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Error analysis and fabrication of low-stepped mirrors
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Abstract: In this study, a static and light Fourier transform infrared spectrometer based on stepped mirrors
and a grid beam splitter was proposed. By introducing two stepped mirrors into the interference system, the
optical path difference is discretized and the 2-dimensional sampling of the interferogram is obtained. Further-
more, by introducing the grid beam splitter into the interference system, the volume and weight are decreased.
Stepped mirrors as the core optical devices of such a spectrometer, its step height consistency, face flatness
and the structure’s precision determine the spectral sampling interval, resolution and noise of the system. We
propose a method based on MOEMS technology involving multiple depositions accompanied by a 50% reduc-
tion in thickness at every iteration to fabricate a low-stepped mirror with 32 steps and 0. 625 pm in step
height. The test results show that the root-mean-square of roughness is 1. 72 nm and that the average height of
the real steps is 626. 9 nm. The effect of the height error on the recovered spectrum is analyzed. In order to
reduce the influence of this error, two methods are proposed :one is through using tooling factor to reduce the
monitoring error of the film thickness, thus reducing the height error; the other is through using the least-
squares approximation cosine polynomial algorithm to correct the recovered spectrum. The spectrum-construc-
ting error( SCE) is reduced to 2. 34% , which meets the requirements of spectral restoration. Finally, the ex-
periment was carried out using low stepped mirrors and the interferograms were obtained before and after the
addition of the sample. The absorption spectrum of the sample acetonitrile can be obtained using a Fourier
transform.
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one extensive research'*'>'. FTIRs are classified in-

1 Introduction to two types: the time modulation type and the spa-

An infrared spectrometer is an instrument that
uses the absorption characteristics of different wave-
lengths of infrared radiation to analyze the molecular

structure and chemical composition''’

. It can per-
form high-precision spectral measurements on sub-
stances and conduct qualitative or quantitative analy-
sis on them. It has a wide range of applications in
reconnaissance, resource exploration, medical treat-
ment, environmental monitoring and chemical analy-
sis'*®' . In recent years, with the strengthening of
detection requirements and demand for real-time mo-
nitoring, infrared spectrometers are gradually develo-
ping for high precision, miniaturization and weight
reduction. Fourier transform infrared spectrometers
(FTIR ) have the advantages of having multiple
channels, large radiant fluxes, low stray light, accu-
rate wave numbers and high precision. This allows
them to achieve high-resolution detection and analy-

sis of weak radiators. Therefore, they have underg-

tial modulation type. These classification depend on
the way in which the optical path difference is gener-
ated. The time-modulated FTIR generates time-se-
ries interferograms by moving mirror scanning or by
other methods'*"*" and the spatially modulated FTIR
generates interferograms of spatial sequences through

5971 Since the currently

different spatial positions
most widely used time-modulated FTIR contains
movable parts, the environmental requirements are
relatively strict and the interference signal is easily
disturbed by vibrations. Therefore, in recent years,
the miniaturized and lightweight spatial modulation
type FTIR has been studied extensively.

This research group proposes a lightweight stat-
ic spatial modulation FTIR that uses micro-optical e-
lectromechanical system technology. The technology
utilizes two orthogonally placed high- and low-step
multi-level micromirrors to achieve spatially continu-
ous sampling of optical path differences'™ . The

high- and low-step multi-level micromirrors are the
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core components of the FTIR. The structure is sub-
micron level in height with a large lateral area and
high structural precision. Due to the step height con-
sistency, surface flatness and structural accuracy of
the low-step multi-level micro-mirrors, the spectral
sampling interval, resolution and noise are directly
affected. Even when the error is too large, the inter-
ferogram is reversed. Therefore, the spectral recov-
ery is affected, and the precision fabrication and er-
ror analysis of the device are of great significance.
This research group successfully produced a high-
step multi-level micro-mirror with a step height of 20
pm for 32 steps using the bevel lamination meth-
od™.

level micromirror is 0. 625 pum, it is difficult to a-

Since the step height of the low-step multi-

chieve the required device accuracy using conven-
tional processing methods. In this paper, the “meth-
od of thickness reduction of half-multilayer films” is
proposed, which uses the coating technology to pre-
cisely control the accuracy, consistency and uni-
formity of the step height. Low-step multi-level mi-
cro-mirrors were tested and the errors and their cau-
ses were analyzed and discussed. A spectrogram of

the acetonitrile sample was obtained experimentally.

