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One-Megapixel Monocrystalline-Silicon Micromirror Array on CMOS Driving

Electronics Manufactured With Very Large-Scale Heterogeneous Integration
F. Zimmer, M. Lapisa, T. Bakke, M. Bring, J. MEMS 20(3)(2011)564-572 Fraunhofer Institute
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TABLE 1
CHARACTERISTICS OF THE MONOCRYSTALLINE-SILICON SLM

Property

Nominal value

SLM architecture

Tilting micro-mirrors with
reflective surface and hinges in
same plane (1-level)

Array size

I megapixel (2048x512 px)

Mirror material

Mono-crystalline silicon

Crystal type (¢-Si)

Diamond-cubic (100}

Plastic deformation (c-Si)

None (brittle material)

Young's modulus

160 GPa

| Hinge material

Mono-crystalline silicon

Hinge type

Torsional

Hinge dimensions (LxWxH)

2.6 pm x 0.6 um x 340 nm

C-Si roughness (RMS)

<1 nm (for area of 1 pm?)
(measured)

Mirror size 16x16 pm?
Smallest dimension of micro-mirror 600 nm
features

Mirror-membrane thickness 340 nm
Mirror air gap to electrode 700 nm
CMOS operating voltage =25V
Max. edge deflection (tilt) ~ 160 nm

Undercut; discontinuities in
metalizalion

Sloped via sidewall
Photoresist

DSilicon DSacriﬁcial polymer



PACKAGING OF 11 MPIXEL CMOS-INTEGRATED
SIGE MICRO MIRROR ARRAYS A Witvrouw et.al. IMEC, Phili

ps Applied Technologies, ASML

SiGe Electrode =
Metalé

Metal 5
Metal 4
Metal 3
Metal 2
Metal |

Figure 3: Cross-sectien of mirror showing W-via, SiC
protection layer, SiGe elecirodes, 5iGe mirror layer.
Figure 1: Cross-sectional view of the integrated micro- Table 1 Schematic pmrler.:.s flow of micromirror module.
mirror array, showing the mirrors on top of the 6 lavers Start: CMOS base wafer (from NXF)
of Al interconnec _ _ Top level metal plaﬂ..m_satﬂn+ passivafion
S1C protection layer
W-vias
51Ge electrode + planansation
Sacnficial oxide deposition
Mirror hinge formation
51(ze murror layer deposiion + CMP
Phasestep etch (optional)

Al coating (optional)
| Miurror etch
Figure 11: Fully packaged and wire-bonded SLM Oxide protection + Al bondpads
assembly. Felease etch mirrors




CMOS-INTEGRABLE PISTON-TYPE MICRO-MIRROR ARRAY FOR ADAPTIVE
OPTICS MADE OF MONO-CRYSTALLINE SILICON USING 3-D INTEGRATION

M Lapisa, F Zimmer, F Niklaus, A Gehner, G Stemme Royal Institute of Technology, Fraunhofer Institut MEMS (2009) 1007-1010
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W4D.006

32x32 OPTICAL PHASED ARRAY WITH ULTRA-LIGHTWEIGHT

HIGH-CONTRAST-GRATING MIRRORS Transducers 13 p
B.W. Yoo‘i, M. Megen.s-f’z, T K Cfmnz, T. Ssmf, W. Yano‘r, D. A4 Horsfe_*.-‘z, C. J C‘hmfg—HasnmnI, and
f?
M. C. Wu
lUniversity of California. Berkeley. CA. USA
2Unik-'ersi‘ry of California. Davis. CA, USA
Iz low temperature oxide
: L
silicon wafer
(a) (b)
/ SiyN, polysilicon
e
() (d)
anchor spring
HCGs
groeemg

(e)

Figure 5: Fabrication process.

Elcetrically
comnected anchors

Figure 1: Layout of the MEMS optical phased array.
Anchors of HCG mirrors electrically connect adjacent
mirrors in the same row, increasing fill-factor.

—— Reflectance
Transmittance

.........

= =
[T

Reflectance & Transmitiance
-
(-]

0 B P
1000 1200 1400 1600 1800
Wavelength (nm)
Figure 2: Scanning electron microscope (SEM) image of a  Figure 4: Theoretical Reflectance and transmittance
polysilicon high contrast sub-wavelength grating (HCG).  spectra of the HCG mirvor.

