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1.  Introduction

The microfabrication technologies have been employed to 
develop various interference-based optical MEMS devices 
for light modulation [1–10]. The MEMS optical interfer-
ence filter has been developed to act as the wavelength 
selective switch for the application of color pixels [1–3], 
optical communication systems [4], interferometer [5–7], 
spectrometers [8, 9] and pressure sensors [10]. Due to the 
applications in multimode optical communications [5], 
the existing optical filters are mainly designed in the near 
infrared region. Currently, the applications of optical filters 

have been extended to the visible-light range, such as panel 
display [1–3], biochemical analysis [9], microspectrometers 
[8], etc.

In general, the electrostatic actuation technique has the 
advantages of lower driving power and relative ease for 
microfabrication. Thus, the MEMS optical filters in [1–8] are 
driven by the electrostatic actuation. Nevertheless, the electric 
charging effect on the dielectric films is a critical concern for the 
electrostatic actuation approach [11]. The dielectric charging 
effect not only causes the non-linear electro-optical response, 
but also affects the reliability of the device. Furthermore, as 
reported in [1–3], the suspended MEMS structure will contact 
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Abstract
This study presents the approach to implement the electrostatically-controlled thin film 
optical filter by using a nanoporous anodic aluminum oxide (np-AAO) layer as the key 
suspended micro structure. The bi-stable optical filter operates in the visible spectral range. 
In this work, the presented bi-stable optical filter has averaged reflectivity of 60%, and the 
central wavelengths are 580 and 690 nm respectively for on and off states. The presented 
np-AAO layer offers the following merits for the thin film optical filter: (1) material 
properties of np-AAO film, such as refractive index, elastic modulus and dielectric constant, 
can be easily changed by a low temperature pore-widening process, (2) in-use stiction of 
the suspended np-AAO structure can be reduced by the small contact area of nanoporous 
textures, (3) driving (pull-in) voltage can be reduced due to a large dielectric constant (εAAO 
is 7.05) and small stiffness of np-AAO film and (4) dielectric charging can be reduced by the 
np-AAO material; thus the offset voltage is small. The study reports the design, fabrication 
and experimental results of the bi-stable optical filter to demonstrate the advantages of 
the presented device. The np-AAO material also has the potential for applications of other 
electrostatic drive micro devices.
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with the substrate surface for the bi-stable modulation optical 
filter while in use. Thus, the adhesion between suspended 
MEMS structures and the substrate becomes a critical failure 
mechanism and design consideration for the optical filters. 
Several approaches have been discussed to reduce the stic-
tion between contact interfaces. For example, the surface with 
a nanodot-patterned texture has been exploited to reduce the 
surface adhesion [12]. However, complicated fabrication pro-
cesses are required to prepare the structure. The anti-stiction 
layer coated onto the suspended MEMS structure, by using 
the atomic layer deposition (ALD) process, has also been 
reported [13]. This approach requires a higher tempera-
ture (300–500 °C) so as to limit its process compatibility. 
Moreover, the optical properties of the thin films to form the 
suspended MEMS structure are also important to the perfor-
mance of the filter. As discussed in [14], the MEMS structure 
featured with high transparency in the applied wavelengths 
region is preferred.

The aforementioned design considerations for the MEMS 
optical filter can be improved by selecting the proper thin film 
materials utilizing simple microfabrication processes. Thus, 
the currentt study extends the concept in [15, 16] to the design 
and implementation of the bi-stable MEMS optical filter using 
the transparent nanoporous anodic aluminum oxide (np-AAO) 
film. The np-AAO film is a promising material and has found 
many current applications [17–21]. As reported in [15, 16], the 
np-AAO with hexagonally arranged nanopores is exploited 
to act as a template to implement 1D nanostructured mate-
rials including nanopillars, nanowires and nanodot arrays. 
The optical filters to control the interferometric property, by 
adjusting the pore size of np-AAO, are reported in [15, 22]. 
Moreover, the optical characteristics of np-AAO film are also 
investigated. In this study, the proposed bi-stable optical filter 
consisting of np-AAO film is driven by the electrostatic force. 
The driving voltage of the proposed MEMS optical filter is 
reduced by the high dielectric constant of np-AAO film [16]. 

