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BRIEF REPORTS AND COMMENTS

This section is intended for the publication of (1) brief reports which do not require the formal structure of regular journal
articles, and (2) comments on items previously published in the journal.

Method on surface roughness modification to alleviate stiction
of microstructures
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Department of Mechanical Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu,
Taiwan 30010, Republic of China

(Received 7 February 2003; accepted 27 May 2003; published 30 July 2003

Modification on surface roughness has been shown to effectively alleviate both release and in-use
stiction in the previous literature. However, the modified materials in the previously reported
methods were limited to polysilicon or single crystalline silicon with special properties. Here, the
proposed modification method not only can apply to silicon without extra property requirements, but
also has the potential to modify other materials, such as oxide, nitride, and some metals. The process
here combines spin-on photoresist and reactive ion etching. The proposed low temperature process
is simple, and no extra mask is needed. Consequently, there is more flexibility to add the roughness
modification to the original fabrication process of microdevices. In this study, polysilicon and
silicon nitride are demonstrated as the modified materials. Antistiction effects are characterized by
calibrating the water contact angles on the modified surfaces and the detachment lengths of released
cantilevers. The experimental results show that the detachment length is almost two times longer
than the cantilevers without modified substrates, where the interfacial surface energy between solids
is reduced about 15 times. @003 American Vacuum SocietyDOI: 10.1116/1.1592809

[. INTRODUCTION from high etch selectivity and passivation effects, the origi-
nal uneven surface was exaggerated to form pyramid-shaped

Stiction is one of the important factors that affect the re-asperities. Later Yeet al. applied heavy doping and thermal
liability and yields of microcomponenisThe phenomenon  oxidation to polysilicon, followed by a two-step RIE, where
may occur either in the drying step of the sacrificial layerhoneycomb-shaped grain holes were formed on the sutface.
removal process, or by over-range shock during the devicgh 1999, Matsumotcet al. performed a silicon anodization
operation, so-called the “release stiction” and “in-use stic- process to the silicon on insulator substrate, hillocks were
tion,” respectively’ Because surface roughness modificationformed on the surface, and a larger water contact angle was
can alleviate the interfacial surface energy by reducing thebtained®* However, the modified materials in the above
contact area between the structure and substrate, it can allgrethods were all limited to polysilicon or single crystalline
viate both kinds of stiction problems. silicon with special properties.

Referring to the previous research, avoiding the liquid Here, a method on surface roughness modification by
drying process; ® changing water meniscus shdpe using  combining spin-on photoresist and a RIE process is pro-
tethers as temporary suppofts* can only alleviate release posed. The principle is based on an uneven etch of the pho-
stiction. On the other hand, release and in-use stiction can leresist by RIE, where the photoresist acts as the transferring
alleviated by coating antistiction materidfs;'’ hydrogen template. Therefore part of the underneath material will be
passivatiort® or reducing the surface energy between contacexposed and be etched according to the uneven photoresist
solids by dimple¥ and surface roughness modificatfof??*  template. The roughness of the underneath material is then
However, antistiction coating and hydrogen passivation ommodified after the proper etch. Since the modification prin-
the partial regions are difficult and may degrade at high temeiple is based on the etched photoresist as the modification
perature. Surface modification methods are attractive, beemplate, the material underneath the photoresist is not re-
cause they can work on the selective region and also can Istricted by material properties, but only by RIE recipes. It
used in conjunction with dimples and low-energy coatingsmeans that the proposed modification process not only can
for the greater effec® In 1993, Alley et al. combined ther- apply to single or polycrystalline silicon, but also has the
mal oxidation and a reactive ion etchifRIE) process to potential to modify other materials, such as silicon nitride,
texture the polysilicon layer with large graifSResulting oxide, or some metals. Besides, this modification process

does not have to change the original fabrication process of
¥Electronic mail: whsu@mail.nctu.edu.tw the devices, and no extra mask is needed. These advantages
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Fic. 1. Processes of maodification on surface roughn@sspinning photo-
resist on the target materidl) etching the photoresist and target material
by RIE; and(c) modifying the target material successfully.

