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Free space optical NEMS (nano-electro-mechanical systems) technology

Abstract

In this project, we study the design, fabrication and measurement of an out-of-plane
grating and polarizer in the dimension of micrometers. Both devices have been
demonstrated by the surface micromachining process. In order to reduce the
fabrication error, we developed a process for self-assembly by means of surface
tension of photoresist. Finally, the optical properties of various optical features

have been discussed.
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Table 4-1 &% %

Measured |[Calculated

Oth 1st
Sample |Depth [Fill -1st order [Diffraction |Diffraction
order |order . .
No. (nm) |Factor |(mw) efficiency |Efficiency
(mw)  (mw) . .
[Ratio Ratio
1 ~445 1~0.43 |0.44 1.78 0.42 4.15 3.46
2 ~455 |F0.56 [0.32 1.71 0.32 5.30 4.46
3 ~460 [|~0.45 [0.45 1.76 0.43 4.08 4.67
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Table 4-2 417nm 5 & 2. SiN 4 3k s 3

Reflected Light  [Transmitted Light
Reflectance (TE) [Transmittance (TM) [Extinction Ratio [Extinction Ratio
(dB) (dB)

83.3 % 99.7 % 20.9 0.6
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When wet etches are used to release the microstructure, it is common to distribute small etch

holes over the surface to minimize the duration so that all undesirable etching of other films or

structures shall be reduced. However, the arrangement and form factor of the etch-holes array

strongly affect the optical properties of such perforated structures. In this paper, a model based on

Fraunhofer diffraction theory is presented to study the dependence of diffraction behavior on

various etch-holes array. Comparison with experimental results confirms the validity of this

model.

Index Terms — Etch holes, surface micromachining, Fraunhofer diffraction theory.



1. Introduction

Microoptics have expanded widely over the last decade in terms of their diverse

applications in device and instrumentation. For most applications, integration of

discrete optical components into a fully function system is crucial, in order to reduce

size and cost, as well as to enhance the robustness and stability. The micromachining, or

microelectromechanical systems (MEMS) technology can implement a functional system

to be monolithically integrated on a single chip via a VLSI-like process (VLSI: very large

scaled integrated), thus provides a potential route to meet such requirements. In

addition, mechanical components such as hinged and rotating structures combined with

a compact microactuator allow a moveable function in operating. This advantage can

performe more complex function and has been widely applied in many optical systems

such as optical display, data storage, switches, and sensors.'*

Among various MEMS fabrication technologies, surface micromachining process, on

which alternating layers of structural and sacrificial materials can be deposited and

patterned to create various structures, are the most popular approach for its integrated

circuit (IC)-like foundry process.”® For surface micromachining process, the most well

known recipe is to use polysilicon as the structural material and silicon oxide as the



sacrificial material due to the excellent mechanical properties of polysilicon and high

selectivity of sacrificial etching with hydrofluoric acid. As the sacrificial etching process

is facilitated to release a large-area microstructure, it is common to distribute an

etch-holes array over the microstructure to minimize the duration so that all undesirable

etching of other films or structures shall be reduced. One example of a free-space optical

reflector is shown in Fig. 1, where etch holes are periodically spaced in a

two-dimensional array. These etch holes are inevitable for free-space features under

surface micromachining technologies. The effects of the etch-holes array on the

electromechanical and ferromagnetic properties have been discussed before.”* However,

only a few papers have been dedicated to the behavior of diffraction, and they mainly

reported this topic numerically and lack an analytical consideration.” In this paper, we

first describe the diffraction from a perforated thin film with a square etch-holes array;,

which is the most typical mask layout in the surface micromachining process (Section 2).

In Section 3, we propose applying a random distributed etch holes layout to eliminate

the high-order diffracted beam without loss of fabrication convenience. In Section 4, the

experiment is setup and compared with the calculated values. Finally, a conclusion and

discussion is given (Section 5).

