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Abstract: In order to achieve the goal of miniaturization and light weight of Fourier transform spectrometer a
light-weight grid beam splitter structure was designed instead of the traditional parallel plate beam splitter. The
influence of the grid edge of the grid beam splitter on spectrum reconstruction was analyzed and the tolerance
of production error was proposed. The microF¥ourier transform spectrometer was modeled and simulated and
the optimal structure of the grid beam splitter was obtained. The spectral inversion was performed by system
simulation and the restored spectrum was obtained. The spectral error introduced by the grid beam splitter
was calculated. The construction and debugging of the prototype was completed and the recovered spectrum of
the actual system was obtained which proved the feasibility of the miniaturized system. Compared with the
traditional Fourier transform spectrometer the miniaturization system has the advantages of small volume and
good stability and can be used for online monitoring.
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1 Introduction

At present Fourier Transform Infrared Spec—
trometer ( FTIRS)

fields

is urgently needed in many
such as environment security meteorology
space detection gas distribution detection in Un-—
manned Aerial Vehicle ( UAV) military analysis

criminal technology and anti+errorism and chemical
defense "® . The application of traditional time-mod—
ulated FTIRS to online monitoring is limited to some
extent due to its moveable parts complex structure
large volume and high requirements for transporta—
tion and operating environments '~ . To solve this
problem microFTIRS has attracted researcher’s at—
tention.

The micro¥TIRS based on multistage micro—
mirror interference system uses two orthogonal multi—
stage micro-mirrors instead of the moving mirror
structure of time-modulated FTIRS wuses a light—
weight grid beam splitter structure instead of the tra—
ditional parallel plate beam splitter which simplifies
the instrument structure and reduces the volume and
weight of the instrument by a large margin.

In this paper a light-weight grid beam splitter
made of silica-based etched structure is designed
the optimal structure of the grid beam splitter is ob—
tained through modeling and simulation and the in—
fluence of the grid edge on spectrum restoration is
analyzed. Finally an experimental platform is built
to test the beam-splitting effect of the grid beam
splitter in the optical system. Based on the platform

the spectral inversion is completed. To obtain the re—

doi: 10. 3788/C0. 20201302. 0411

covered spectrogram. By applying this structure we
significantly reduce the volume and weight of the in—

strument realizing the miniaturization of FTIRS.

2 Principle of system operation

The operating principle of micro¥TIRS is
shown in Fig. 1. The system mainly consists of in—
frared light source collimating system and high-or—
light-weight grid beam

der multistage micro-mirror
splitter  low-order multistage micro-mirror beam-—
shrinking system infrared detector and other compo—
nents. The infrared source is located at the focal
point of the collimating system. The Optical Path
Difference ( OPD) is generated by two static multi—
stage micro-mirrors orthogonal to each other with dif-
ferent step heights. The grid beam splitter is 45° to
the two multistage micro-mirrors respectively. The
beam-shrinking system is a double-telecentric optical
path and its object plane coincides with the high-
order and low-order multistage micro-mirrors. The
infrared cooled detector is located on the image
plane of the beam-shrinking system.

The operating principle of this FTIRS is as fol-
lows. After being collimated by the collimation sys—
tem the light from the infrared source is divided in—
to two beams of coherent light with equal intensity by
the grid beam splitter. The two beams are incident to
two multistage micro-mirrors respectively. Then the
two reflected beams interfere with each other and
converge through a beam-shrinking system. Finally

an interference pattern is obtained by using a detec—

tor.
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Both of the two multistage micro-mirrors have N

stages the step height of low-order is d and the

step height of high-erder is Nd. Therefore the sys—
tem can obtain N x N sampling domains with the

sampling interval of k =2d.

High order multistage micro-mirror

.

3

Collimsnion Grid beam splitter
system y
Infrared > — || Low order
light # - — multistage
source > + » micro-mirror

'

% Beam-shrinking system

Infrared cooled detector

Fig.1  Schematic diagram of working prinaple for mi—
cro¥TIRS
1 FTIRS

If the step ordinal of the low-order multistage
micro-mirror is x and the step ordinal of the high—
order multistage micro-mirror is y then the OPD §
corresponding to the sampling domain ( x y) will be

8(x y) =2(Ny -x)d. (1)

Therefore an N x N OPD sampling array is
formed in the interference light field and the sam—
pling ordinal of the p" OPD is p = Ny —x. Accord—
ing to the principle of Fourier transform the func—
tion of interferogram pixel intensity is expressed

8
as

I p(xy = f;B( v) exp 2mvd(x ) do

(2)
where v =1/) is the wave number of light source
and B(v) is the power spectrum density of light. By
applying the discrete Fourier transform to equation
(2) the spectral information of the light source can

be obtained

N2-n

Bv) = T ew(-i5TE) ()

1 eeeee

N -1, p=-n - 0

where n =0

N* —n; N? is the number of shares of incident

light divided by the multistage micro-mirror; and v,

=n/(2dN*) is the discrete wave number.