The pixel surface is extremely flat due fo the low stress 400

]

®

2000

. 2505-2508

Figure 8: Modulo 21 phase shifting using HCGs fo create
beamsteering at maximum angle. Light is in the form of a
sine wave. Thus, 2nx (n=0,1,2.._), from a phase point of
view, are all the same so that a stair-step ramp approach
can be used to steer light.

'-:-_.-.-SL'\
Figure 6: SEM image of the fabricated HCG phase shifter
array. Inset shows that anchors in the same column are
linked to adjacent HCGs via mechanical springs for
one-dimensional beamsteering. This can be extended to
two-dimension beamforming by adding multi-layer
interconnects underneath the HCG mirrors.

-5

1.0 : ;

-------- — Buffered HIY

- ; " — iluted HE
3 i A
g _
T
P
Y090z 04 06 08 1
Frequency (¥MHz)

Figure 7: Experimental resonant frequencies of an HCG
using a laser Doppler vibrometer (LDV) system. A HCG
released in diluted HF depicts the measured resonant
[frequency is 0.46 MHz, which agrees well with the theory.
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Experimental demonstration by T. Suzuki and T. Sasaki



MEMS-DM - Main design -

We propose a new structure membrane MEMS-DM by combining wafer bonding
process and Si/HfO, Bimorph spring array

SCS mirror membrane

Crystallized hafnium oxide

i / ‘ Compressive stress |

: o [ . ] !

I f o=\ [ - | 3

i [ TBonding point o !

! Crystal silicom™ i
[Silicon Mirror Membrang————— =]

Silicon substrate with electrode array

Bimorph spring -7 “Bonding

. Au bonding pad
Z Electrode . '

SiO, sacrificial layer

Silicon substrate 1

Bimorph spring

1. HfO, crystallization-induced stress is used to introduce large air gap.

2. Relatively soft spring structure (small spring constant) instead of fixed posts is used
to increase the stroke.

3. High optical quality mirror surface is guaranteed by single-crystal-silicon membrane.
25



MEMS-DM - Inter-actuator coupling

[t 1s important to chose the inter-actuator coupling of the mirror actuator at adjacent
actuator.

We considered an approximated model for analytic calculation of the influence
function. As the inter-actuator coupling 1s defined as the ratio of the deflection of the
pixel adjacent to the actuated pixel to that of the actuated pixel, thus, in the coordinate
shown in Fig. 1, the inter-actuator coupling /C 1s given by

win  SS2EIRP +1152E°1% — 6k°1° | o
—un  1260EIKP +1152E*1* +13Kk%1° (EI 1s the flexure rigidity)

1c=2
y

mirror

substrate

Calculation model of the continuous membrane DM

The calculated inter-actuator coupling for the previous bimorph spring structure:

59%. The measured inter-actuator coupling 1s 51%. -



MEMS DM S|/Hf02 Blmorph spring
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The UUL-Ul-pia e defiection 0 be checked to determined the length of the
bimorph spring using in DM.
c) Backside Patterning f) HfO2 Evaporation
a) Patterning d) Si Etching(DRIE)
- - I g) Anl]ealing at 800 OC
b) Si Etching(RIE) e) S102 Removing(VHF)
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MEMS-DM - Si/HfO2 Bimorph spring

H £=0.2
£ t2=1-0h

28



MEMS-DM - Si/HfO2 Bimorph spring: out-of-plane deflection

Before Crystallization After Crystallization

Measured by Confocal laser scanning

I
I
I
: microscope
I
: Length( Curvature
| No um) Deflection(um) radius(mm)
I 1 100 34.44 0.145
I
I 2 100 33.13 0.150
P3| 100 33.70 0.148
Length(p Curvature ' p 00 35 a3
No m) Deflection(pum) radius(mm) : : :
) 100 929 0.538 : 5 200 130.46 0.153
I 6 200 133.80 0.149
2 100 10.06 0.497 I
3 100 8.65 0.578 I 7 200 132.64 0.150
: . :
4 100 378 0.56 : 8 200 130.54 0.153
I
I
Averance I Averange
& I Curvature
Cclil'rva(tture) 0.545 | radius(mm) 0.150
radius(mm :
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T 35um

200 4 m
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Design of the
2 X 2 Pixels DM

Dimensions of the
bimorph spring

Side suspension
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MEMS-DM - Fabrication results(3)

Electrode
substrate” .

et
—e | i'!.i:\ -

4 x4 pixel DM 31
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Design of the 4 X 4 Pixels DM