2 Working Principles

Fig. 1 is a schematic structural diagram of the
proposed static and light Fourier transform infrared
spectrometer that uses a multi-stage micromirror and
a grid beam splitter. As shown in Fig. 1, the spec-
trometer system is mainly composed of an infrared
light source, a collimation system, a sample cell, a
grid beam splitter, a high- and low-step multi-level
micro-mirror, a beam reduction system and a medi-
um-wave infrared area array detector. The working
principle is as follows: the light emitted by the light
source passes through the collimating system and be-
comes a parallel beam. The beam passes through the

sample pool and reaches the grid beam splitter,

wherein the light beam incident on the grating edge
is absorbed by the absorption film and meets the
grid. The beam is split by the beam splitting film in-
to two beams of coherent light that reach the high
and low step multi-level micromirrors. The optical
path difference of the beam is sampled by high- and
low-step multi-level micromirrors. After the beam is
reflected by the high- and low-step multi-stage mi-
cro-mirrors, it returns to the grid beam splitter and
interferes. After being reduced by the beam-shrink-
ing system, it is received by the infrared detector to
obtain an interferogram. The two interferograms ob-
tained before and after the sample is added are im-
age processed and then subjected to Fourier transfor-

mation to obtain a restored spectrum.

Low-step multi-level micro-mirror

Light source

‘
i |

High-step
multi-level
‘, id beam splitterf| micro-mirror
Collimating  Sample -
system cell e
[

" Beam-reducing system

I Measurement device

Fig.1 Schematic diagram of the static and light FTIR
Bl AR FTIR 454475 2

As the core device of FTIR, the high and low
step multi-level micromirrors have the same step se-
ries, step width and step length but different step
height. The sum of the step heights of the low-step
multi-level micromirrors is equal to the single step
height of the high-step multi-stage micromirrors. The
number of sampling points N of the spectrometer fol-
lows the Nyquist-Shanno sampling theorem. In other
words, the sampling interval A is less than or equal
to one half of the minimum wavelength. The operat-
ing band of this system is 3. 7 —4. 8 pum. We choose
the step height of the low-step multi-level micro-mir-
ror to be 0.625 pm, then choose 1 024 sampling
points and 32 high and low steps. The structure of



794 o DA

2%

the low-step multi-level micro-mirror is as shown in
Fig. 2. The step width is W, the step length is L and
the sub-step height is H. Each localized interfero-

gram function can be expressed as
I(,m) = [ B explizavd(l,m)]dv , (1)

where [ and m represent the number of steps in the
two multi-level micromirrors, I(/,m) represents the
intensity of the interferogram at the spatial sampling
point ({,m), B(v) is the power spectral density of
the optical signal, v is the spatial frequency of the
optical signal, §(/,m) is the optical path difference
at the spatial sampling point ([, m). A restoration
spectrum can be obtained by performing Fourier

transform on the equation (1).
2 32

B(y) = ; le(l,m)exp[jZﬂ'VS(l,m)] .

(2)
W 4
L
H

Fig.2 Schematic diagram of low-step multi-level micro-

mirrors
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3 Step Height Error Analysis of Low-

step Multi-level Micro-mirrors

Thickness error introduced during the fabrica-
tion of low-step multi-level micromirrors can lead to
height errors in the sub-steps, resulting in loss from
spectral distortion and decreased spectral perform-
ance. The influence of height error on spectral re-
covery, therefore, needs to be analyzed. It is as-

sumed that the high-step multi-stage micromirrors

are in an ideal state. That is, all sub-step heights
are 20 pm. The additional optical path difference
caused by the m-th sub-step height error of the low-
step multi-stage micromirror is AS(m ), and the in-
tensity distribution of the interferogram actually de-

tected on the receiving plane is obtained by (1)
I'(l,m) = L B(v)exp{j2myv[8(m) +

AS(m) ]dv. (3)
Let the height deviation of the low-step mth-or-
der sub-step be H(m) and the resulting optical path
difference be
8'(lym) =2(Nm -1)H +2H(m) . (4)
Substituting (3) there is

I'(l,m) = J;)wB(V)BXp%jZTTV[2<Nm -DH +

2H(m) ]} dv. (5)
The discrete Fourier transform ( DFT) of (5)
can restore the spectral information of the incident

light signal.

32 32

B'(v) = ZZ{ ZII/(l,m)exp[jZTrVB(l,m)] .