3 System design and simulation

3.1 Design of light-weight grid beam splitter

Beam splitter is one of the key optical compo—
nents in the micro+TIRS. The current traditional
FTIRS beam splitter mainly consists of a cubic prism
structure and a parallel plate structure both with a
very large volume and weight which severely limit
the miniaturization and light weight of FTIRS.

The miniaturization of beam splitter is one of
the key efforts of the FTIRS miniaturization. To
structurally reduce the volume and weight of this de-
vice and ensure the flatness and surface roughness of
beam splitter we design a light-weight grid beam
splitter supported by grid edges. The beam splitter
has a window thickness of 0.34 mm and a weight of
only about 4% of that of a parallel plate splitter.
Therefore the volume and weight of the beam split-
ter are effectively reduced which is beneficial to the
miniaturization and lightweight of the spectrometer.
In terms of material the splitter windows and grid
edges of the grid beam splitter are of the same mate—
rial. For the microFTIRS in the middle-wave infra—
red spectrum we chose monocrystalline silicon as
the material of splitter windows and grid edges and
used the Micro¥lectro-Mechanical System ( MEMS)
technology to make a light-weight grid beam splitter
through etching. By making full use of the charac—
teristics of monocrystalline silicon such as high
hardness and difficult deformation monocrystalline
silicon grid beam splitter can be fabricated by the
MEMS technology with high—-precision microstructure
processing capacity. Therefore it has high structural

precision good conformity and high surface figure

accuracy and surface finish.
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In the design of light-weight grid beam splitter
the structural parameters of grid edges and splitter
windows shall match the structures of multistage mi—
cro-mirrors and detector in the optical system. The
grid edges shall play a supporting role without affect—
ing the spectrum recovery due to too many edges.
For the static interference system with multistage mi—
cro-mirrors (40 x40 array) we designed two types
of grid beam splitter structure: 10-period type and
20-period type. For example a 10-period grid beam
splitter is composed of 10 splitter windows and 9 grid

edges. Each splitter window corresponds to 4 rows of

In the fabrication process of this grid beam
splitter  the error of etching depth will affect the dis—
tribution of OPDs thus affecting the spectrum recov—
ery. A 10-period grid beam splitter is taken as an
example for analysis. The profile of a single splitter
window is shown in Fig. 3. Among them b( u) is
thickness of the u" splitter window; m, is incident
light; m, is emitting light; D is propagation distance
of light in the grid beam splitter.

According to the law of refraction the angle of

refraction can be obtained as

0 = arcsin( sinﬁ) (4)
n

where 7 is the refractive index of silicon at the thick—

ness of 4 pum 7 =3.4; and 0 is the incident angle

steps of the multi-stage micro-mirrors and 16 rows of
pixels of the detector. To avoid the loss of interfer—
ence image information the bottom width of grid ed-
ges is required to be less than 1/4 of the step width
of multistage micro-mirrors. In the size of 40 mm x

56.56 mm the grid beam splitter is made of mono-
crystalline silicon by using the anisotropic etching
technique. Its lateral etching slope is @ =54.74°

the upper surface width of its grid edges is W =10
pm its edge height is

width is L =236.6 pm as illustrated in Fig. 2.

H =160 pm and its bottom

(b) W: width of upper surface of gnd edges

|

(b)

of light #=45°. So cos§” =0.98.

Grid

Splitter
window

Fig.3  Profile of a single beam splitter window
3
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Propagation distance of light in the grid beam

splitter is

D =224 6 96p(u). (5)

cosf”
If Ab(u) is the maximum thickness error then the
maximum error of optical path will be 6.96 Ab( u) .
In order to evaluate the error between real recovery
spectrum and ideal recovery spectrum we define

Spectral Construction Error ( SCE) as:

) ‘Brea v; _BifPa v; ‘
scp = Zneo B2 = Bas(w) |

Z :,OBidml( v;)

v;) is real recovery spectrum and B

where B, ( ideal
(,) is ideal recovery spectrum. By setting different
Ab(u) values the graph of relation between Ab( u)

and SCE can be obtained.