2. Diffraction from Etch-holes Array with Regular Spacing



The diffraction caused by a two-dimensional (2D) etch-holes array is analogous to the

case in which a uniform plane wave is diffracted by a crossed grating. In this case, the

features on the perforated film are treated as scalar phase/amplitude objects. This means

that the incident beam is simply modulated by a complex transmission (or reflection)

coefficient introduced by the properties of microstructure with etch-holes array. Here we

ignore the physics of interaction between the etch hole and the incident beam in the

conformity with the relief pattern and assume aperture part merely imports to the

incident beam an amplitude modulation. Despite the fact that solving the Maxwell

equation is most exact way for diffraction analysis, approximating etch holes as

amplitude objects holds well for our case where typical aperture sizes of MEMS

structure are much larger than the working wavelength. In addition, we can avoid

entailed massive computations and get a fast calculation. The wavelength A for the

simulation is 633 nm. However, as long as two conditions are met (1) the diffracting etch

hole must large compared with wavelength, and (2) the diffracting fields must not be

observed too close to the aperture,'’ the calculated values can be applied to different

wavelengths by scaling all the geometry parameters involved proportionally. Fig. 2

illustrates the transmission function B(x,y) of a perforated die and geometric parameters

for diffraction calculation. If the overall size of the die is limited to c¢xn, etch holes have a

size of axl and are spaced b and m apart in the x and y directions, respectively, then the

transmission function of the etch-holes array can be expressed as



B(X,y) = [H(g) . HI(%)}H(%) x [H(Ty) . m(%)}n(%) (1)

where [](x/a) is a rectangular function of width a. The function for such an aperture is

defined as
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and III(x/b) is a comb function of spacing b. The transmission function of comb function

can be written as
m(x,by=Y 5(%— K)=bY s(x—kb) 3)
k=—o0 k=—c0

Note that etch-holes array with regular spacing can be generated by convolving the
rectangular function [](x) with comb(x). In this paper, the convolution operator is

"y
*

denoted by a symbol “*”. For a typical MEMS device where propagation distance z is
much larger compared with x’, y’, the diffraction by 2D etch-holes array can be

estimated using Fraunhofer diffraction formula, by which the diffracted pattern is

obtained as the Fourier transform of the transmission function, that is F{B(x)}= E(fs, fy),



where the argument fi= sin€/1 ~x’/Az and fy= sin@/A ~y’/Az, as shown in Fig. 2. The

Fourier transform of the comb function is
F {I1I(x,b)} =b )" T1I( fx,%) (4)
k=—c0

Consequently, we can obtain the amplitude distribution of the wave diffracted through

the perforated film

E(f,,f,)=F{B(xYy)}

_F {H(%)HF {H(%)}* F {IH(X,b)/b}}x F {H(Ty)}[lz {H(%)}* F {1y, m)/m}}

= asinc(af, )[csinc(cf, )+ ITI(f,.1/b) | Isinc(If, )| nsinc(nf,, ) TII(f, .1/m) |

— asinc(af, )Esinc(cfx ) kgw 5(f, —%)} xIsinc(, ){%sinc(nfy ) é’:w 5(1, _%)]
— alsinc(af, )sinc(lfy)[ Sy NXNysinc(c(fX-%))xsinc(n(fy-%))}
()

where Nx and Ny are the number of etch holes in the x and y directions, respectively.
Figure 3 shows the irradiance distribution of a square etch-holes array with a =1=5 pm,
b=m=20 um and c = n =200 um. Because the order of the dimension in the transmission
pattern is a < b < ¢, the order of the diffracted pattern which is the Fourier transform of

the etch-holes array has an inverse relationship; namely,

1 1
—<—<— 6
<b< (6)
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where 1/c is the size of an individual spot, 1/b is the spacing between each spikes,
and 1/a is the overall size of the diffraction pattern.!! When the ratio of the aperture
width 2 and the period b is an integer, the minimum of the envelope will exactly
coincide with some of the spikes of the array pattern. In this case, b/a = 4, the fourth
spikes overlaps with the first null of side lobe and the intensity of the fourth spike thus

disappears. Since the intensity distribution is obtained as

I(fx,fy):E*(fX,fy)E(fX,fy) (7)

accordingly, we can calculate the intensity

| = Iosincz(afx)sincz(lfy)|: i i sinc®(c(f, —%))sincz(n(fy —k—rry]))]
kX:—ocky:—oc

= 1,sinc’ (af, )sinc? (If ){ Sin‘(7szX) } { Sin‘(ﬂnfy) }

77| N, sin(zbf,) | | N, sin(zmf,)
(8)

where
. ke _ sin(zcf,)
kx_z—ooSInC|:C( g b )} N sin(zbf )

2 _ﬁ _ sin(znf)

kyZ_“wsmc{n( f, m)}_—Nysin(nmfy) 9)



which can be verified through the serial expansion

Loy X(_Dk (10)