Figure 1.  (a) The structure design of the proposed optical thin film filter and (b) the AA’ cross section shows the composition of a multi-
layered filter.
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In addition, the np-AAO film with nanoporous texture is 
arranged as the contact interface to reduce the contact area. 
Thus, the stiction of suspended MEMS structure is prevented. 
It is easy to integrate the low temperature process for np-AAO 
film with other fabrication processes.

2.  Concept and design

Figure 1(a) exhibits the structure design of the proposed 
optical thin film filter. The fixed-fixed beam is suspended 
on the Si substrate. The cross-sectional schematic plot in 
figure 1(b) also indicates the composition of multi layers of 
thin film filter. The Al thin film (20 nm) on top of the np-AAO 
layer is employed as the top electrode and optical reflector. 
The suspended and deformable np-AAO structure (350 nm) is 
employed to support the thin Al film and also act as the elec-
trical isolation layer. The polysilicon (poly-Si) anchor acts as 
the spacer to define the air gap between the np-AAO layer and 
substrate. The silicon substrate is exploited as the bottom elec-
trode and also the optical reflector. Note that the thermal oxide 
is an etching protection layer for Si substrate. The suspended 
np-AAO film will be deformed by the electrostatic force 
after input voltage. Thus, the Si substrate reflector is fixed, 
while the Al film reflector is deformable for the wavelength 
modulation. Figure 2 shows the operation mechanism of the 
optical thin film filter. Figure  2(a) shows the np-AAO film 
suspended on the substrate with an air gap before applying 

voltage. When the dc operation voltage is applied on the Al 
film, the pull-in of flexible np-AAO film will be achieved by 
the electrostatic force between the top and bottom electrodes, 
as indicated in figure 2(b). As the light beam is incident onto a 
substrate with thin films of different materials, multiple trans-
mission and reflections will take place at each interface [23]. 
Thus, figures 2(a) and 2(b) also respectively display the light 
beams reflected by the bi-stable multi-layers of thin film filter. 
The interference between the reflected light beams of dif-
ferent optical path length will occur. Thus, the characteristic 
of reflected light beam will be influence by the thickness and 
material characteristics (e.g. refractive index n) of thin films 
for the presented multi-layer optical device. In addition, the 
characteristic of reflected light beam can also be modulated by 
adjusting the air gap using electrostatic force.

The material properties of np-AAO film are influenced by 
the porosity P. The porosity P of the nano-honeycomb struc-
ture is the ratio of the pore area to the total area in a unit cell. 
As indicated in figure 3(a), the porosity determined from the 
geometry of the unit cell of the nano-honeycomb structure is 
expressed as [24],

�
⎛
⎝
⎜

⎞
⎠
⎟

π
ρ

=P
r2

3

2

(1)

where r is the pore radius and ρ is the interpore distance. The 
refractive index of np-AAO film can be further determined by 
the porosity P [25],

Figure 2.  The operation mechanism of the proposed bi-stable optical filter, (a) off-state: the np-AAO film suspended on the substrate 
before applying voltage, and (b) on-state: the np-AAO film contact with the substrate after applying a pull-in dc voltage.
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� = − − +n n P( 1)(1 ) 12
AAO Al2O3

2 (2)

where nAAO and nAl2O3 are refractive indices of AAO film and 
Al2O3, respectively. In this study, the np-AAO film with supe-
rior dielectric constant is exploited to reduce actuation voltage. 
According to the model in [26], the pull-in voltage (VPull-in) for 
the suspended MEMS structure can be expressed as,

�
ε ε

=−V
kd

A

8

27
Pull in

eff
3

0 eff
(3)

where ε0 is permittivity of air, εeff denotes the effective rela-
tive dielectric constant of the isolation layers, A is the overlap 
area of the driving electrodes, k is the stiffness of suspended 
MEMS structure and deff represents the physical separation 

between the driving electrodes. Thus, for the proposed sus-
pended fixed-fixed beam design shown in figure  3(b), the 
VPull-in in equation (3) can be rewritten as,

