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A METHOD OF MONITORING THE FUNCTIONAL SURFACES
OF THE MICRO-OPTO-ELECTRO-MECHANICAL SYSTEMS’ COMPONENTS

The article presents a method of control of functional surfaces of MOEMS elements of special purpose, which
can be used in the technology of production of such structures. This method of non-destructive testing allows to ob-
tain information about the parameters of the topology of the surface of functional structures, by eliminating the ac-
companying components in the interference signal. The method, in comparison with others, allows to increase the
reliability of technological operations of production of functional surfaces of optical signal switches by more than
20% and to reduce labor costs up to 35%. Using the proposed method, it is possible to give recommendations for
improving the technological process of manufacturing MOEMS functional surfaces, to ensure the specified values of
their topology. The modeling by means of computer processing is performed in the paper in order to determine the
extremes of the bands of interference images of the functional surfaces of MOEMS elements.
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Introduction

MEMS-technology of manufacturing optical mir-
rors involves the application of metal coatings mostly
on a silicon base (to which metals can be added in small
quantities to give certain properties).

Various metals, multilayer metal structures, metal
silicide, glass enamels, polycrystalline silicon, carbon
nanotubes, polymers and other materials are used as
functional reflective surfaces. The use of several techno-
logical modes to obtain such structures, leads to all sorts
of inevitable in them defects, introduced by the manu-
facturing technology [1].

The fact that the switching of the beam is carried
out without converting light-electric signal-light, avoids
limitations of the spectrum and distortion of the signal,
but imposes additional, clear limitations and require-
ments for the quality of functional characteristics of
reflective components and MOEMS in general.

The relevance of the study is due to the fact that
despite the large number of experiments, proposed
methods for analyzing the quality of functional ele-
ments, there is still the problem of ensuring the quality
of such structures and processes.

There is no universal method, both for obtaining
materials and quality control of such structures, control
of their topology, which could be recommended as the
best.

The used methods of linear processing are based
on the developed theoretical basis, have high accuracy
and wide functionality. However, in some cases, special
methods of nonlinear computer processing of interfer-
ence signals are appropriate [1].

The use of one or another approach depends on the
type of interferometric problem to be solved and the
following factors:

— the required accuracy of measurements and noise
immunity of the system;

— the speed of the recording device and the com-
puter system,

— the presence of independent channels for obtain-
ing information about the characteristics of signals and
external influences;

— the possibility of obtaining reliable a priori esti-
mates of the parameters of interference images [1].

The proposed method of computer signal process-
ing has a fairly high accuracy and wide functionality,
does not require the use of specific equipment and al-
lows you to analyze the qualitative micro characteristics
of reflecting surfaces and obtain their three-dimensional
image with the ability to cut (eliminate) noise and back-
ground components.

Statement of basic materials
Real interference signals can be represented for a
one-dimensional case in the form [3]:
5(x,0) = 5o (x)+5,,(x)cos [8 + 2mugx + \u(x)] +n(x) (1)
where ©® — the parameter vector;
8o (x) — the background component;
y(x) — coefficient of phase fluctuations;

n(x) — additive noise (white Gaussian noise).

In (1) there is a harmonic information component,
which indicates the feasibility of processing interference
signals in the frequency domain.
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Signal (1) is characterized by two important pa-
rameters — frequency u, and initial phase €. In practice,
there is the influence of a priori unknown parameters
8, (x), y(x), and sy(x), and, as a result, the type of

signal can change significantly.

This gives grounds for the use of nonparametric
methods in computer processing of interference signals
based on the Fourier transform apparatus: discrete (2) —
when processing the N-point sequence of the signal
value s(p) and discrete inverse transformation (3) to
determine the periodicities in interference signals of the
form:

N-1

S(q) = 2. s(p)exp(~ j2mpg/N), 2
p=0

N-1
S(q) :% S s(p)exp— 2mpg/N) . ()
p=0

Using the results of research on the pre-processing
of the interference image, we took a two-dimensional
distribution of the interference field formed by the func-
tional layer of the optical switch, obtained the original
data (Fig. 1, a). Fig. 1, a shows the presence of high-
frequency and pulsed noise of the structure under study
in the signal. We use an interactive environment for
programming numerical calculations and visualization,
which allows you to parse photos into a matrix of digital
data. Fig. 1, b shows a fragment of the distribution of
the amplitude of the interference field in the one-
dimensional version, fig. 1, ¢ — the signal with the noise
component in the multidimensional version.