(6)
Defining the Spectrum-Constructing Error
(SCE) as the spectral evaluation function, SCE can

be expressed as;
N2-1

> VB [o(k)] - Blo(k)]
S Bl ]

SCE =

(7)
where B’ [v (k)] represents the actual recovered
spectrum with errors and B[ v (k)] represents the
ideal spectrum. The Monte Carlo method is used to
analyze the sub-step height error. Assuming that the
32 step heights follow a normal distribution with an
average of 0.625 pm, the number of sampling
points is 1 000 and the height standard deviation is
o. The corresponding 32 step heights will result in
32 random number sequences G(i,m) , of which i =
1,2,3---1 000. The additional optical path differ-
ence expression at the ¢ sampling points of the m-th

sub-step is
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AS;(m) =2H(i,m) . (8)

For each sample point i, a sample inversion
spectral sequence B, (k) with a height error is ob-
tained. After averaging the inversion spectrum se-
quence, a relationship between the SCE value and
the step height standard deviation is produced, as
shown in Fig. 3. It can be seen from the figure that
the SCE value increases monotonically with the
standard deviation of the step height, showing a line-
ar relationship. Therefore, in the manufacturing
process of the multi-level micromirror, the height
standard deviation range of a multi-level micromirror
can be obtained according to the requirement of the
SCE value. In this system, when SCE <0. 01 is re-
quired, the standard deviation of the step height

should satisfy <5 nm.
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Fig.3 SCE varies with height standard deviation o of

the sub-mirror
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4 Production, Testing and Analysis of

Low-step Multi-level Micro-mirrors

The low-step multi-level micromirror was fabri-
cated by sequentially reducing the thickness using
the multilayer film method. A double-sided polished
single crystal silicon wafer with a thickness of 5 mm,
a diameter of 70 mm and a surface roughness of 0. 2
nm was used as a substrate.

The manufacturing process is shown in Fig. 4.
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Fig. 4  Flow diagram of low-stepped multi-level mi-

cromirrors ( with 8 steps as an example)
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The specific steps are: (a) spin-coat AZ4620 photo-
resist on the surface of the single crystal silicon wafer
(Fig. 4(a)); (b)obtain a mask pattern in a specif-
ic area of the substrate by using exposure and devel-
opment( Fig. 4(b) ) ; (c¢)selecting a SiO, target with
a purity of 99.99% and depositing a SiO, film with
a thickness of 10 pm by electron beam evaporation
(Fig.4(c)); (d)use a stripping process to obtain a
stepped structure ( Fig. 4 (d) ). By repeating the a-
bove fabrication steps, a low-step multi-stage mi-
cromirror with a number of steps of 32 and a sub-
step height of 0. 625 pum is produced, in which the
film thickness was gradually halved as the number of
coatings increased. Finally, 150 nm Au was vapor-
deposited as a high-reflection film to complete the
fabrication of the low-step multi-stage micromirror.

Fig. 5 is a photograph of a low-step multi-level mi-

Fig.5 Low-step multi-level micro-mirrors
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cromirror and Fig. 6 is a partially enlarged view.

Fig.6  Local detail of the low-step multi-level micro-

mirrors
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Fig.7 Roughness test chart of low-step multi-level mi-

Cro-mirrors
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The roughness of the low-step multi-level micro-
mirror was tested by a Swiss Nanosurf Core AFM.
The measured RMS value was 1. 72 nm, as shown in
Fig. 7, which satisfies the system requirements for
the surface of the step mirror. KLA-Tencor P-16 +
steps were used. The instrument measures the step

height of the low-step multi-level micro-mirror with a

scanning speed of 100 wm/s and a scanning fre-
quency of 100 Hz. The test results are shown in
Fig. 8. After averaging the points on each step, the
steps were successively subtracted to obtain the step
height of the 32-stage multi-level micromirror. Fig. 9
shows the difference between the actual step height
and the theoretical step height. The step test height
of the low-step multi-stage micromirror was counted,

and the results are shown in Tab. 1.
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Fig.8 Step height test results of low stepped micromir-
ror with 32 steps
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Fig. 9  Step height difference between the measured val-

ues and their theoretical values
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Tab.1 Statistical test results of step height
*1 ANMEENRERSGIT®

Step Height Value
Maximum value/ Highest positive deviation 640/15
Minimum value/Lowest negative value 618/ -7
Average value/ Average deviation 626.9/1.9
Standard deviation 7.4
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Due to the limitations of the film thickness con-
troller and the complexity of multiple coatings, the
standard deviation of the measured step height is 7. 4
nm and the height average is 626.9 nm, which is
1.9 nm higher than the average of the ideal step
height. As can be seen from Fig. 3, the SCE at this
time was 15. 02% .

With regards to the reason behind the error in
step height, it is believed that there is some devia-
tion between the film thickness of the quartz crystal
film thickness controller and the film thickness of the
substrate evaporated during the coating process.

There are actually two main sources of devia-
tion. The first is that the distance from the evapora-
tion source to the crystal plate and the substrate is
not equal, resulting in different amounts of evapora-
ting particles simultaneously reaching the crystal
plate and the substrate. The second is the crystal
plate and the substrate, whose materials and surface
properties are different, resulting in different film
growth rates. Since the fabrication of the device
structure requires 5 coats, the final error is the com-
pound of multiple error accumulation.