0 20 40 60 80 100 120 140 160
Ab(u)/nm
Fig.4 Relational graph between the thickness error of
splitter window and the SCE
4 SCE

It can be seen from Fig. 4 that when the SCE
is5% Ab(

lowed maximum thickness error of real splitter win—

u) is about 125 nm that is the al-
dow is 125 nm.
3.2 Modeling and simulation

Firstly each key component in the system is
modeled by using the ray-tracing software. As shown

in Fig. 5 which has the

same material and structure as grid beam splitter is

the compensation plate

placed close to the beam splitter as mirror image.
One side of the grid beam splitter is evaporated with
half—reflection half4ransmission film and the other
side is evaporated with infrared anti-reflection film.

Both sides of the compensation plate are evaporated

with infrared antireflection films. The high-order
multistage micro-mirror is placed as mirror position
of the low-order multistage micro-mirror relative to
the beam splitter.

Parallel plate beam splitter is used as an ideal
structure for the ray tracing and spectral inversion of
ideal beam splitter and light-weight grid beam split—
ter. Through simulation the influence of light—
weight grid beam splitter on spectrum recovery is
calculated to obtain the results shown in Fig. 6( Col-

or online) .

High-order multistage micro-mirror

Grid beam splitter

Compensation
‘ plate
Grid |s reel
X1
. | Infrared parallel
' light source

Low-order multistage
micro-mirror

~ Detector

Fig.5 System modeling diagram
5

It can be seen that the presence of grid edges
will increase the stray light and affect the spectrum
recovery. The distance between high-order/low-or—
der multistage micro-mirror and grid beam splitter is
increased to reduce the stray light entering the sys—
tem. The simulation results are shown in Fig. 7.

It can be seen from Fig. 7 that when the high—
order/low-order multistage micro-mirror is 50 mm a—
the light
indicating that most of the

way from the center of grid beam splitter
flux tends to be stable
stray light will no longer enter the system. Further
increasing the distance can reduce more stray light

but can not meet the goal of system miniaturization.

Taking the above factors into consideration the dis—
tance between high-order/low-order multistage mi-

cro-mirror and grid beam splitter is set as 50 mm.
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(b)

Fig.6 FTIRS ray tracing with ( a) ideal beam splitter and with ( b) light-weight grid beam splitter

6 (a) (b)

1158
1156
2
= 1154
2
= 1152
8
3 1150
°
Q1148
1146
1144
4041424344 45464748 49 50 51 52 53 54 55 56 57 58 59 60
D/mm
Fig. 7 Relationship between the detector flux and the

position of multistage micro-mirror

The collection of interference patterns and the
spectrum recovery is completed in the optical simula—
tion software. Three narrow-band light sources
whose central wavelengths are 4. 78 pm 4.19 pm
and 3. 84 pm respectively are set. A thin-parallel-
plate beam splitter is used as the ideal structure to
recover the spectrum of grid beam splitter through
simulation as shown in Fig. 8( Color online) . To
be specific Fig. 8( a) is the ideal recovery pattern
of thin parallel plate structure. Since the light reflec—
ted by high-order/low-order multistage micro-mirror
is coherent light alternately dark and bright inter—

ference fringes appear on the target surface of the

FTIRS

detector and the interference pixels are independent
from each other. Fig. 8(b) is the interference pat—
tern with the presence of grid influence. The stray
light brought by the reflection and refraction of grid
edges smears out the fringe boundary reduces the
light intensity of each interference pixel and causes
the presence of light flux even outside the interfer—
ence area. Fig. 8( c¢) is the ideal interference sam—
pling diagram. Fig. 8( d) is the interference sam-
pling diagram with the presence of grid influence.
Fig. 8( e) is the ideal reconstructed spectrum. It
can be seen that three narrow-band spectra appear at
the wave numbers 2 090 2 380 and 2 600. This
matches the original setting of light source. Fig. 8
(f) is the recovery spectrum with the presence of
grid influence. Compared with ideal recovery spec—
trum the recovery spectrum in Fig. 8( f) has certain
background noise. According to the 10-period grid
beam splitter structure designed in this paper the
SCE of actual recovery spectrum is calculated to be
2.91% less than 5%

and thus meets the design

requirement.
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Fig.8 System simulation results. (a) Ideal interferogram image; ( b) interferogram image with beam splitter; ( c) i—
deal interferogram sampling sequence; ( d) interferogram sampling sequence with beam splitter; ( e) ideal re—
covered spectrum; ( f) recovered spectrum with beam splitter
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4 Device fabrication and test analysis

The light-weight grid beam splitter is fabricated
by anisotropic wet etching process as shown in Fig.