70— \ | | I (

=

Field amplitude

10—

o L L L
o ) 100 150 20 20 0 0

Element number

B

Field amplitude

Fig. 1. Initial interference image of the fragment of the surface of the mirror under study
a — interferogram of a fragment of the mirror surface;
b — the distribution of the amplitude of the interference field in the one-dimensional version;
¢ — a signal with a noise component in a multidimensional version

Taking into account that the signal has significant
noise components, which do not allow to find reliable
interference maxima for the obtained matrix and to
minimize the noise components, it is necessary to filter
the input signal.

The procedure of electronic filter synthesis in-
cludes two main stages. The first stage is an approxima-
tion — a procedure for obtaining a transfer function with
a given accuracy: reproduces the specified frequency or
time characteristics.

Let’s use the Butterworth functions. The transfer
function of the n-th order Butterworth low-pass filter is
characterized by the expression (4):

HOGwWf =— . 4
O @

The amplitude-frequency characteristic of the But-
terworth filter has the following properties:

1. At any n-th order the AFC value is H(jy) =1.

2. At the cutoff frequency wc (H(jy)) = 0,7.

The AFC of the filter decreases monotonically
with increasing frequency. For this reason, Butterworth
filters are called filters with the flattest characteristics.

HGw| =~ L 5)

n
w2 w
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The order of the transfer function is determined by

the approximate formula (6).

n=201g|H(jw)|/ 201g(w/w,). (6)

Fig. 2, a shows the filtered interference signal of

the fragment using the Butterward filter, and fig. 2, b
shows the noise allocation, fig. 2, ¢ — the interference

signal before filtering and after in the one-dimensional
version for comparison.
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Fig. 2. The signal is filtered by the Butterward filter

Fig. 3 show a three-dimensional graph of the dis-
tribution of the amplitude of the interference field on the
sample before filtering (a), after filtering — (b).

Obviously, the use of the Butterworth filter made it
possible to smooth out the amplitude of the interference

Amplitude of the interferes

field, almost eliminate the background, reduce the
amount of noise at the border of the bands and between
them, and increase the sharpness of the mirror sample

under study, thereby improving accuracy in subsequent
processing.

Amplitude of the interference field

Fig. 3. Three-dimensional graph of the distribution of the amplitude of the interference field
a — before filtration; b — after filtration

One of the problems that arise when processing in-
terference signals is the uneven bypass s,,(x) of the

signal (1). It is a multiplicative interference that pre-
vents accurate recovery of signal phase values. To
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eliminate the effect of this non-uniformity, a method
can be used in which, regardless of the shape of the use-
ful component of the signal, it is matched by a Gilbert-
linked component having the same envelope sy (x). The

obtained phase values do not depend on s((x). Thus,

the use of the Gilbert transform and the theory of ana-
lytical signals allows to reduce the influence of multi-
plicative noise and phase distortions of the interference
signal.

The function s.(x) is valid, —o<x <oo then it

can be aligned with the function s,(x) expressed by the
Gilbert transformation H {s.(x)} :

0
85 (
sy(x)=H{s j g) )
o om(x
or when using convolution characters:
§g(x) =5.(x)*(1/ mx). 8)
Using the Cauchy integral, namely

lim s(x) =, b<a<c, then the principal relation is
xX—>a

determined as:

c a—c c
[s(de=Tim [ s(x)dx+ [ s(x)dx.
b x—0 b

®

a+c

The analytical signal is determined by a complex
function:

2(6) = 5, () + sy (). (10)
Expression for polar coordinates:
2(x) =|z(x)|exp[ jp(x)]. (11
where
|20)] = 58 () + 57 (x) = 5, (x) (12)

is the enveloping,

o(x) = arctg [ss (x)/s, (x)] (13)
is the local phase of the signal
The local frequency is determined:
u(x):(1/2n)/(d(p(x)/dx). (14)

If the spectrum of the analytical signal is expressed
as:

Z(u) :F{z(x)} :F{sc(x)+jss(x)} =8, (u)+jS,(u),(15)

then the inverse Fourier transform leads to the following
result:

2(x)= F Y Zw)) = s, (x)+ jsg(x).  (16)

The interference signal (1) is subjected to a Fourier
transform to obtain a frequency spectrum whose
components are centered relative to +uy .

It should be noted that the Gilbert transformation
is performed as a result of the inverse Fourier transform
obtained only at positive frequencies. Therefore, the
spectrum Z(u) of the complex analytical signal z(x) gen-
erated by the information component of the interference
signal is described as

Z() 28,, u>0; 7)
u)=

0, u<0.
The inverse  Fourier transformation  of

Z(u)=2S,(u), u>0, obviously gives z(x), at which
s¢(x) = Im[z(x)] .