The film thickness monitoring error can be re-
duced by determining the tooling factor >’

This is expressed as TF and has the following

calculation :

D
TF(100% ) = Ds x 100% 9)

q

where D_ is the thickness of the base film layer and
D, is the measurement thickness of the crystal plate.
Through multiple coating experiments, a number of
TF values were obtained and averaged to obtain a
correction factor of 112% for SiO,.

The sampling error was corrected by an algo-
rithm. In this paper, the least squares cosine fitting
algorithm ( LSC ) using cosine polynomials'®" was
used to correct the non-uniformity sampling of the
prepared low-step multi-level micro-mirror steps.

The spectrum under a continuous light source

was analyzed. Fig. 10 and Fig. 11 respectively show

the restored spectra obtained by Fourier transform
(FFT) and LSC algorithm, wherein the red curve
(2) represents the actual spectral curve including
height error, and the blue curve (1) represents the
ideal spectral curve with a height error of zero. It
can be clearly seen from Fig. 10 and Fig. 11 that the
actual spectrum recovered by FFT has a relatively
large amount of noise and therefore cannot meet the
system requirements for spectrum recovery. The
spectrum restored by the LSC algorithm was better
than the ideal spectrum. Its spectral error factor SCE
at this time was only 2.349% . Within a reasonable

range, the accuracy of the restored spectrum can be

guaranteed.
1 T T T T T T T —ldea]
os F A |-FFT
E o.6f 1
o
204f ;
0.2r 4
0 1 1 1
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Fig. 10 Comparison of the ideal spectrum and the actu-
al spectrum using the FFT algorithm with

height error
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5 Spectral Measurement Experiment

The produced high-precision low-step multi-
stage micromirror was placed in an optical system for
the experiment. Fig. 12 is a schematic diagram of
the static light-space modulation FTIR principle.
The SiC infrared light source was used and the step
height of the high-step multi-stage micro-mirror was
20 pm with 32 steps. The detector selects the
HgCdTe medium-wave infrared array CCD with a
resolution of 320 x256 pixels, each being 30 pm X

30 wm. The beam splitter and compensator plate act
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Fig. 11 Comparison of the ideal spectrum and the actu-

al spectrum using the LSC algorithm with

height error
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as beam splitters, where the number of grids is 20 x
20 and the grid size is 1 990 pm x2 818 pum. The
collimation system consists of two ZnSe lenses and
one CaF, lens. The constricting system consists of

two Si lenses and five Ge lenses.

Fig. 12 Static spatial modulation FTIR prototype. 1
light source; 2 collimating system;3 sample
chamber; 4 beam splitter and compensation
plate; 5 high-stepped micromirror; 6 low-
stepped micromirror; 7. constricting system;8
infrared detector array
F12 EpsasgE ] FTIR JSBAEHL. 1 OCU:2
RGE;3 R 4 AR S RACRIAEAS A MEAR 5
SRRy iE 2230 R I RN (Ney E44 3 OrE )
5237 AR ARS8 LM

Spectral measurements were taken from samples
of acetonitrile. The interferograms before and after
the injection of the acetonitrile solution were sepa-

rately collected, as shown in Fig. 13(a) and (b).

After subtracting the two from each other, a Fourier
transform is performed to obtain the absorption spec-

trum of the sample' ™ | as shown in Fig. 14.

(@ (b)

Fig. 13 Interferogram ( a) without the sample; (b)
with the sample
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Fig. 14  Recovered spectrum of acetonitrile
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6 Conclusion

Fabrication and error analysis were performed
on the Low-step multi-level micromirrors of the core
devices in a spatially modulated FTIR. A 32-stage
low-step multi-stage micromirror was fabricated by
sequentially reducing the thickness by half using the
multilayer film method. The test results showed that
the step height averaged 626.9 nm with a standard
deviation of 7.4 nm. The influence of height error
on the restored spectrum was analyzed and two error
correction methods were proposed. The film thick-
ness monitoring error can be reduced by introducing
a correction factor in the coating process: by using

the LSC algorithm to correct the non-uniformity of
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the spectral sampling, the SCE of the actual recov-
ered spectrum is reduced from 15.02% to 2.34% ,
which satisfies the step-height requirements of the
system. Using the high-precision low-step multi-

stage micro-mirror produced in this paper, the spec-
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trum of an acetonitrile sample was obtained, which
showed that the low-step multi-level micro-mirror
fabricated by this method can meet the performance

requirements of the system.
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