make design or fabrication processing of microdevices more b

flexible. Here, polysilicon and silicon nitride are demon- ( )

strated as the modified materials. The water contact angle _
t and til b techni Fﬁ. 2. (a) Topography of the photoresist after hot bake but before RIE

measuremen_ and can |§vgr . eam array technique are USC? cess andb) topography of the photoresist after RIE for 3 min.

to characterize the antistiction effects of the propose

method.
experience an uneven etch also. Consequently, the target sur-

II. SURFACE MODIFICATION face is modified to be a rough surface, as shown in Fig). 1

The general process of the proposed surface-modification Here, polysilicon and silicon nitride are used as target
method is schematically shown in Fig. 1. The modified ma_materlals_to demonstrate the surface roughn_ess m_odlflcatlon.
terials can be polysilicon, single-crystalline silicon, nitride, The detail parameters of the process are listed in Table I.
oxide, or metals, and there is no special property require-
ment. First, a thin layer of positive photoresist is spun on the
surface of the material that is desired to be modified, the
so-called target surfaciFig. 1(a)]. After hard bake of the
photoresist, RIE with proper gases is performed to etch the
photoresist, then the underneath target surfddg. 1(b)].
Uneven etching is achieved on the photoresist, which then Time = 4'40"
serves as a transferring template to make the target material

TaBLE |. Processes of surface roughness modification for polysilicon and
silicon nitride.

Time = 520"
Step Process
Photoresist spin m Fujifilm FH-6400 spin and
baking at 120 °C for 5 min
RIE with proper working time SE0,=20:4 sccm at 20 mTorr
and rf=100 W
Removal of residual resist 480, :H,0,=3:1 with Time = 5'40"

hot bath for 15 min

Fic. 3. SEM of the surface of polysilicon with different modification times.
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roughened by the etch, and a lot of pinholes can be observed,
as shown in Fig. @). At this point the target material is not
yet revealed and still protected by photoresist. With longer
etching time, the target surface underneath the pinhole region
is then attacked by the RIE, and the attacked area of the
target surface will grow with the increasing pinhole region of
the photoresist. Therefore, the rough topography of photore-
sist is transferred into the target material due to this time
difference. Figures 3 and 4 show the surface status of poly-
5 silicon and silicon nitride as the target materials for various
modification times, respectively. The modification time var-
ies from 4 min 20 s to 6 min with an interval of 20 s. The
experimental results indicate that the target material below
the photoresist layer starts to etch at around 4 min 40 s. With
the increase of etching time, the topography of the photore-
Time = 5'40" Time = 6' sist is transferred into the target materials gradually, and a
greater percentage of the target surfaces is etched. It is also
FIG. 4. SEM of the surface of silicon nitride with different modification found that the topography shows an evident transformation
fimes between 5 min and 5 min 20 s. The photoresist layer is
presumed to be fully stripped within this interval because the
First, a thin layer of positive photoresist is spun and bakedtickness of the modified polysilicon is averagely reduced by
This layer just serves as the transferring template, so thg+0: 1000, and 1750 Aat5min 20 s, 5 min 40 s, and 6 min,

exposure process is not needed. Then, the wafer is put inf&SPECtVely.

the RIE(SAMCO RIE-10N chamber with the etch gases of

SK; and G. The etch rates of this recipe are about 2300,”" CHARACTERIZATION

2000, and 1400 A/min for photoresist, polysilicon, and sili-  In order to further characterize the properties of the modi-

con nitride, respectively. Using the same etch gases for thied surfaces by the proposed method, some techniques in

photoresist and the target material has the advantage of siraddition to SEM are used here. First, an atomic force micro-

plifying the modification process. The RIE time in the pro- scope(AFM) is used to obtain the surface roughness and

cess, the so-called modification time, is determined from theurface profile. Figure 5 shows one example of a surface

thickness of photoresist and the antistiction effect of the tarprofile measurement using an AFM. Then the water contact

get material. After the RIE process, residual photoresist i@ngles are measured to calibrate the change of the adhesion

removed by the solution of sulfuric acid and hydrogen per-energy due to the roughness variation. Finally, a detachment

oxide. length technique, i.e., different lengths of cantilevers above
Figures 2a) and 2b) show the scanning electron micro- the target materials, is performed to verify the effects in al-

scope(SEM) images of the photoresist before and after theleviating stiction between the contact solids.