9( Color online) '"*' . The specific steps are as fol—

lows: (a) growing SiO, film on a silicon wafer; ( b)

photoresist spin-eoating; ( ¢) exposure and develop—
ment; (d) etching and obtaining a SiO, mask pat—
tern; (e) wet etching with KOH solution; (f) re-

moval of photoresist; ( g) removal of SiO,.

@ (d (@

BN LA

SiO, mask(SiO, j‘ﬁﬁ)

Photoresist( Y& %I )

|
Si substrate(Si 3K )

Fig.9 Fabrication process of silicon-based etched grid beam splitter

9

The 10—period and 20-period grid beam splitters

are selected for experimental study. By using the

Fig. 10 Prototype of grid beam splitter; (
scopic topography
10 . (a) 10

The depth error and uniformity error generated
during the fabrication of grid beam splitter will intro—
duce additional OPD and distort the recovery spec—
trum. The maximum etching depth differences of 10—

as shown

period and 20-period grid beam splitters

0 China Academic Journal Electronic Publishing House. All rights reserved.

a) 10-period grid beam splitter;

process flow shown in Fig. 9 the real splitters are

obtained as shown in Fig. 10.

1%

) 20-period grid beam splitter; ( ¢) micro—
1 (b) 20 i ()

in Fig. 11 are measured by a step profiler. For 10—
period grid beam splitter the mean etching depth is
161. 522 pm

depth is 37.58 nm and the maximum depth differ—

the standard deviation of etching

ence is 48 nm.

http://www.cnki.net
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161.54

161.53
5161.52:
£161.51
21615
2161.49
S 161.48
“ 16147

161.46°

o
3 4 5 6 7 8 9 10

1 2 4
161.521 161.515 161.497 161.54 161.526 161.516 161.533 161.53 161.492 161.539

Splitter window

Fig. 11 Etching depth test result of 10-period grid

beam splitter

11 10

Fig. 12 shows the etching depth test result of
20-period grid beam splitter. For this beam splitter
the calculated mean etching depth is 159. 774 um
the standard deviation of etching depth is 31.24 nm
and the maximum depth difference is 38 nm. The
maximum etching depth differences of the two grid
beam splitters are both less than the maximum a-—
mount allowed for Ab( u) namely 125 nm so the

influence of etching depth error of grid beam splitter

on spectrum recovery can be ignored.

159.80
159.79
159,991
g 159788 e S
= 159.78 159781 159452 .
= e 159779 159979 15978
3 159.77 1583 150774 01
&0 159768 159768
= 159.76 .8 159,763
5 159.757 1| 1 i}
159.75 '
159.74
123456 78 91011121314151617181920
Splitter window
Fig. 12 Etching depth test result of 20-period grid

beam splitter

12 20

5 Experiment results and discussion

The technique of laser reference positioning is
used to install and adjust the test devices and build

an experimental platform as shown in Fig. 13. The

step heights of high-order and low-order multistage
micro-mirrors are 20 pm and 0. 625 pum respective—
ly. The detector is a middle-infrared focal plane de—
tector array with 320 x 256 detection pixels each of

which is 30 pm x30 pm.

low-order

mltistaze

O-MIITor

. splitter
* high-order
- multistage

Fig. 13  Experimental prototype
13

The Figs. 14( a) and 14( b) are the interfer—
ence patterns obtained by using 10-period and 20-
period grid beam splitters respectively and the

Figs. 14(¢) and 14( d) are their interference sam—

pling diagrams respectively. Through noise reduc—
tion apodization DC component removal and phase
correction the corrected interference sampling dia—
grams are obtained as shown in Figs. 14(e) and
14( f) . Through the Fourier transform the recovery
spectrum is obtained as shown in Fig. 15. In the
Fig. 15 the curve 1 is the light source spectrum
the curve 2 is the recovery spectrum of 10-period
grid beam splitter and the curve 3 is the recovery
spectrum of 20-period grid beam splitter.