The maxima of the filtered signal can be deter-
mined in several ways: to use the differentiation of the
filtered signal or by means of Gilbert transformations.
Fig. 4 shows markers that separate the area of the useful
signal spectrum of the input signal.
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Fig. 4. Spectrum of the input signal
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As a result of the Gilbert transformation of the in-
terference signal, the conjugate component s,(x) in the

analytical signal is restored:
2(x) = 5 (x) + s (x),

(18)

where

s.(x)=Re {z(x)} =s,,(x)cos [8 + 2mugx + w(x)] > 19
s¢(x) =Im{z(x)} =5, (x) sin[e + 2mugx + y(x)] (19

quadrature components of (19) we obtain an estimate of
the phase of the interference signal (1) performing the
operation:

o(x) = e+ 2mugx +y(x) = arctg [ss (x)/s, (x)] (20)

for all values of x. It should be borne in mind that in
operation (20) the phase values are calculated taking
into account all the frequency components of the signal,
which is significant and significantly improves the qual-
ity of control.

In practice the Hilbert transformations are per-
formed on the basis of the FFT algorithm (fast Fourier
transformation) using the relation (17), which connects
the spectra of the analytical signal and the useful com-
ponent of the interference signal s.(x) .

It is important to study the errors of the recovery of
the bypass and phase as a module and argument of the
analytical signal.

When forming the analytical signal (10) using the
relations (17) the condition of narrowband was implic-
itly assumed: the width of the spectrum of the signal (1)
was small in comparison with the frequency, i.e.,

Z(x) = z(x) +0z(x) =
=(1/ 275)]? [S(u —uy)+S(—u— uo)] exp(j2nux)du. (21)
0

After filtering the signal, using filters, we obtain
its phase pattern (Fig. 5).

Fig. 5. Phase pattern

Fig. 6 shows the phase pattern, the filtered signal, and the input signal:

250
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Fig. 6. Filtered signal, input signal, and phase pattern on one graph

As you can see from the graph, the 3rd order But-
terworth filter has too “cut” signal amplitude, the fil-
tered signal has a much smaller amplitude, so you need
to reduce the order of the Butterworth function.

Since the 3rd order Butterworth function does not
allow the experiment, so perform the above steps, but
for the 1st order Butterworth function, select a useful
signal. Fig. 7 shows the spectrum of the input signal
with a selected root signal:
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Fig. 8. Phase image of the input and filtered signals

As can be seen, using the 1st order Butterworth
function to filter the input signal, the amplitude is also
“killed”, but within acceptable limits.

Also, it can be noted that the waveform repeats the
input, so the spectrum of the useful signal is chosen
correctly.

To determine the maxima, using the Gilbert trans-
form, it is necessary to correlate the point at which the
phase image is zero and the point of the filtered signal.
The coordinates of these points correspond to the inter-
ference maxima from the matrix of the filtered signal.

Having received maxima of the filtered signal it is
necessary to define RMS root mean square. Formula
(22) for each column (interference band) according to
the ISO standard.
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1l 2 2 2
Xyms =\/;(X1 +XpT .t X, ), (22)

where x;...x, is a set of numbers,

n — quantity of numbers.

The obtained results show that the order of the
Butterworth function and by changing w,, w,, it was
found that it is necessary to apply a 1st order filter and
frequencies in the range from 0.08 to 0.35.

Based on the results of the experiment, a “route”
was constructed that represents the maxima of the inter-
vention signal corresponding to the relief of the func-
tional surface (topology) (Fig, 9).

26 27 28 29 30 31

Fig. 9. The surface of the functional element of the studied MOEMS
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Conclusions Using the proposed technique for indexing the ex-
trema of the image bands of the MOEMS elements, the
maxima of the interference fringes were detected using
the Hilbert transform and the finding of the phase roots.

Based on the results, the “route” of interference
fringes was constructed and the root mean square values
for the considered functional surface were calculated.
The obtained results should be used in the formation of
technology for the production of surfaces of compo-
nents of micro-opto-electro-mechanical systems.

The method, in comparison with others, allows to
increase the reliability of technological operations of
production of functional surfaces of optical signal
switches by more than 20% and labor costs up to 35%.

The article presents a method for controlling the
functional surfaces of components of micro-opto-
electro-mechanical systems, which is used to find the
extremums of the bands of interference images of such
structures.