RIE process, respectively. Before RIE, the surface of the In the water contact angle measurement, a de-ioni2éd

photoresist is very smooth even at 20 80@nagnification.  water droplet is placed on the surface of the target material,

After RIE for 3 min, the surface of the photoresist has beerand a contact angle is formed between the liquid and the

Digital Instruments NanoScope
Scan size 3.000 pm
Scan rate 0.5003 Hz
Number of samples 256
Image Data Height
Data scale 500.0 nm

[] view angle
gig light angle

Fic. 5. Surface profile of modified polysilicon with the
modification time of 5 min 20 s by AFM.

j10]

X 1.000 pm/div
Z 500.000 nM/div

3d
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Fic. 7. Fabrication result of a cantilever array for the test of antistiction
effect.

3 Eh?t3
8 1 @
whereE is Young’s modulush is the spacing between the
cantilever and the substrate, ahds the thickness of the
cantilevers’ The efficiency of antistiction then can be char-
acterized by comparing the detachment lengths and the inter-
facial surface energy with and without the modification pro-
cess.

In experiments, a cantilever array made of polysilicon
with various lengths is fabricated above the target material.
The width, thickness of the cantilevers, and height above the
substrate are 10, 2, and &m, respectively. The cantilever

Fic. 6. Fabrication process of the cantilever beam array for the test of€ngths range from 50 to 1500m in every 10um. Here,

antistiction effect.

solid surfaces due to the equilibrium of the surface tension
The adhesion energy between the water and the surface
the unit aredlg,, can be written as

where vy, is the surface tension of water adds the water

contact anglé??® According to the above equation, the ad-

hesion energy can vary fromy2 (6=0) to zero @=). It

S

polysilicon and silicon nitride are used as the target materials
in the antistiction tests. The fabrication process with polysili-
con as the target material is shown in Fig. 6. First, QrB
thick silicon nitride and 0.6um thick polysilicon are depos-
ited on a(100 silicon wafer, respectivelyFig. 6(a)]. This

n, .. . :

polysilicon layer is used as the target material, and the sur-
face modification process described in Fig. 1 and Table | is
performed with different modification times. Later, aun
thick oxide layer is deposited as the sacrificial layer. The
regions of anchors are defined by mask No. 1, as shown in
Fig. 6(b). Then, another polysilicon layer with 2m thick-
ness is deposited as the structure layer of cantilevers, fol-
lowed by annealing at 1100 °Cr@ h in N, ambient. Can-

can also be found that a larger water contact angle represertilever beams with various lengths are patterned by mask No.
smaller adhesion energy between the water and the surfac2.and etched by RIEFig. 6(c)]. Finally, the cantilevers are
In this study, the water contact angle is determined from theeleased by pure HF solution for 10 min, rinsed by isopropyl

image captured by a digital camera.

alcohol for 1 h, and dried by a hot plate at 120°C for 1 h

Since the surface roughness modification can reduce tHéig. 6(d)]. When silicon nitride acts as the target material,
interfacial surface energy between the suspended structutee process is similar, only the 04m thick polysilicon is
and substrate to alleviate both release and in-use stiction, thet grown on the silicon nitride layer. Figure 7 shows the

popular cantilever beam array technifbis also used here

fabrication result of a cantilever array with various lengths

to characterize the antistiction effect. The relationship befor the test of antistiction effect. The detachment length is

tween the detachment length of the cantilevgr, and the
interfacial surface energyy, can be expressed as the fol-
lowing equation:

J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul /Aug 2003

determined by SEM observation, and the results will be
shown and discussed together with the surface roughness and
the water contact angles in Sec. IV.
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Ra=75nm Ra=10.1nm 3507
Rq=9.2°nm Rqg= 140.0nm ~ 300
0 =178 6 =80 g _
i, = 250+
7 _
§ 200
‘ [} |
Time = 420" Time = 4'40" £ 150
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Fic. 9. Detachment lengths of 10m wide cantilevers for various modifi-
Ra= 983nm cation times with polysilicon as the target material in roughness modifica-
Rg=119.0nm tion.
=97

Ra= 64.7n1m
Rg= 74 41nm
6 = 90°

times. Without the surface modification, the detachment
length is found to be about 156m. At 4 min 20 s modifi-
cation time, the improvement on the detachment length is not
obvious, because the photoresist still protects the target sur-
face. With longer modification times, the detachment length
increases until 5 min 20 s. After 5 min 20 s, the detachment
length does not always increase, but just falls in the region
IV. RESULTS AND DISCUSSION around 300um, which is almost two times longer than the
In the experiments, the modified polysilicon surface iscantilever without a modified surface, and the interfacial sur-
first treated with rinsing in DI water for 10 min, dilute HF for face energy of solids is reduced about 15 times according to
1 min, DI water for 10 min again, dried by ,Nourge, and Edq. (2). These results are consistent with the measurement
baking at 90 °C on a hot plate for 30 min. Instantly, the waterresults of the water contact angle. This indicates that longer
contact angle is determined from images captured by thenodification times can increase the surface roughness, but
digital camera. Figure 8 shows the calibrating results of wadoes not always reduce the adhesion energy and the interfa-
ter contact angle and surface roughness on the modified sutial surface energy. For the case of silicon nitride as the
face when the target material is polysilicon, where the meatarget material, the trend of the detachment length variation
roughnes®Ra and root-mean square roughn&sgare deter- is almost the same as the results of polysilicon. But the de-
mined by AFM. In the period from 4 min 20 s to 5 min the tachment lengths are slightly different; they are approxi-
surface roughness slightly increases with the time, as dogwately equal to 180 and 32@m for 4 min 20 s and 5 min 20
the water contact angle. At 5 min 20 s, surface roughness arglof modification times, respectively. This indicates that the
the water contact angle both have more obvious changesterfacial surface energy of polysilicon—polysilicon and
compared to the previous period. The results can be expolysilicon—silicon nitride is different.
plained by the SEM photographs shown in Fig. 3, where the
topography at these modification times changes more evj-
dently. After 5 min 20 s, the photoresist above the target\/' CONCLUSIONS
material is fully etched away, and longer modification times A method to modify surface roughness, which combines
can increase surface roughness further. However, longespin-on photoresist and RIE processing, is proposed and
modification times may not be able to further reduce theverified here. The method only needs to add several steps in
contact area and does not have an evident effect on the cothe original fabrication process of microdevices and no extra
tact angle. From EqJ), this means that the adhesion energymask is needed. In addition, because the principle is based
before 5 min and after 5 min 20 s of modification time only on etching photoresist as the modification template, the
changes slightly. Therefore the critical modification time modified material underneath the photoresist can be more
falls in the period from 5 min to 5 min 20 s, where the flexible, and not limited to polysilicon and single crystalline
adhesion energy between the water droplet and the modifiegllicon. Experimental results show that by using the proposed
surface is reduced evidently. When silicon nitride is used asnethod, detachment lengths can be almost twice as long as
the modified material, a similar trend is observed, which isthe cantilevers without modified substrates, where the inter-
not shown here. facial surface energy between the solids is reduced about 15
The measurement results of the detachment lengths wittimes. However, the proposed method on antistiction has its
the upper and lower bounds are plotted in Fig. 9 using polydimitation once a critical modification time is reached, about
silicon as the target material under different modification5 min 20 s in our case.

Time = 5'40"

Time = 6'

Fic. 8. Surface roughnesRa and Rq and the water contact angke on
polysilicon surfaces for various modification times.

JVST B - Microelectronics and  Nanometer Structures
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