�
ε ε

=−V
E I d

L w

32

3
Pull in

AAO AAO eff
3

0 eff
4 (4)

where EAAO, IAAO, L and w are respectively the Young’s mod-
ulus, moment of inertia, length and width of the suspended 
fixed-fixed beam. Note that the thickness of Al film is much 
smaller than that of the np-AAO (20 versus 350 nm) and thus 
the stiffness of the fixed-fixed beam is dominated by the 
np-AAO layer. To simplify the simulation model, the Al layer 
was ignored for the beam stiffness in equation (4). As reported 

Figure 3.  Schematic illustration shows the top-view and cross-section of the filter with nanopore structure.
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Table 1.  Summary of the material properties and pull-in voltages of the optical filters consisting of different suspended materials.

Specifications np-AAO np-AAO SiO2 Si3N4

Porosity (%) 60 20 N/A N/A 
Young’s modulus, E (GPa) 59.2 [27] 236.8 [27] 68 [28] 320 [28] 
Moment of inertia, I (µm4) 0.071 0.143 0.179 0.179
Length of the beam, L (µm) 110
Separation between the electrodes, deff (µm) 1.85
Permittivity of air, ε0 (F/m) 8.854  ×  10-12 
Relative dielectric constant, ε 7.05 7.39 3.9 [28] 7.5 [28] 
Effective relative dielectric constant, εeff 2.29 2.3 2.18 2.30
Actuation area, A (µm2) 110  ×  50 
Pull-in voltage, V (V) 4.5 12.8 7.8 16.6

Figure 4.  Fabrication process steps of the current optical thin film filter: (a) oxide/poly-Si and Al deposition on Si substrate, (b–f) growth 
and pattern of np-AAO film, (g) deposition of Al top electrode and (h) release of np-AAO beam.
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in [24], the moment of inertia of the np-AAO beam with 
porosity of P is expressed as,

� = −I
wd

P
12

(1 )AAO
AAO
3

(5)

where dAAO is the thicknesses of the np-AAO film. Moreover, 
the effective relative dielectric constant εeff of the isolation 
layers shown in figure 3(b) can be further expressed as,

� ε = + +
+ +

ε ε ε

d d d( )
d d deff
AAO air oxide

AAO

AAO

air

air

oxide

oxide

(6)

where εAAO, εair and εoxide respectively denote the dielectric 
constants of the np-AAO film, air and oxide layer and dair and 
doxide respectively denote the thicknesses of the air gap and 
oxide layer. The physical separation deff between the driving 
electrodes shown in figure 3(b) is,

� = + +d d d d( )eff AAO air oxide (7)

Based on the prediction from equations  (3)–(7), the pull-in 
(driving) voltages of the optical filters consisting of different 
suspended materials, are summarized in table 1. It indicates that 
the dielectric constant, stiffness and pull-in voltage of the struc-
ture with np-AAO vary with the porosity. Note that Young’s 
modulus of np-AAO film decreases from 236.8 to 59.2 GPa 
when its porosity increases from 20% to 60%, as predicted from 
[27]. The comparison of pull-in voltages among the np-AAO, 
oxide and nitride structures are also provided in table 1. The 
pull-in voltage is significantly reduced by increasing the 
porosity of the np-AAO film. In addition, after the formation 
of porous structure for np-AAO, the contact area Acontact of the 
beam with the substrate (by pull-in effect) will be reduced to,

� = −A A P( ) (1 )contact AAO contact (8)

Thus, the adhesion force at the contact surface is reduced 
to prevent the stiction of the suspended beam. In summary, 
the np-AAO thin film exhibits good optical, mechanical and 

Figure 5.  FE-SEM images of (a–b) top-view of np-AAO films with nanopores of different size, (c) np-AAO covered with Al film, (d) 
typical layers stacking of the device before the removal of poly-Si sacrificial layer, (e) np-AAO layer suspended on the substrate after the 
removal of poly-Si sacrificial layer and (f) morphology of the back side of np-AAO film.