The method can be used to assess the quality of the
surface in the production of functional elements of mi-
cro-opto-electro-mechanical components.

The method allows to increase the level and reli-
ability of technological operations of production of
functional reflecting surfaces of micro-opto-electro-
mechanical systems and the elements of electronic en-
gineering.
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METO[ KOHTPOJIIO ®YHKLIIOHANBbHUX MOBEPXOHb
KOMMOHEHTIB MIKPOONTOENEKPOMEXAHIYHUX CUCTEM

I.ILI. Hesmromos, O.1. ®ununenko, O.0. Yana, I.B. bouman

IIpeomemom cmammi € memoo Komn 10omepHoi 00pobKu cueHanie inmep@epenyitinux 300paicens QyHKYIOHATbHUX Nosep-
XOHb KOMNOHEHMI8 MiKpoenekmpomexauniynux cucmem. Memoro € niosuwjenus mouHocmi ma 3HUMCEHHA MpPYyOOMICIMKOCHI KOH-
MpoNI0 npu po3poodYyi MexHono2ii GupoOHUYMEA KOMROHEHMIE MIKPOONMOENeKPOMEXAHIUHUX cucmem. 3a60anHA: ananiz mexuo-
N02IHHUX 0CcOOIUBOCHEN SUPOOHUYMBA (DYHKYIOHATLHUX KOMNOHEHMI8 MIKPOONMOMEXAHIYHUX CUCIEM MA PO3POOKA Memoody
KOHMPOJIO 0711 NIOMBEPOACEHHS. MEOPEeMUUHUX 00CTI0NHCEHb BUKOHAHUX HA NONEPEOHIX emanax pobomu Ol GU3HAYEHHS NMONo-
J102ii N08ePXOHb HA OCHOBI GIOPINbMPOBAHUX, 3ACOOAMU KOMN HOMEPHO20 MOOENIOBAHHS eKCIMPEMYMI8, CMye, 300padiceHb iH-
mepgepenyitinux pynxyionanvrux nosepxonv MOEMC, nposedenna excnepumermy 015 OmMpUMAaHHA anpobayii memooy ma
OMPUMAHHSA CIMAMUCTUYHUX OAHUX OYIHKU 3PA3KI6 NOBEPXOHb. Bukopucmosgysanumu memooamu €: Memoou niaHyeanHs excne-
PUMEHNY ma KOoMN 1omepHoi 00poOKU eKCnepUMeHmanbHux OaHux, 3 GUKOpUcCmanHam paoie @yp’e, nepemeopennsa linbepma ma
cmyeosux ginempie. Ompumani maxi pesynomamu. /s konmpoato yukyionanehux nogepxons MOEMC-komnonenmis 3anpo-
NOHOBAHO BUKOPUCIOBYEAMU (PA308Ull MemOO, AKUL 00380JAE WBUOKO MA MOYHO NPOBOOUMU UYUCENbHY OYIHKY Napamempie
wopcmxocmi 3paskig. [anuii memoo mae 00cums 8UCOKY MOYHICb, 3d PAXYHOK GUKTIOYEHHS CYNYMHIX CKAA008UX 8 CUSHANAX,
WUPOKI YYHKYIOHANLHI MONCIUBOCTI, He NOMPedye GUKOPUCMAHHA CReYupiunoeo 001a0Han s, 00360A€ AHANIZY8AMU XAPAK-
MepucmuKy NOBEpXoHb ma OMpUMy8amu ix mpusumipte 306padcenns. Bucnoeku. Hayxkosa nosusna ompumanux pezyibmamie
noasieae 6 nacmynnomy. Pospobnenuii memoo cnpuse YOOCKOHANEHHIO onepayii KOHmponio @yHkyionansnux nosepxons MO-
EMC, 3a paxynox suxopucmanus inmepgepenyitinoco memooy, 8 AKOMy Ha GIOMIHY 8i0 ICHYIOUUX, 3aNPONOHOBAHO BUKOPUCTNO-
gysamu cmy208ull Qinemp 0151 YCYHEHHS CYRYMHIX CKAA008UX 8 IHmeppepeHyilinomMy CueHani, wo 0038015A€ NIOBUWUMU MOY-
HICMb Ma 3HU3UMU MPYOOMICMKICIb KOHMPOTIO.

Knrouosi cnosa: inmeppepenyiiinuii memoo, KOHmpons, GyHKYionanbHuil komnonenm, cmyeosuii ginomp, MOEMC.