As can be seen from Fig. 15 the 10-period
grid beam splitter has fewer periods and less shading
of light so it contains less noise and produces a
smaller impact on spectrum recovery. In contrast
due to the existence of more grid edges stray light is

increased and the spectrum distorted in the 20—-peri—
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od grid beam splitter. According to the calculation

result the SCE of 10-period grid beam splitter is
3.9% and that of 20-period grid beam splitter is

6.1% . Since a light-weight grid beam splitter with

too few periods can’t ensure the surface figure accu—
racy the 10-period grid beam splitter is a good fit

for the system requirements.

blzo (C) Interferogram intensity ‘;’100 (d) ‘\ Interferogrém intensity]
5100 ‘ D E 80 ;
= =
= 80 = 60 \ { rN } .
il M A Lo LG
| )
w\hw ITITRONR | 2 R T T
& = SAR R
5 40 5 20 ‘
= k=
20 0 .
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Sample points Sample points
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E ‘h £ 20 |
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Fig. 14 (a) Interference fringe pattern of 10-period grid beam splitter; ( b) interference fringe pattern of 20-period
grid beam splitter; ( ¢) interference sampling diagram of 10-period grid beam splitter; ( d) interference
sampling diagram of 20-period grid beam splitter; ( e) interference sampling diagram of 10-period grid
beam splitter after correction; ( f) interference sampling diagram of 20-period grid beam splitter after cor—
rection
14 (a)l0 ;(b) 20 i(c)10
;(d)20 ;(e) 10 (D)

20
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Fig. 15 Ideal spectrum and restored spectra of lo-period
and 20-period grid beam splitters
15 2

6 Conclusion

In this paper a light-weight beam splitter

( Fourier
Transform Infrared Spectrometer FTIRS)
T FTIRS

79

FTIRS o
FTIRS

FTIRS

with silicon-based grid structure made by anisotropic
etching technique is proposed to replace the tradi-—
tional beam splitter of spatially modulated FTIRS.

10-period and 20-period grid beam splitters were de—
signed and processed and the influence of their er—
rors on spectrum recovery was analyzed. The beam-—
splitting effect of two kinds of grid beam splitters
with different structures was measured by experiment
to obtain the light source spectrum. The experimen—
tal results showed that the instrument could meet the
application requirements of the micro FTIRS and re—
alize the miniaturization of the interference system.

In future experiments a new kind of multistage mi—
cro-mirror with the increased step width of the corre—
sponding grid edges can be made to reduce the influ—

ence of grid edges on spectrum reconstruction.

FTIRS

45°

FTIRS
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o 0.34 mm 4%
N
d d o
Nd o
k=2d NxN o FTIRS
x
y (xv) ( Micro-Electro-Mechanical System MEMS)
6 o
8(x y) =2(Ny —x)d. (n
NxN MEMS
p p =Ny —x,

I p(xy = 4[:3( v) exp 2mvd(x y) do

(2) . 40 x
V= 1 //\ B( 'U) 40
- (2 10 20
o 10 10
N2-n 2
B() = T ip)ep(-%TE)  (3) 9
1):—71 N
16 o
n=01 - N -1p=-n 0
Noon ¥ 1/4
= 2 2 o )
v =n/(2dN') 40 mm X 56. 56 mm
b =
3 54.74° W=10 um
H=160 pm L =236.6 pm. 2
3.1
o FTIRS
o 10
FTIRS 3
° b(u) u m, ; m,
D 0
0 = arcsin(sme) (4)
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n=3.4 4 pm 6 =45°
cos@” =0.98
_ 5 b)) _
D =29 cosh 6.96b( u) . (5)
Ab(u)
6.96Ab( u) -
( Spectral
Construction Error SCE)
vo | Bua(2) = Bua(0) |
SCE = Z,,=0 ,ul leal (6)
z /L=0Bidea]( v;)
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Ab(u) Ab( )
SCE o
4 SCE 5% Ab( u)
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5
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7 o
7
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o 3

4.78.4.19.3.84 pm

8(
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(d) 8(e)
2 090.2 380.2 600
3
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10
SCE
2.91% 5% o
4
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Sio, i (5) KOH
(6) (7) Si0, .
10 20
9
10 o
10
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11 0 10
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12 20
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31.24 nm 38 nmo
Ab(u) 125 nmo
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o 20
5 10 SCE  3.9% 20
SCE  6.1%.
10
13 o o
20 pm  0.625 pmo
320 x 256 6
30 pm x30 pmo
14( a) 14( b) 10
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14( ¢) 14( d) o 10
N N 20
14( e) o
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15 1
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15 10

1 BRACHET F HEBERT PJ CANSOT E et al. . Static Fourier transform spectroscopy breadboards for atmospheric chem—
istry and climate J . Proceedings of SPIE 2008 7100: 710019.