J. Micromech. Microeng. 25 (2015) 025001
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electrical properties and is found to be a promising material 
for the bi-stable modulation thin film optical filter.

3.  Fabrication and results 

The schematic fabrication process steps of the current optical 
thin film filter are illustrated in figure 4. The substrate used 
for the fabrication of the presented device was a p-type 
(0.001–0.005 ohm-cm resistivity) (1 0 0) silicon wafer. As 
indicated in figure  4(a), the 1 µm thermal oxide and 0.5µm 
poly-Si were deposited to respectively act as the etch-stop and 
sacrificial layers. Thus, the air gap of the optical device was 
defined by the thickness of the sacrificial layer. Moreover, 
the 0.5 µm Al film was also deposited for the fabrication of 
the np-AAO layer. After that, the AAO layer with nanopore 
arrays was grown via a two-step anodization process [29], as 
shown in figures 4(b)–(d). During the first anodization process 
shown in figure 4(b), the wafer was first immersed in the 7 °C 
aqueous solution with 0.3 M oxalic acid at a 40 V dc input 
voltage and then the np-AAO layer was formed on the sur-
face of the Al film. As illustrated in figure 4(c), the np-AAO 

layer formed in the first Al anodization was removed by 
the mixture of chromic acid (1.8 wt%) and phosphoric acid 
(6 wt%) at 70 °C. Subsequently, the nanopore morphology 
was created on the surface of Al film to enable the growing 
of new porous alumina with a more regular structure during 
the second anodiation process displayed in figure 4(d). The 
process condition for the second anodization was the same 
as that of the first. The pores of the np-AAO layer were then 
widened using the 5 wt% phosphoric acid at 27 °C, as shown 
in figure 4(e). The process was not only for the pore widening 
but also for the final removal of the hemispherical structure 
at the bottom of the pore columnar structure [30]. Thus, the 
size of the nanopores was determined in this process to meet 
the requirements for optical characteristics and anti-stiction. 
In summary, the processing parameters for the two-step anod-
ization, such as applying voltage, temperature and time for 
anodization were employed to control the size of the nanopore 
structure, including cell and pore indicated in figure 3(a). As 
shown in figure 4(f), the np-AAO film was further etched and 
patterned by the chromic acid to define the shape of the inter-
ference layer. As depicted in figure 4(g), a 20 nm Al film was 
deposited and patterned onto the np-AAO layer to act as the 
top electrode and also as the protection layer for the following 
etching process. As reported in [31], the etching selectivity of 
Al to poly-Si in XeF2 is higher than 1000:1. Thus, the degra-
dation of Al film after the XeF2 etching is ignored. Moreover, 
the Al film with high reflectivity (>90%) over the entire vis-
ible spectral range [14] was also employed to enhance the 
optical reflectivity of the device. Finally, the sacrificial poly-
Si was isotropically etched using XeF2 gas (drying etching) 
to suspend the np-AAO layer from the substrate, as shown 
in figure  4(h). The thermal oxide was employed to protect 
the Si substrate during the XeF2 etching. The stiction of the 
suspended np-AAO layer with the Si substrate was prevented 
by the dry etching. Since the nanopores of the np-AAO were 
covered with Al film, the XeF2 could only undercut the poly-
Si sacrificial layer from the edge of the device. The etching 
rate of the poly-Si undercut was not influenced by the size of 
the nanopores.