Consequently, the intensity can be represented in this form

|1, sin® ¢, sin’ &, [sin(NXﬂx)T{sin(Nyﬂy)]2 1)

2 2 . .
a, a, N, sin B, N, sin f,

where

X

T T
a =zasmt9x,ay:zlsmﬁy

B, :%bsinex,ﬂy :%msiney (12)

It can be seen from Eq. (11) that the diffracted pattern is contributed by two factors of
different natures. The factors outside the square brackets are determined solely by the
shape of aperture element and are called the shape factor, which appears as the
envelope of the diffraction pattern. On the other hand, the factors inside the square
brackets are determined solely by the period and die size of etch-holes array, are called

the array factor. The diffracted pattern is the product of these two factors.



Sometimes the actual shape of etch holes after plasma etching tends to be circular

rather than square due to imperfect photolithography and etching process. In this case,

sinc function caused by the rectangular element in Eq. (5) can be substituted by the Bessel

function, which is the Fourier transform of the circular aperture. Similarly, when the

surface area of a microstructure is relatively larger than the illuminated spot size, the

overall size is determined by the spot size rather than the external border of the device.

Therefore, sinc function caused by the rectangular die should be replaced by the Bessel

function as well.

3. Diffraction from Etch-holes Array with Random Distribution

According to the preceding study, we note that periodicity of the etch-holes array leads

to considerable amount of high-order beams. In the above case, the normalized intensity

of the lowest few orders are 1 [Oth order], 0.8113[(1,0), (0,1) order], 0.6582 [(1,1) order],

0.4072 [(2,0), (0,2) order]. Such high-order diffraction beams are often undesirable to the

optical performance by generating noise and erroneous crosstalk signals in most optical

systems. Let us examine an etch-holes layout, where etch holes are randomly arranged

but without any rotation of the individual elements, as shown in Fig. 4 (a), where the

dash lines represent the original position of each etch hole and solid lines represent the

random offset from the original one. For simplicity, we ignore the external border and



only consider one-dimensional case. If each square aperture is translated in the x

direction by a random distance bx from its original position, then the transmission

function can be represented by

B(X) = NXZIH(X;bk] (13)

where the translated distance br are generated by the computer according to discrete

uniform distribution.”? Using the shift property of the Fourier transform,
F{h(x£b)}=e™*""*H(f,) (14)

The amplitude distribution in far field can be expressed by

E(f)= sinc(afx)[1+e"'2”b‘f* el grizmho ] (15)

Therefore

N, —1 N, —1
I=E*E=sincz(afx)[NX+2z ZCos2fX(bj—bk)] (16)

j=1 k=l

Since bj and bk are random in this case, the translation corresponds to a superposition of

cosine functions with a random period, which leads the interference term in Eq. (16) to



zero. Such analysis can be extended to 2D case and the intensity of the diffracted wave
thus becomes N, N sinc?(af, )sinc’(If ), as shown in Fig. 4 (b), where the grid pattern due
to the array factor is average out and the diffraction pattern is solely determined by the

form factor of each element but with N times the intensity.

Although random spacing is an effective approach to eliminate the high-order
diffracted beams and thus alleviate the crosstalk effect, one more requirement should be
noted when failure mechanisms are taken into consideration.'® Because typical surface
micromachining uses polysilicon thin film as the structure layer and the silicon oxide
thin film as the sacrificial layer. If the spacing of etch holes on the polysilicon layer is too
far, the etchant is hard to access the center of the large-area micromechanical structure,
thereby failing to release the component. On the contrary, while the spacing is too close,
the stress concentration is accumulated around the etch holes and the polysilicon film is
easily cracked during the fabrication or assembly process. Therefore, one more condition
is needed that the spacing between each etch hole bx should be limited in the range of

2045 um in this case.

We can further randomize each aperture element with respect to rotation angle 6 as
well as translation, as shown in Fig. 5 (a). Since the form factor of etch holes has been

randomized with center symmetry, the calculated irradiance in Fig. 5 (b) looks like one



obtained by rotating the diffracted field of a single square aperture about it’s center.