(a) Actuator chip

(1) Silicon DRIE(Form bonding point) (4) Annealing(HfOz2 crystallization)

(2) Silicon DRIE (Form Electrode) (5) Aw/Cr deposition and patterning

ha—

I

(3) HfO: Liftoff

Si - Si02 - HfO2

(b) Mirror chip

(1) Silicon DRIE(Form mirror membrane)

mirror membrane

(2)HfO liftoff

Au/Cr

33



(c) Bonding and release
(1) Au-Si eutectic bonding (4)Si02 Dry Etching (CHF3)

B ___ N

(2) Actuator chip handle layer etching (5) SiO2 Dry Etching (CHF3)

=

(3) Mirror chip handle layer etching

- HfO2 Au/Cr

34
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MEMS-DM - Fabrication results(2)

Au-Si eutectic bonding: 400°C, 1.67MPa, 30min, 4.5 x 10-2Pa

i

nﬁ'ﬁl_llm -

10d
-
iﬁﬂj

é n"_.iL
Bumsl B |

R

g
| A
=k H &

B C
| [ ¥

-
allib

s
=
2
B

L]
3
| ]

The irregular bonding edge(in yellow line) suggests that Au was melted
during bonding. 36



MEMS-DM - Fabrication results(2)

4 X 4 pixel mirror

37



MEMS-DM - Fabrication results(4) —

Gl &

D) 10pm

The optical micrograph of the mirror membrane with the square Au-Si
reaction area

o

o

(]
T

Au-5i alloy

el
T~ E’i 0.06}

Mirror membrane N )

Bonding point—___ 54.74° 0.04f

-

| | 0 2 4 6 8 10 12 14

Position (um)

The SEM image and the surface profile

SEM image of the bonding point after peeling the mirror membrane of the bonding reaction area
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(b)

8 __”" ﬁ

-0.1 4

Height(um)

-0.2 -

0 20 40

60 80 100 Position(um)
X(um)

The surface around the bonding point 1s flat and smooth
except the ~5Sum reaction area. By removing the area of
reaction point, the fill factor of the fabricated mirror 1s
calculated to be 99.9%.




MEMS-DM - Device initial deflection

2 X 2 pixel mirror

£ 15- o m
£ 5 g
2 10 Peak-valley value: <2um =
: S

T a.
S 1 Electrode gap: 20um @

0 - IR SN

0 200 400 600 800 1000

Position(um)

4 X4 plxel mlrror

E 15, ™
3
%10- 0 | Peak-valley value: <4um
Bt T
- J Electrode gap: 18um
ot .

00 400 600 800 1000 1200

Position/um

1400 1600 1800
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MEMS-DM - device driving experiment(2x2 pixel mirror)

Sine wave driving test: Frequency:1Hz—20Hz—1Hz A pull-in voltage(~120V) is applied.

41



MEMS-DM - device driving experiment(4 X 4 pixel mirror)

Sine wave driving test: Frequency:1Hz—20Hz—1Hz 80V(peak-peak)

42



MEMS-DM - static deflection measurement

2 X 2 pixels mirror

(a) ) =]

Height/um

19.5 - — 40V
] — 20V
iy : - ——40v 0 , S 283
g N — B0V i B
18.0 — 100V
17.5 4 — 120V

17.0 -
165 ] — 125V

16.0 -
15.5 -
15.0 -
14.5
14.0 4
13.5
13.0 3
12.5 4
12.0
11.5 -]
11.0 3

I ! I ' I ! I ' 1
200 400 600 800 1000
position/um position/um

(a)deflection profile of the 2 X 2 pixels DM with a single pixel
actuated at different voltage

(b)deflection profile of the 2 X 2 pixels DM with a single pixel
actuated at different voltage with zero-voltage profile
subtracted;

o -

T T T T T g T T |
200 400 600 800 1000

o -
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MEMS-DM - static deflection measurement

AN 7 N niva
& NN IJl)\Cl 11

(a)- =

height/um

Y T et
11 UI

0]

- 40V
= B0V

\ - 80V

0.0 100V

. — 110V
289 : 115V
1.0

-40 ''''''''''''''''''''
200 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Heilghtf’um

position/um

(a)deflection profile of the 4 X 4 pixel DM with a single pixel
actuated at different voltage with zero-voltage profile
subtracted;

(b)color-coded surface profile of the 4 X 4 pixel DM at 80V with
zero-voltage profile subtracted.
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MEMS-DM - response time measurement