The FE–SEM (field emission scanning electron micros-
copy) images in figure  5(a)–5(c) show the top-view of the 
np-AAO film. The micrograph in figure  5(a) displays the 
np-AAO film with a close-packed array of hexagonal cells 
and nanopores. The nanopore structure with average pore 
radius (r) of 11  ±  4 nm and average interpore distance (ρ) of 
85  ±  6 nm was implemented after the process in figure 4(d). 
The micrograph in figure  5(b) displays the np-AAO film 
after the pore-widening process depicted in figure 4(e). The 
pore-widening process takes place at the interface between 
the alumina and the solvent and the pore radius increases lin-
early with time for a constant reaction speed [30]. After the 
pore-widening process for 10 min, the average pore radius (r) 
and the interpore distance (ρ) become 28  ±  5 and 91  ±  6 nm, 
respectively. The minor change in the interpore distance could 
result from the error in the measurements. The FE-SEM 
image in figure  5(c) shows the np-AAO film covered with 
the 20 nm Al electrode (reflector) after the process illustrated 
in figure  4(g). Four-point probe measurements showing the 

Figure 6.  (a) Effective refractive index of np-AAO film for the 
wavelength λ = 750 nm, and (b) refractive index dispersion curves 
of np-AAO films for 0 to 10 min pore-widening time.
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resistivity of 20 nm Al film deposited on top of the np-AAO 
layer is 1.2≃2.6   ×   10−3 ohm cm. In comparison, the resis-
tivity of 20 nm Al film deposited on top of bare Si is 7.3≃
8.1  ×  10−4 ohm cm. This indicates that the resistivity of Al film 
is only slightly increased when deposited on np-AAO film. 
The SEM micrograph in figure  5(d) was taken at the cross 
section BB’ indicated in figure 4(g). This shows the typical 
layer stacking of the device before the removal of the sacri-
ficial poly-Si film. The np-AAO film with the close-packed 
array of columnar cells and nanopores can be observed. The 
micrograph in figure 5(e) was taken at the device edge CC’ 
indicated in figure 4(h). It further shows the cross section view 
of the np-AAO layer suspended above the substrate after the 
sacrificial poly-Si film was etched away, as indicated in the 
process figure 4(h). Note that the shape of the np-AAO inter-
ference layer was defined by the wet etching of chromic acid 
(figure 4(f)). Thus, the columnar cells at the edge the device 
(such as CC’ in figure 4(h)) were attacked by the chromic acid 
during wet etching in this step. However, the columnar cells 
inside the device (such as BB’in cross section  figure  4(g)) 
were protected during the chromic acid wet etching. As a 
result, the columnar cells are clearly observed in figure 5(d) 
as compared with figure 5(e). The air gap between the sus-
pended np-AAO layer and the oxide film on the substrate was 

0.5 μm. Moreover, the micrograph in figure  5(f) shows the 
morphology of the back side of the np-AAO film. Based on 
the image-processing software ImageJ (National Institutes of 
Health, USA), the porosity of np-AAO film was determined. 
The solid alumina and nanopores respectively became light 
and dark areas after image processing and thus the porosity 
was determined by software. In this case, the porosity at the 
back side of the np-AAO is 43%. As a reference, the front 
side of this np-AAO layer has a porosity of 58%. There are 
two reasons for the difference in the porosity between the 
front side and back side of the np-AAO layer: (1) some of 
the nanopores are not successfully etched through, and (2) the 
size (diameter) of the back side nanopore is smaller than that 
of the front side.

4.  Experiments and discussions

In this study, the wavelength of light is much larger than 
the pore size and the distance between the pores, hence the 
np-AAO can be considered as a uniform layer with an effec-
tive refractive index [32, 33]. The effective refractive index 
of np-AAO film was measured by the ellipsometer. The mea-
surements in figure  6(a) show the variation of the effective 