4. Experimental Results

To verify the relationship between diffraction and etch-holes layout, we develop a 2D

micromirror through MUMPS (Multi-User MEMS Processes).'* The micromirror

contains various etch-holes layouts compatible with MUMPS deign rules. The 2-pm

polysilicon surface of interest is the poly 1 layer, produced by low pressure chemical

vapor deposition (LPCVD) process on the top of a layer of 2-um silicon oxide film. Since

we aim to study the dependence of diffraction behavior on various etch-holes arrays, the

MUMPS mirror is not released from the substrate. The experimental setup is shown

schematically in Fig. 6. A He-Ne laser (A = 633 nm) is directed toward the perforated film

after passing through a variable attenuator, a spatial filter, and a collimating lens to

emerge as a collimated beam. The beam uniformly fills the entrance pupil of the

telescope system and scale the diameter of beam size down to 200 um. The sample is

mounted on a plate riding on a translation stage. An etch-holes array acts as a 2D

diffraction grating that diffracts the laser beam into several diffraction orders. The

diffraction pattern is captured and analyzed by means of a CCD camera and a personal

computer, respectively. The measured irradiance distributions of various etch-holes

features are shown in Fig. 7. The measured results make a close agreement with the



previous simulation and qualitatively confirm our theoretical analysis based on

Fraunhofer diffraction theory.

5. Conclusions

To summarize, optical MEMS typically require etch holes to reduce the time
required to release the micromechanical structure during the sacrificial undercutting.
However, the size and density of the etch-holes array has a strong effect on the
diffraction patterns, which plays a key role in most optical characteristics. In this paper,
we examined the dependence of diffracted pattern on the etch-holes configuration based
on an analytical Fourier study. The diffracted irradiance caused by etch-holes array is
contributed by two factors, namely, array factor and shape factor. Array factor
determined by the period of the etch holes can cause high-order diffraction beams,
which can be averaged out by use of random translation layout. On the other hand, the
shape factor determined by the form factor of each element provides the envelope of the
overall diffraction pattern. The envelop can be centrally symmetrized by the randomly
rotation of each element. Optical experiments quantitatively confirmed our analyses.
The proposed design of random distributed etch-holes array is expected to provide a

useful consideration for future surface micromachining design rule.
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Figure captions

Fig. 1. SEM of a microplate with an etch-holes array.

Fig. 2. Illustration of (a) transmission function B(x,y) of a perforated die and (b)

geometric parameters for diffraction calculation.

Fig. 3. (a) The distributed pattern of the membrane perforated by a square etch-holes
array witha=1=5 pm, b =m =20 um and ¢ = n = 200 pm (b) irradiance cross-section,

where the order of the pattern has an inverse relationship of the etch-holes layout.

Fig. 4. (a) Geometric parameters of the translated etch holes layout, dash line represents
the original position and solid lines represents the random offset by discrete uniform

distribution (b) calculated irradiance pattern.

Fig. 5. (a) Geometric parameters of the random distributed etch holes layout, dash line
represents the original position and solid lines represents the position after random

translation and rotation (b) calculated irradiance pattern.

Fig. 6. Schematic configuration of the measurement system.

Fig. 7. The measured irradiance patterns of various etch-holes features (a) periodic
square etch-holes array (b) etch-holes array with random translation (c) etch-holes array

with random translation and rotation.
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Fig. 1. SEM of a microplate with an etch-holes array.
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Fig. 2. Illustration of (a) transmission function B(x,y) of a perforated die

and (b) geometric parameters for diffraction calculation.
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Fig. 3. (a) The distributed pattern of the membrane perforated by a
square etch-holes array witha=1=5 um, b =m =20 pm and c = n = 200
pm (b) irradiance cross-section, where the order of the pattern has an

inverse relationship of the etch-holes layout.
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Fig. 4. (a) Geometric parameters of the translated etch holes layout, dash
line represents the original position and solid lines represents the
random offset by discrete uniform distribution (b) calculated irradiance

pattern.
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Fig. 5. (a) Geometric parameters of the random distributed etch holes layout,
dash line represents the original position and solid lines represents the
position after random translation and rotation (b) calculated irradiance

pattern.
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Fig. 6. Schematic configuration of the measurement system.
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Fig. 7. The measured irradiance patterns of various etch-holes features (a)
periodic square etch-holes array (b) etch-holes array with random translation (c)

etch-holes array with random translation and rotation.
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Abstract Optical micromachining or microelectromechanical systems (MEMS) typically
require etch holes to reduce the time required to release the micromechanical structure
during the sacrificial undercutting. However, high-order diffraction beams caused by
the periodic etch-holes array often deteriorate the optical performance by generating
noise and erroneous crosstalk signals in most optical systems. In this paper, we studied
the diffraction from a perforated micromirror and proposed a random distributed
etch-holes layout. Due to the superposition of cosine functions with random periods,
noise caused by high-order beams can be averaged out effectively.