METOA KOHTPONA ®YHKLUMUOHAIbHbIX MOBEPXHOCTEN
KOMMOHEHTOB MUKPOONTOENEKPOMEXAHNYHUX CUCTEM

N.1I. Hesmomos, A.U. ®ununenko, A.A. Yana, M.B. bouman

TIpeomemom cmambvu 5615€MCsi MEMOO KOMRbIOMEPHOU 06pabOMKU CUSHANI08 UHMEPPePEeHYUOHHBIX U306padcenuli PyHK-
YUOHATLHBIX NOBEPXHOCEN KOMIOHEHMO8 MUKPOILIEKMpoMexanuieckux cucmem. Llenvio sgnsiemcs nosvluienue moyHocmu u
CHUDICEHUEe MPYOOeMKOCIU KOHMPOTIA NPU paspabomie mexHono2uu npou3so0Cmea KOMHOHEHMO8 MUKPOONMOELeKPOMEXAHUY-
HUX cucmeM. 3a0auu. aHaiu3 mexHoIOSUYeCKUx 0CoOeHHOCmell NPOU3800Cmea PYHKYUOHAIbHBIX KOMNOHEHMO8 MUKPOONMOMe-
XAHUYHUX cucmem U paspabomra memooa KOHMpOs Ol NOOMEEPHCOEHUs MeoPemUYecKux Uccie008aHuUll, GbINOIHEHHbIX HA
npeovloywux smanax pabomvl Ojisi ONpeodeseHuss MONoA02UU NOGEPXHOCHEl HA OCHO8E OM@BUIbMPOBAHHBIX, CPEOCMEAMU KOM-
NbIOMEPHO20 MOOCIUPOBAHUSL IKCMPEMYMO8, NOJOC, U300PAdICEHUL UHMEPDEPEHYUOHHBIX (DYHKYUOHATHBIX NOBEPXHOCHIEN
MOJMC, nposedenue sxcnepumenma 0 noAyyenue anpobayuu Memooa u noay4eHus CIamucmu4eckux OauHbIX OYeHKu 00-
pasyoe nosepxnocmeil. Mcnonv3yemvimu Memooamu seisiomesi: Memoobl NAAHUPOBAHUsl IKCREPUMEHMA U KOMAbIOMEPHOU 00-
PabomKu IKCNEPUMEHMANbHBIX OAHHBIX C UCNONb308aAHUEM psi008 Dypuve, npeobpazosanus Tunbepma u NOAOCHBIX GUALMPOS.
Honyuenvt credyrowue pesynomamoi. /s konmpoias @ynkyuonanvivix nogepxrnocmeti MOIMC-komnonenmog npeonodiceno
UCNONBL3068aMb (PaA306bILL Memo0, KOMOPbILL NO36015em ObICMPO U MOYHO NPOBOOUMb YUCTICHHYIO OYEHK) uepoxosamocmu oo-
pasyos. Jlannwiii Memoo umeenm OOCMAMOYHO BbICOKVIO MOYHOCMb 3d CHem UCKIIOYEeHUs. CONYMCMBYIOWUX COCMAaBIAIOWUX 6
CUSHANIAX, WUPOKUE PYHKYUOHATIbHBIE 803MONCHOCIU, He mpefyenm UCNOIb306aHUsL CReYUpUUecKo2o 060pyd08anusl, nO360seN
AHATU3UPOBAMb XAPAKMEPUCMUKU NOBEPXHOCMEN U NOTYHamb ux mpexmephoe uzoopaicenue. Boisoowi. Hayunas nogusna nomy-
UEHHBIX Pe3YIbmamos 3akuoyaemcs 6 cieoyoujem. Paspabomannviii memoo cnocobcmeyem coeepuieHcmeosanuio onepayuy
KOHmMpoasi QhyHkyuonanvrvlx nogepxrnocmeti MOOMC, 3a cuem ucnonv3o8anus uHmep@hEPeHYuoHHo20 Memooda, 6 KOMopom 6
omuuyue om Cyuwecmsyiowux, npeodyodiceHo UCNOIb308aMb NOIOCOBOU QUMD 0I5l YCMPAHEHUs. CONYMCMBYIOWUX COCMABISIO-
WuUx 6 UHMeEPPEPEHYUOHHOU CUSHATIe, NO360Iem NOBbICUMb MOYHOCHb U CHU3UMb MPYOOEMKOCHb KOHMPOJISL.

Knrouesvie cnosa: unmepgpepenyuonnviii mMemoo, KOHMPONb, DYHKYUOHANbHBIL KOMROHEHM, NOA0CO8OU Quibmp,
MO3SMC.
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