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The footing or notching effect arises during the dry overetching of silicon layers on top of dielectric
films. The visible consequence of this effect is the resulting etch that propagates along the interface
between the underlying dielectric films and the silicon layer. Footing is usually considered an
undesirable artifact during etching. Thus, the vast majority of efforts made to date have been
oriented towards reducing or eliminating the aforementioned effect. There is, however, another
alternative that has not been fully exploited: the application of the notching effect in the
microfabrication of released structures. Furthermore, with deep reactive ion etEtiiig) tools it

is also feasible to deposit fluorocarbon films for electrical isolation purpiwsegu. Thus, it is
possible to microfabricate suspended structures by combining the footing effect with the capabilities
offered by DRIE. For this purpose, we have developed, built, and tested suspended electrostatic
actuators applying this new microfabrication scheme. The process is well suited for applications
involving silicon-on-insulator wafers. Electrostatic actuators microfabricated with this passivation
film subsequently underwent 3Qull-in cycles without failure. ©1999 American Vacuum
Society [S0734-211X99)07904-4

[. INTRODUCTION particular trench. For aspect ratios of the order of 1 or less,
there is enough electron bombardment at the lower part of
etched structures, and on the bottom surface, to preclude the
charge buildup associated with the footing effect. It can be
further observed in the scanning electron microsc@&iyM)
. o . . = . micrographs(a) and (b) in Fig. 2 that the notching is less
is usually negligible in conventional reactive ion etching o

than 1 um deep. However, as the aspect ratio increases the

(RIE) of submicron features due to the low current fluxes, .. . .
and small dimensions involved. However, the etching Off00t|ng depth also increases. It then achieves a depth of 1.84
' m for an aspect ratio of 1.95, Fig(@, and even 5.63m

large features(several microns or mojg using currently K

available high-density plasma etchers, can exhibit a notchin h.en_the aspect ratio reaches 3.30 |n.F(@.)2As the aspect
effect that extends laterally several microns. The extent o afio increases even further, the footing depth decreases to

footing depends on many variables such as the electro?\'g(s'“m for an aspect rgtio of 5.1fee Fig. 2¢)], and 1'89 ,
temperaturé-* the ion energy, the ion/electron current to um when the aspect ratio reaches 7.25 as can be seen in Fig.

the surface, the size of the feature and the amount of sidewaff)- FOr narrow trenches, there is a significant drop in the
passivation. etching rate due to shadowing and the concomitant ion flux

In particular, the dependence of this effect on etching conf€duction reaching the bottom surface. The reduction in
ditions in a time multiplexed deep etch@fMDE) has been notching depth observed in FiggeRand Zf) is then related
described elsewhefeln this exercise we used a deep reac-t0 the reduced time the bottom surface is exposed to ion
tive ion etching (DRIE) tool from Surface Technology bombardment, and the decreased ion current at the bottom of
System$. This tool multiplexes between a passivating cycle@ trench. The preceding observations suggest that notching
that employs a g plasma and an etching cycle with a;SF €an be controlled by tailoring the aspect ratio of etched
plasma. In addition to the 13.65 MHz rf power applied to thetrenches.
electrodes, the tool has another rf power source connected to Another variable of interest that concerns notching is the
a single-turn coil around the processing chamber. This dua@mount of overetching time. The relevance of this variable is
rf power arrangement permits the generation of high-densitghown in Fig. 3, which includes an array of trenches similar
plasmas for deep silicon etching applications. A completdo those of Fig. 2 but with an additional 10 min etching time.
description of this piece of equipment as well as proces&ooting remained small in those cases involving low aspect
optimization techniques can be found elsewHere. ratio trenches as can be seen in the microgréaghend(b) in

The notching effect also has a strong dependence on thfég. 3. However, in all higher aspect ratio cases, and com-
aspect ratio of etched features, as can be seen in Fig. Rared to similar trenches in Fig. 2, the notching effect be-
Aspect ratio is the ratio of depth to horizontal opening for acame deeper and wider as shown in the micrograjhs

through(e) in Fig. 3.

dElectronic mail: ayon@mtl.mit.edu The observations indicate that feature charging is the

The footing or notching effect, which arises due to the
differential charging of sidewalls and bottom of features, is
observed when overetching polysilicon or single crystal sili-
con layers on top of dielectric filmigsee Fig. L This effect
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KN R £N charging at the same potential. The micrograph shown in
Fig. 4 is an example where both symmetric and asymmetric
notches are observed on features with dissimilar electrical
connections.