Figure 7.  The transmittance of the np-AAO layer for the light beam with wavelength ranging from 400 to 750 nm.
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refractive index n with the nanopore size of np-AAO film for 
the wavelength of 750 nm. The np-AAO film consists of the 
alumina (nAl2O3 = 1.8) and the air (n = 1) inside the pores. 
As discussed in equation (2), the refractive index of np-AAO 
nAAO will be modulated by the porosity P. Measurements 
indicate the porosity P was increased from 21% to 58% after 
the 10 min pore-widening process and then the refractive 
index was decreased from 1.59 to 1.37. Figure  6(b) further 
shows the refractive index dispersion curves (in the visible 
spectral region between 400 to 750 nm) of np-AAO films for 
0 to 10 min pore-widening time (i.e. porosity ranging from 
21% to 58%). The transmittance of np-AAO is of importance 
for the application of the optical filter. Figure  7 shows the 
transmittance of the np-AAO layer for the light beam with 
wavelength in the visible spectral region between 400 to 
750 nm. Figure 7(a) shows the samples, pure glass substrate 
and glass substrate with np-AAO coating, prepared in this 
study for measurements. The data in figure 7(b) was measured 
by using the UV-visible spectrometer (Oceanoptics, model 

ISS-UV-VIS and USB2000) with the transmittance of air as 
the reference. The transmittance of the glass substrate, as indi-
cated in the left photo shown in figure 7(a), is around 90%. In 
comparison, the transmittance of glass substrate with 350 nm 
thick np-AAO film (anodized at a bias voltage of 40 V) almost 
reaches 70%. The data shows that the np-AAO film has good 
transparency in the visible spectral region.

The micrographs in figure 8 respectively show two colors 
displayed by the bi-stable optical filter. As marked by dash line 
in the figure, the optical filter is a suspended np-AAO beam with 
planar dimensions of 110  ×  50 µm. As shown in figure 8(a), 
the optical filter displays the green color when no voltage is 
applied to the device. In addition, as shown in figure 8(b), the 
np-AAO beam displays the red color when applying 5 V dc 
voltage (exceeds the pull-in voltage) on the device. Thus, the 
color filter modulated by the voltage is demonstrated. In brief, 
the bi-stable states of the suspended beam modulated by the 
driving voltages enable the change of displayed color. The 
experimental setup in figure 9(a) was established to measure 

Figure 8.  Two colors displayed by the bi-stable optical filter at its on-off states modulated by driving voltages.

J. Micromech. Microeng. 25 (2015) 025001
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the spectral of light beam reflected from the presented optical 
thin film filter. The setup consists of the microscope, spec-
trometer, source meter and the test sample. The source meter 
was used to apply a dc voltage to deform the suspended thin 
film filter. The white light from the microscope was incident 
perpendicularly onto the sample and then the light reflected 
from the filter was measured by the spectrometer. In addition, 
the light reflected from the Si with 500 nm Al coating film was 
used as a reference. Figure 9(b) shows the typical measured 
reflectance of the presented optical filter device. It indicates 
the relationship between the applied voltages and the light 
reflectance at different wavelengths. The peak wavelength of 
light reflectance shifted from 580 nm (green) to 690 nm (red) 
as the applied voltage increased from 0 to 5 V. These two peak 
wavelengths are respectively associated with the bi-stable 
states of the filter. Moreover, the reflectance for green and red 
were respectively 61.6% and 67.4%.

The test setup in figure 9(a) was also used to characterize 
the hysteresis curves of a typical fabricated filter. In this 

test, the reflected light intensity was detected by the charge- 
coupled device (CCD) camera. Thus, the variation of the input 
driving voltage with the reflected light intensity was recorded 
by computer. The optical filter respectively displays the green 
color (for no driving voltage) and red color (after the applied 
driving voltage), as shown in figure  8. Thus, the red light 
intensity measured by the CCD was exploited to characterize 
the electrostatic deformation of the suspended thin film. The 
measurement results in figure 10(a) show the variation of nor-
malized red light intensity with the driving voltage. The driving 
voltage (positive bias) was increased from 0to 10 V with a 
0.4 V increment and then decreased from 10 to 0 V. Similarly, 
the driving voltages with negative bias were also applied to 
the thin film filter. As indicated in the figure, the positive and 
negative pull-in voltages are respectively V+

pull-in = 4.4 V and 
V-

pull-in =  −3.2 V. According to [1], the offset voltage deter-
mined from Voffset = 0.5 × (V+

pull-in + V-
pull-in) is Voffset = +0.6 V. 