.3ms

I
100 -

Rise time

™

45
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- 1000
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80
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Dynamic response of the fabricate 4 X 4 DM with a single pixel actuated
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MEMS-DM - frequency response

220

200

N
Qo
o

160

140

PSD Output voltage (mv)

120

100I ) llllll L] 1 L) lllllI
0.1 1

Frequency (KHz)

frequency response of the fabricated 4 X 4 pixel DM

10
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Design of the 8 x 8 Pixels DM

47



(1) Silicon DRIE(Form bonding point) (4) Annealing(HfOz2 crystallization)

(2) Silicon DRIE (Form Electrode) (5) Au/Cr deposition and patterning

(3) HfO: Liftoff (6) Al liftoff

(b) Mirror chip

(1) Silicon DRIE(Form mirror membrane)

mirror membrane

(2)HfO liftoff

Au/Cr

48



8 X 8 pixel MEMS-DM —Process flow

(c) Bonding and release
(1) Au-Si eutectic bonding (4)Si02 Dry Etching (CHF3)

B ___ N

(2) Actuator chip handle layer etching (5) SiO2 Dry Etching (CHF3)

=

(3) Mirror chip handle layer etching

- HfO2 Au/Cr

49



Bimorph springs with bonding pad Al electrode pad for wire bonding 50
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8 X 8 pixel MEMS-DM —Fabrication result (3)
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Conclusions

An improved membrane transfer process for large-stroke
continuous membrane DM is proposed and demonstrated

« A 2um-thick membrane is transferred to a flexible bimorph
array by combining bulk micromachining and Au-Si eutectic
bonding technology;

« Au-Si eutectic bonding shown a reliable bonding quality for
transferring large scale mirror membrane;

* The stroke of the DMs are 4.0um at 125V (2x2 Pixel DM) and
3.5um at 115V(4x4 Pixel DM), respectively. The fill factor of
the fabricated mirror is ~99.9%.

« Afreestanding 4Ammx4mmx2um mirror membrane is
successfully fabricated.
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MEMS-DM - Influence function(IF) at adjacent actuator

substrate

_ Vix=n 552EIkI® +1152E*T* — 6k°1°
Y‘xzy/z 1260E]kl3 +1152E212 + 13k216

(El is the flexure rigidity)

o 3ka’ +16kla’ +384EI

Yy
B _39ka’ +96kla® +384EI

x=[
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MEMS-DM - Spring design

Design a

" |
wud L N - -
' . _Desigh b
0.2 T T T T T T T T T T T

10x10™*  15x10™*  20x10* 25x10*  3.0x10*  35x10™
Spring Length (m)

i Design b

Design ¢
£
=
=)
— <
120um
Design d

40um

240um
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MEMS-DM — 3 x 3 DM layout
ERECHR. BB R

Mirror membrane
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MEMS-DM - fabrication

= (a) Mirror Chlp (b) Actuator Chlp

(1) SOI wafer (4) Si DRIE (1) SOI wafer(2um device layer)

(2) Au/Cr deposition and patterning  (5) HfO: deposition and pattering (2) Si DRIE

\IF
|

E
|

(3) Si DRIE (3) HfO: deposition and pattering
(c) Bonding and release
(1) Au-Si eutectic bonding (3) Si DRIE (5) Si0: dry etching
(2) Si DRIE (4) SiO: dry etching

S

M si [ Javer [uO: [Ellsio:
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MEMS-DM — Bonding(design 2)

Bonding experiment@Kyoto tou, Suss Bonder SB-6e
Au-Si eutectic bonding condition :400°C, 12KPa(30min)










MEMS- DM — |n|t|al deflection(design 2)

Height(pum)

-
0
0l-
0.5+
0=-
g <
oe-d b S b
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MEMS-DM — membrane initial deformation

60

50 A

40

30

20

Height (um)

10

Height(pum)

Without edge support

T
200

T
400

T
600

T
800

T T T T T T T

T

1000 1200 1400 1600 1800

Position (um)

Mirror size: 1.5mm X 1.5mm

Mirror initial deformation: PV value=3900nm

_10_.

_50 —

—60

]

-

With edge support

Mirror size: 1.7mm X 1.7mm

T 1
-200 O

200 400 600 800 1000 1200 1400 1600 1800

Position(um)

2000 2200 2«

Mirror initial deformation: PV value=350nm
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MEMS-DM — Au/Cr coating

Cr: ~10nm, Au ~60nm is coated on the mirror by sputtering
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