It is also relevant to ponder the influence of etching spe-
cies availability on footing, considering that upon reaching
the buried dielectric layer, the concentration of fluorine is
expected to increase. It has been reported that conditions that
promote the availability of fluorine or decrease the concen-
Photoresist tration of etching byproducts, such as higher chamber pres-
sure settings or higher $Fow rates, decrea3¢he extent of
notching with respect to the overetching time. Furthermore,
the excess supply of fluorine cannot explain the observed
Bigied Dielectrle asymmetrical variations in notching shown in Fig. 4, or the

. - . . . absence of notch formation for trenches when low aspect
Fic. 1. Footing originates from the isotropic flux of electrons on the side- . . . . .
walls of the feature that creates a negative charge near the feature openir{@t'os are involvedsee Figs. 2 and)3where EtChmg species
The flux of electrons to the lower sidewalls and bottom of the feature isare predictably more abundant. Also, the shape of the
Iimiteql by the reduced view factqr to the plasma and .the repulsive negativgyotches appears to be line of sight with the deflection of the
gﬂg:g?ionsi?\:etlced:‘;attgr;eogfg;?gr' ;2?]0%?:;%?0;;9'icc’)?‘sﬂﬁ;”a"ow Spac%n_s leaving the silicon dioxide near the interface, instead of
being circular with the center based upon the sidewall. Thus,
the observations suggest that surface charging controls foot-
main mechanism for explaining the footing efféct® and  ing, although the availability of etching species could have a
that the charging potential of etched features on a wafer isynergistic effect in notch formation.
influenced by their electrical connectié®~? Thus, for a The footing or notching effect described in the previous
given trench width, different notch depths can be expectegaragraphs can be utilized for releasing silicon structures
across a wafer on features charging at different potentialduring processing of silicon-on-insulaté8Ol) wafers. For
Similarly, notch symmetry can be predicted for featuresthese applications it is also necessary to emphasize the rel-

Silicon or Polysilicon

W O &S

(d)

Fic. 2. Footing effect dependence on the aspect ratio of etched structures. Aspect ratio is defined as the ratio of depth to opening of a partictias trench. T
the respective aspect ratios for the SEM micrographs shown are 0(8f h07 in(b), 1.95 in(c), 3.30 in(d), 5.16 in(e), and 7.25 in(f).
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Fic. 3. Dependence of footing on overetching time. The SEM micrographs show trenches similar to those in Fig. 2, that have been etched 10 min more
compared to those in Fig. 2.

evance of charging and ion bombardment during the microsilicon dioxide, the spontaneous etch of silicon causes the
fabrication of cantilevered beams. In the case of a simpleuick loss of the silicon in the beam$!* leaving behind
fluorinated, isotropic glow discharge, when releasing a sili-only the protective shell. By comparison, this deleterious ef-
con beam that has its sidewalls protected by a film such afect is small when exploiting the footing effect. The expla-
nation underlying this observation is that during the release
of structures the tool is still operating in TMDE mode, there-
fore, protective films are also being deposited within the
notch. Thus, ion bombardment is still required to proceed
with the etch.