For an ideal dielectric layer with no electric charge during 
electrostatic actuation, the offset voltage is Voffset = 0 V. On the 

Figure 9.  (a) Experimental setup for optical spectral measurement and (b) typical measured reflectance of the presented optical filter.
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other hand, the dielectric charge, which will lead to an offset 
voltage (Voffset ≠ 0 V) and the hysteresis curves (for posi-
tive-bias and negative-bias driving) in figure  10(a) become 
asymmetric. To evaluate the charges of the dielectric layer, 
the thin film filter was driven at 40 V for 10 min [34]. Such 
a high applied voltage will lead to the charges being trapped 
in the dielectric layer. As shown in figure  10(b), the meas-
urements indicate that the offset voltage was increased to 
Voffset = + 2.4 V (V+

pull-in = 6.0 V and V-
pull-in = −1.2 V). Thus, 

the hysteresis curve was shifted to the right due to the existing 
positive charge [35]. The charge will gradually disappear after 
a period of time [36]. The measurements in figure 10(c) show 
the hysteresis curves of the thin film filter after 1 h the high 
voltage tests in figure 10(b). The results indicate that the offset 
voltage was decreased to Voffset = +1.4 V (V+

pull-in  =  5.6 V 
and V-

pull-in = −2.8 V) and the hysteresis curves shifted back 
slightly to the left. In comparison, the SiO2 dielectric layer 
has a Voffset shifted from 0 to +6 V at an applied voltage of 35 V 
[36]. Moreover, the Voffset of Si3N4 dielectric layer is shifted 
from 0 to + 30 V at an appied voltage of 65 V [33]. As a result, 
the measurements in figure 10 indicate the np-AAO material 
has a relatively small dielectric charge as compared with other 
dielectric materials. The driving voltage (near 5 V) for the 
presented filter design is too small to introduce the dielectric 
charge. The measurements indicate device design flexibili-
ties and possibilities for higher driving voltage and smaller  
device size.

The tests and results in figure 11 are employed to investigate 
the adhesion forces of np-AAO film and oxide during contact. 
The measurements were performed by using the atomic force 
microscope (AFM [37, 38]). Figure 11(a) shows the steps to 
prepare the sample for testing. The np-AAO layer was released 
from the substrate after the anchor was fully removed by XeF2 
after etching. After that, the np-AAO film peeled off from the 
substrate was placed upside down onto another silicon wafer 
with a thin adhesive layer. After the adhesive layer was cured 
at room temperature, the sample was ready for AFM adhe-
sion tests. Thus, the AFM tip could touch the contact surface 
of the np-AAO during the test. Moreover, to investigate the 
real contact condition (back side of the np-AAO layer to SiO2 
film), the commercial AFM probe (offered by NT-MDT Co, 
Russia) with a spherical SiO2 fixed on the tip was employed 
for the adhesion tests. As the SEM micrograph in figure 11(a) 
shows, the AFM probe has a spherical SiO2 with a radius-of-
curvature of 650 nm (Model number CSG30_Bio650). Based 
on the approach in [37, 38], the AFM tip is initially placed 
on top of the sample (no contact) and then moves downward 
to approach and make contact with the sample. An additional 
loading of the tip is specified to ensure a sufficient contact 
force between the tip and sample. After that, the AFM tip 
moves upward to retract from the sample. During the retrac-
tion step, the loading between the sample and AFM tip will 
be gradually decreased to zero as the tip moves back to the 
initial contact point. However, due to the existence of adhe-
sion force, the cantilever of AFM will remain bent and even 
retract after the initial contact point. Thus, the adhesion force 
is determined by the extra load to separate the AFM tip from 
the sample. Figures 11(b) and (c) show the typical measure-
ment results for np-AAO films of different pore size at an 
ambient relative humidity of 65%RH. Figures 11(b) respec-
tively indicate the force-displacement measurements for 
np-AAO film with porosity of 3.6% and 48.2%. The adhesion 
forces determined from this approach are respectively 80.4 nN 
(for porosity of 3.6%) and 43.6 nN (for porosity of 48.2%). 
This shows that the adhesion force was significantly reduced 
(1.8-fold) by increasing the size of the np-AAO nanopores to 
prevent the stiction. This study also performed the adhesion 