2 LACAN A BREONF M ROSAK A er al.. A static Fourier transform spectrometer for atmospheric sounding: concept
and experimentalimplementation J . Optics Express 2010 18(8): 8311-8331.

3 . J. 2012 32(2):
0222006.
FUJ G LIANG J Q LIANG ZH ZH. Analysis and design for the optical system of a static infrared Fourier transform
spectrometer J . Acta Optica Sinica 2012 32(2): 0222006. ( in Chinese)

4 . Co2 J.
2014 22(9): 2359-2368.
LIXX XUL GAOM G et al..Fourier transform infrared greenhouse analyzer for gases and carbon isotope ratio J .
Opt. Precision Eng. 2014 22(9): 23592368. ( in Chinese)

5  WALLRABE U SOLF C MOHR ] et al.. Miniaturized Fourier transform spectrometer for the near infrared wavelength
regime incorporating an electromagnetic linear actuator J . Sensors and Actuators A: Physical 2005 123-124:459-467.

6 FENG C WANG B LIANG ZH ZH et al. . Miniaturization of step mirrors in a static Fourier transform spectrometer: the—
ory and simulation J . Journal of the Optical Society of America B 2011 28(1): 128433.

7  IVANOVE V. Static Fourier transform spectroscopy with enhanced resolving power J . Journal of Optics A: Pure and Ap—
plied Optics 2000 2(6): 519-528.

8 FENG C LIANG J Q LIANG ZH ZH. Spectrum constructing with nonuniform samples using least-squares approximation
by cosine polynomials J . Applied Optics 2011 50(34): 6377-6383.

2013 34(5): 672-677.



2 ZHAO Yun et al.: Optimization Design and Experimental Study of -+ 425

CHEN SH]J QI XD BAYANHESHIG et al.. A portable echelle spectrograph design for laser-induced breakdown spec—
troscopy J . Chinese Journal of Luminescence 2013 34(5): 672-677. ( in Chinese)

10
(10) : 1030001.

I 2014 34

LV J G LIANGJ Q LIANG ZH ZH et al.. Analysis of wedge error of beam splitter in spatial modulation Fourier trans—
form infrared spectrometer J . Acta Optica Sinica 2014 34(10) : 1030001. ( in Chinese)

11

(8): 0812004.

J . 2017 37

LIW X LU QP SONG Y et al.. Reflective static Fourier spectrometer optical system based on double right-angle
beam splitter J . Acta Optica Sinica 2017 37(8): 0812004. ( in Chinese)

ZHAO Yun (1993—) male born in Zi-
bo City Shandong Province. Master de—
gree. In 2016 he obtained the bachelor’s
degree from Hefei University of Technolo—
gy. Since 2016 he has been studying for
the master degree in the CAS Changchun

Institute of Optics Fine Mechanics and
Physics where he is mainly engaged in
the research of optical design. E-mail:
1002803876 @ qq. com

(1993—)

2016

o E-mail: 1002803876 @ qq. com

LV Jin-guang ( 1984—) male bomn in
Jiaohe City Jilin Province. Ph. D. and
associate researcher. Mainly engaged in
the research of micro optical systems de—

sign and optical information processing.

E-mail: jinguanglv@ 163. com
(1984—)
2008
2013

o E-mail: jinguan—

glv@ 163. com

LIANG Jing—qiu( 1962—) female born
in Shenyang City Liaoning Province.
Doctoral supervisor. Mainly engaged in
the research of micro optical systems mi—
cro-optical  electromechanical  systems
( MOEMS) and microstructure optics. E—

mail: liangjq@ ciomp. ac. cn

( 1962—)
1984
2003
. ( MOEMS)
o E-mail: liangjq @ ci-
omp. ac. cn