Index Terms — MEMS, etch holes, diffraction



The micromachining, or microelectromechanical systems (MEMS) technology, which

implements a functional system to be monolithically integrated on a single chip, has

opened up many new possibilities for free space systems.* Compared with

conventional macroscale devices, MEMS-based devices ranging in size from a few

millimeters to a dozen microns provide smaller, lighter, faster and more rugged

characteristics. In particular, optics is an ideal target since photon has no mass and is

much easier to actuate than other macroscale objects. This advantage leads to a variety

of optical elements such as binary-amplitude Fresnel zone plate for beam shaping,*

micromirror arrays for digital micromirror devices (DMD),’ and microposioning stage

for laser-to-fiber coupling,® etc.

There is a number of MEMS micro fabrication technologies developed today, such as

silicon bulk micromachining, LIGA, and surface micromachining.” Silicon bulk

micromachining uses chemical etchants sensitive to the orientation of the crystal lattice

to remove the bulk region of the substrate and form a desired feature. LIGA process

exposes a sheet of PMMA bonded to a wafer using X-ray lithography. After that, PMMA

is then developed and the exposed material is removed. By Nickel electroplating and

micromolding process, a high-aspect-ratio structure can be formed. Compared with

previous two approaches, surface micromachining process, on which alternating layers

of structural and sacrificial materials are deposited and patterned to create various

structures by means of a VLSI (very large scaled integrated)-like process. Therefore,



many different devices can be fabricated on the same substrate using a standard
foundry process. For this reason, surface micromachining process has become the most
popular approach for MEMS fabrication. For surface micromachining process, the most
well known recipe is to use polysilicon as the structural material and silicon oxide as the
sacrificial material due to the excellent mechanical properties of polysilicon and high
selectivity of sacrificial etching with hydrofluoric acid. As the sacrificial etching process
is facilitated to release a large-area microstructure, it is common to distribute an
etch-holes array over the microstructure to minimize the duration so that all undesirable
etching of other films or structures shall be reduced.® Fig. 1 shows a scanning electron
microscopy (SEM) picture of a typical microplate with an etch-holes array. The periodic
perforated pattern is represented in the inset, where a and b represents the element size
and period of the square etch-holes array, respectively. Theoretically, the diffraction
caused by such two-dimensional (2D) etch-holes array is analogous to the case in which
a uniform plane wave is diffracted by a crossed grating. According to Fraunhofer
diffraction theory,’ the diffracted irradiance I (x,y) can be obtained by Fourier transform

of the two-dimensional etch-holes array and thus be represented as

I(x )=isincz(ix)sincz(i )(S(EJc-n)(S(i -n)
Y Az /\zy Az Azy

n=-N

In this formula, the quadratic phase factor was suppressed, z and N represents the



propagation distance and number of etch holes, respectively. As the example, we

consider a metal membrane perforated by an etch-holes array with square size 2 =5 um

and period of b = 20 pm in both x and y directions, respectively. After illuminated by a

collimated He-Ne laser ( A = 0.63 um) under normal incidence, the transmitted irradiance

of the diffracted beams in the far field can be observed, as shown in Fig. 2. The diffracted

pattern consists of an array of bright spikes with the spacing A4 = Az/b. For this particular

array, the ratio between the aperture width a and the period b is b/a = 4. Therefore, the

fourth spikes overlaps with the first null of side lobe and the intensity of the fourth spike

is disappeared. Although square-shaped etch holes frequently appear in the design, the

actual shape of etch holes after plasma etching tends to be circular rather than square

due to imperfect photolithography and etching process. In this case, the irradiance

distribution caused by the square element is more like Bessel function rather than the

sinc function in Eq. (1), as shown in the Fig. 2. The measured normalized intensity of the

lowest few orders are 1 [Oth order], 0.83 [(1,0), (0,1) order], 0.66 [(1,1) order], 0.45 [(2,0),

(0,2) order], which are in a close agreement with theoretical values. Although small etch

holes typically have little or no effect on the performance of electromechanical

behavior, ! this is not the case for the optical function. From this study, we note that the

presence of these periodic features can lead to considerable amount of high-order beams,

which can potentially deteriorate optical performance by generating noise and

erroneous crosstalk signals in most micro-optical systems. Although the magnitude of



the high-order beams can be suppressed by either decreasing the density of each-hole

array or increasing the size of each aperture element, the expense of too small or large

filling factor can result in poor optical properties and difficulty during the fabrication

process.