Figure 10.  Hysteresis curves characterizations for the optical filter 
device, the results are measured at different test conditions, (a) 
positive bias from 0 to 10 to 0 V and then negative bias from 0 to 
10 to 0 V, (b) positive bias from 0 to 40 to 0 V and then negative 
bias from 0 to 40 to 0 V and (c) positive bias from 0 to 10 to 0 V 
and then negative bias from 0 to 10 to 0 V on the sample in (b), the 
measurement is 1 h after the high voltage test.
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tests in five different positions of the sample and the average 
adhesion force and the error bar for these measurements are 
indicated in figure  11 (c). In summary, the adhesion forces 
determined from this approach are respectively 80.2  ±  2.2 nN 
(for porosity of 3.6%) and 42.6   ±   3.5 nN (for porosity of 
48.2%). Finally, the reliability of the thin film filter was evalu-
ated using the continuous on-off driving tests. The thin film 
structure was driven by the periodic on-off voltage of 0/10 V 
to ensure its contact with the substrate surface for color modu-
lation. The actuation frequency is 1.6 Hz. The measurements 
in figure 12 show the red-light intensity recorded by the CCD 
camera during the modulation of the thin film filter for 1 mil-
lion cycles (almost 180 h). The thin film filter displays green 
and red color at the driving voltages of 0 V and 10 V, respec-
tively. Thus, the measured red-light intensities are modulated 
at two different magnitudes at 0 V and 10 V driving voltages. 
As stiction of thin film filter occurred, the red light intensity 
modulation in figure 12 would stop. As a result, no stiction 
of suspended np-AAO film was observed after driving for 

Figure 11.  Adhesion force test by AFM: (a) the steps for sample preparation, (b) typical force-displacement measurements for np-AAO 
films of difference pore size, and (c) adhesion tests in five different positions of the sample.

Figure 12.  Reliability of the thin film filter for continuous on-off 
driving tests of 1 million cycles.
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more than 1 million cycles. The driving tests on unpackaged 
np-AAO filter were performed to evaluate the influence of 
the device when exposed to the air. The np-AAO filters were 
exposed to the air for 2 years. Note that these filters were 
stored in a chamber with a relative humidity of 45%. The test 
results show that the driving voltages and the hysteresis curves 
of these devices remain unchanged.

5.  Conclusions

This study presents the approach to implement the thin film 
optical filter by using the suspended np-AAO layer as the key 
deformable mechanical structure. The thin film filter is driven 
by electrostatic force with bi-stable positions to modulate the 
display light of visible wavelength range. The porosity of the 
np-AAO layer can be exploited to change the characteristics of 
thin film filter. In this study, the np-AAO with porosity ranging 
from 21%–58% is demonstrated using the low temperature 
pore-widening process. Thus, the refractive index can be 
easily changed from 1.59 to 1.37. The light reflected from the 
filter is shifted from 580 nm (green) to 690 nm (red) after the 
bi-stable modulation with a bias voltage of 5 V. Furthermore, 
the dielectric charge and related offset voltage of the np-AAO 
filter have been evaluated by the measured hysteresis curves. 
It indicates that np-AAO film has a relatively small dielectric 
charge as compared with the SiO2 and Si3N4 dielectric mate-
rials. The experiments further demonstrate that the adhesion 
force can be reduced by the nano-texture of the np-AAO layer 
to prevent the in-use stiction of the thin film filter. The device 
remains alive and no stiction occurred after the on/off bi-
stable actuation of 1 million cycles. In summary, the np-AAO 
is found to be a promising material for electrostatic actuation 
film optical filters. Moreover, the np-AAO could also find 
applications in other micro electrostatic drive devices (such 
as micro switches) based on its superior material properties. 
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