on results &) measurements, investigations

of very smooth surfaces using the photodiode iaiegrhave  onpe can notice, however, that a general distributi

been provided at the similar lower angle like thisthe sphere. results indicate on a good correlation between Issthes.
A comparison between results obtained for a lotsii€on

wafers and optical mirrors is presented in Fig. 7.

Fig. 8 Comparison of Sq measurement results ubiaghotodiode
integrator and the Ulbricht sphere
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V.CONCLUSIONS

The measurement results of the Sg parameter usimadal
of the photodiode integrator obtained for smootbtrepic
surfaces are in a good agreement with the resutissured
with the aid of the Ulbricht sphere. The integratoits actual
version enables to measure Sq in the range from.bp to
10- 20 nm. By duplicating its diameter or diminishiadaser
beam, it is possible to considerably increase thgeu range
even to the natural limit of TIS application (abd@tnm at the
wavelength 633 nm). Because of the influence ofdiseance
between the integrator and a sample on the ungerar the
acceptance angle, the parameters of the measurihghould
be adapted to the expected rms measurement range.

Total integrated scatter method, in contrary tdeot

methods listed in the ISO 25178 Standard, e.g. 3D

profilometers, is functioning on the basis of lightegration
and thanks to that enables to get measurementigdaster
and at lower costs. Compared to traditional TIShoés, the
new unit is characterised by significantly reduckaiensions,
which allows for TIS instrument fabrication e form of
a small and compact measuring head. These featmase
the range of its potential applications to be ocdesbly
extended. Specifically, it can find application $mall and
medium enterprises acting in the field of precismechanics
or optics, both for production process monitorimgl #or end
quality control.
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