According to the preceding study, how to eliminate the high-order diffracted beams

without loss of fabrication convenience is needed. Fig. 3 shows the geometric

parameters of the new photomask layout. We propose applying a random distributed

etch-holes array, in which each square aperture in the x, y direction is translated by a

random distance (Ax, Ay) from its original position, where the translated distance (Ax,

Ay) are generated by the computer according to discrete uniform distribution."! In

addition, one more requirement on the spacing between each etch holes should be

considered to avoid the possibility of fabrication failure. When the spacing is too far, the

etchant is hard to reach the center of the large-area micromechanical structure. On the

contrary, when the spacing is too close, the mechanical strength of perforated surface is

weakened and the polysilicon thin film is easily broken while film is lifted out of the

wafer. Therefore, we add a condition that the distance between each element shall be

within the rage of 20+5 pum in this case. Besides the translation, we also randomize each

aperture element with respect to rotation angle 6 between [-n/4, n/4] as well to alleviate

the shape factor effect of each aperture element. Detailed design and considerations are

in preparation for another publication.



Experiments on randomly distributed holes-array were carried out. Fig. 4 shows the

irradiance image of the light passing through a randomized perforated micromirror in

comparison with the simulation results. In this configuration, the diffraction pattern

looks like one obtained by rotating a single etch hole diffraction pattern about its center,

which suggests the interference terms caused by the periodicity was cancelled by the

superposition of cosine functions with random periods introduced via translation

design (Ax, Ay). In addition, the diffraction pattern of the square aperture is average out

via random rotation angle as well.

In summary, we have investigated the effects of etch-holes array on the optical

properties of micromachined structures with A = 0.63 pm. As long as two conditions are

met (1) the etch holes must large compared with the wavelength, and (2) the diffracted

fields must not observed too close to the aperture, our analysis in this paper can be

applied to different wavelengths by scaling all the geometric parameters involved

proportionally. According to our study, etch-holes array exerts two major effects on the

diffraction pattern, namely, array factor and shape factor. The array factor determined

by the period of the etch holes can cause high-order diffraction beams, which can be

averaged out by means of random translation distribution. On the other hand, shape

factor determined by the form of the each hole provides the envelope of the overall

diffraction pattern, which can be alleviated by randomly rotating each element of the

array. Optical experiments quantitatively confirmed the proposed design of random



distributed etch-holes array. Such etch-holes layout is expected to alleviate the noise

caused by high-order diffracted beams and improve the optical performance in most

optical-MEMS devices.
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Figure captions

Fig. 1. SEM of a microplate with an etch-holes array. The periodic perforated pattern is
represented in the inset, where 4 and b represents the element size and period of the

square etch-holes array, respectively.

Fig. 2. (a) Measurement (b) Simulated irradiance distribution of the diffracted beams of a
metal membrane perforated by periodic an etch-holes array with square size 4 = 5 pm

and a period of b =20 pm in both x and y directions, respectively.

Fig. 3. Geometric parameters of the random distributed etch-holes layout. Dash line
represents the original periodic position and solid line represents the position after

random process.

Fig. 4. (a) Measurement (b) Simulated irradiance distribution of the randomly

distributed holes-array.
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Fig. 1. SEM of a microplate with an etch-holes array. The periodic
perforated pattern is represented in the inset, where a and b represents

the element size and period of the square etch-holes array, respectively.



(a) (b)

Fig. 2. (a) Measurement (b) Simulated irradiance distribution of the
diffracted beams of a metal membrane perforated by periodic an etch-holes
array with square size 2 =5 pm and a period of b = 20 pm in both x and y

directions, respectively.



Fig. 3. Geometric parameters of the random distributed etch-holes layout.
Dash line represents the original periodic position and solid line represents

the position after random process.



(a) (b)

Fig. 4. (a) Measurement (b) Simulated irradiance distribution of the

randomly distributed holes-array.