‘ B . Il. ELECTROSTATIC ACTUATORS

The observed extent of footing can, therefore, be used to
microfabricate high aspect ratio suspended structures for
such applications as microvalves, micropumps, and microre-
lays. However, devices using electrostatic actuation also re-
quire electrical isolation to avoid failure by stiction. Several
: 3 : techniques have been proposed to solve this problem, usually
D Silicon Mesa e involving additional film depositions such as silicon
dioxide*4
Fic. 4. Electrical connection between different etched features influences The suggested approach contained in this article is the

the extent of footing. Thus the different depths achieved by notches a and Htilization ofin situ deposited fluorocarbon films employing
can be explained in terms of differences in the charging potential of the

respective features. Similarly, the observed symmetry in the notches identi€ Samtg TMDE piece of equ_ipment. It has been preViC_’USW
fied with ¢ is expected for features charging at the same potential. reported® that the characteristics of those fluorocarbon films
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Fic. 5. Sequence for the microfabrication of released structures. After the
photolithographic stefa), a TMDE tool can perform all the remaining steps
in situ: silicon etch,(b) release of structures during overetch, ash photore-
sist, conformational deposition of a fluorocarbon film, aie use of an
oxygen plasma to remove the fluorocarbon film from all horizontal surfaces.

have a strong dependence on deposition conditions, and that
the deposition rate can exceed 048/min. Therefore, the
application of the footing effect in combination with tle

situ deposition of electrical isolation films enables a new
microfabrication sequence detailed in the following para-

AV AV A AVAaYaVAYaY/ aVAYATAYAYaYAY
Footing Effect

graphs. B silicon §J Silicon Dioxide
Step (i) Transfer the topography to photoresist using a )
standard photolithography step. See Fig)5 M Eluprocarbon. Eilm

Step (ii) Etch the silicon substrate until the underlying
dielectric film is reached. Etching conditions and optimiza-
tion of operating points during TMDE can be found
elsewheré:® The TMDE processing conditions used in this

exercise were as follows: during the passivating cycle 4%/' . h - )
. otorola with a single crystal silicoq100 film 38 um
scem of GFg were flown 11 s, with the electrode power set thick, and of 5—-20€) cm resistivity. Upon transferring the

at 6 W and the coil power at 600 W; during the etching cycleto oaranhy to photoresist. the devices were prepared follow
105 scem of Sgwere flown 14 qwith an additional overlap . pograpny fo photo - prep
O : ing the process outlined in Fig. 5. After photolithography, all

over the passivating cycle of 0.5 with the electrode power . .

. " ecessary steps were performed in the same DRIE tool in-
set at 12 W and the coil power set at 750 W. The position o . 2 ) ) .

) R i : cluding silicon etching, structure release, photoresist ashing,
the throttle valve was fixed at 65° during operation.

Step (iii) During the overetching time, charging producesfluorocarbon film deposition as well as its removal from all

the footing effect, and the structures are released. This timehorlzontal surfaces. After ashing the photore@éep iv, the

can be tailored to release the widest feature in the design. Avgafer were cleaved and half of each wafer was tested with-
was previously mentioned, the deleterious effect of losing
height control in narrower beam due to spontaneous silicon
etching reported in other schemes is very small during this I-V Characteristics
step. =

Step (iv) Photoresist can be removédsitu with an oxy- : ;
gen glow discharge. See Fig(bb. 20[ . |==Device 1 |...i

Step (v).Operating the equipment in continuous mode, = Device 2
and flowing only GFg, a fluorocarbon film is deposited on
all surfaces.

Step (vi) Additional in situ oxygen plasma will preferen-
tially remove the passivation film from all horizontal sur-
faces exposed to ion bombardment, while preserving the film
on sidewalls’ Auger spectroscopy was used to inspect the 5
horizontal and vertical surfaces after exposure to oxygen
plasma. Figure &) shows the cross section of a completed

device. oL : . i
0 20 40 60 80 100
Voltage (V)

Fic. 6. Drawing of the electrostatic actuator described herein.

ide, 1000um long etches using SOI wafers supplied by

15 L Eorineroonene P , ................. ,

B0

Current (nA)

[ll. TESTING

. . . Fic. 7.
An electrostatic actuator was built to validate the precedycie.
ing approach. The desigsee Fig. included beams 3.8m  in situ,

I-V characteristics of the electrostatic actuator described in this
Fluorocarbon films for electrical isolation purposes were deposited
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