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Effect of Process Parameters on the Surface
Morphology and Mechanical Performance of Silicon
Structures After Deep Reactive lon Etching (DRIE)

Kuo-Shen Chen, Arturo A. AygrSenior Member, IEEEXin Zhang Member, IEEEand S. Mark Spearing

Abstract—The ability to predict and control the influence of I. INTRODUCTION
process parameters during silicon etching is vital for the success A . -
of most MEMS devices. In the case of deep reactive ion etching EEP reactive ion etching (DRIE) of silicon enables the
(DRIE) of silicon substrates, experimental results indicate that microfabrication of high-aspect ratio structures (HARS),

etch performance as well as surface morphology and post-etch which, in turn, permit the fabrication of devices able to span
mechanical behavior have a strong dependence on processingom 100 to 100Q:m. HARS also allow the fabrication of struc-

parameters. In order to understand the influence of these param- tures that are comoliant in the plane of the wafer but riaid in the
eters, a set of experiments was designed and performed to fully u phianti p w utngia

characterize the sensitivity of surface morphology and mechan- direction normal to its surface [1]. Furthermore, HARS in com-
ical behavior of silicon samples produced with different DRIE bination with aligned silicon wafer bonding, make possible the
operating conditions. The designed experiment involved a matrix realization of novel and promising applications, such as Power
of 55 silicon wafers with radiused hub flexure (RHF) specimens MEMS [2]. However, most applications place stringent require-

which were etched 10 min under varying DRIE processing condi- . . - .
tions. Data collected by interferometry, atomic force microscopy MeNt on HARS in terms of high silicon etching rate, good se-

(AFM), profilometry, and scanning electron microscopy (SEM), lectivity to masking material, profile control and compatibility
was used to determine the response of etching performance towith other processes [3].
operating conditions. The data collected for fracture strength was STS licensed the DRIE technique patented by Robert Bosch

analyzed and modeled by finite element computation. The data . o o -
was then fitted to response surfaces to model the dependenceGmbh [4]. 1t relies on the deposition of inhibiting films to

of response variables on dry processing conditions. The results Obtain anisotropic profiles. This approach utilizes an etching
showed that the achievable anisotropy, etching uniformity, fillet cycle flowing only Sk [see Fig. 1, steps (ii) and (iv)] and then
radii, and surface roughness had a strong dependence on chamberswitches to a sidewall passivating cycle using onlF&[see
pressure, applied coil and electrode power, and reactant gasesFig_ 1, step (iii) ]. During the subsequent etching cycle, the pas-

flow rate. The observed post-etching mechanical behavior for . ting film i f tiall df the bott f th
specimens with high surface roughness always indicated low Sivating Tiim is preterentally removed trom the bottom of the

fracture strength. For specimens with better surface quality, there ~trenches due to ion bombardment, while preventing the etching
was a wider distribution in sample strength. This suggests that of the sidewalls. The alternating of etching and passivating
there are more controlling factors influencing the mechanical cycles forms scallops on the sidewalls of etched features. The
behavior of specimens. Nevertheless, it showed that in order to peak to valley height of those scallops, being a function of

achieve high strength, fine surface quality is a necessary requisite. . ..
The mapping of the dependence of response variables on dry operating conditions, can be controlled to some extent. Because

processing conditions produced by this systematic approach Of the alternating between etching and passivating cycles, the
provides additional insight into the plasma phenomena involved term time multiplexed deep etching (TMDE) describes more
and supplies a practical set of tools to locate and optimize robust closely this technique and it will be used in all subsequent
operating conditions. descriptions. The success of Bosch’s TMDE scheme relies on

Index Terms—Deep reactive ion etching (DRIE), fracture the deposition of the inhibiting films to prevent the etching of
strength, MEMS, plasma etching, silicon, surface morphology. the sidewalls.

The Bosch approach uses the high etching rate of flu-
orine-rich plasmas to etch HARS. Some recently reported
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e FEEESEEE  REEEEEER etching parameters. On the other hand, Cheal. [13] have

demonstrated that the fracture strength of silicon after DRIE
could be acceptable for many applications. However, two issues
remained unsolved. First, the work performed by Ckéml.
focused on a particular set of operating conditions which was
typically used for micro turbine-engine development. The sen-
() (ii) sitivity of fracture strength versus a wider range of process pa-
rameters was not investigated. Second, from the MEMS system
design point of view, an optimal process parameter set should

W w yield both satisfactory results in both microfabrication perfor-

mance and material strength. As a result, it was important to
conduct a systematic investigation to find the sensitivity of sur-
face morphology and mechanical strength on processing condi-

tions.
Experimental studies [7], [12] suggested that the achievable
(iii) (iv) fillet radii, surface quality, and etch rate are functions of the

Fig. 1. TMDE scheme. (i) Patterned masking material on a silicon WafeFF‘.tCh conditions such as the flow rate OIFQ and Sk, eIec_—
(i) Silicon etching cycle. (i) Fluorocarbon fim deposition. (i) Silicon r0de power, chamber pressure, and etching cycle duration. In
etching cycle. order to optimize the fabrication process design, it is necessary

to build the corresponding database to address the sensitivities

materials offers the potential to create MEMS capable of opédé-fabr:;at'on %grforrpahnce t?n etcf;lngr]] paramgtgrs. TI'? f?jc'“t"’l‘te

ating at high power densities. Such devices could be used f un ferstahn w:jg Obt € observed ¢ ara(_:tenstlcs, t e ev;.\ op]:

electrical power generation, propulsion, flow control, pumpin ent of such a "’?ta asevia a systematic parametric study o
IE parameters is required.

or local cooling. In order to achieve useful power levels, the hi i h ¢ itivity of etchi
machines require characteristic dimensions in the range from! S Paper discusses the study of sensitivity of etching per-

0.1to 10 mm. Examples under development at MIT inclngrmance on processing conditiops. T_his parametric study uti-
micro gas turbine engines, micro motor compressor, micpaed 55 silicon wafers etched with different etching process

rocket engines [8], and micro solid-state hydraulic transducé)rgrameter,s' Each siligon vyafer gontained 25,RHF specimens
[9]. The success of these power MEMS relies on achieving hightl: EtChing rate, uniformity, anisotropy, profile control, re-

mechanical strengths and the capability of controlling |0C§plting fillet radii, surface roughness, and fracture strength from

stress levels. At temperatures below about 800 K silicon istA6S€ SPecimens were measured. Finally, datareduction was per-

brittle, elastic material with an extremely high ideal StrengltWrmed i_n order to establish the sensitivity of those variables on
and low fracture toughness [10], [11]. The low toughnegocgssmg pa.rameters_. .

implies a strong sensitivity of strength on processing conditions | IS Paper is organized as follows: the experimental plan
and the presence of induced flaws or cracks. The performarice2ddressed in detail in Section Il. The etching related
of a DRIE tool was investigated by Aydst al.[12]. They found performance varlaples, mcll_Jdlng e_tchlng rate and surface
that the etch rate and the anisotropy were strongly influencg}?rphmogy' are discussed in Section lll. Fracture strength

by the etching parameters. By varying these parameters igﬁwell as other mechanical characteristics of silicon samples
possible to obtain a suitable recipe for a particular applic:’;\tio"?ﬂf.ter DRIE will be _cov_ered in Se_ctlon IV. Se_c'uon v dlspusses
me of the applications of this study. Finally, Section VI

In parallel, the surface morphology and fracture strength of ) ) ,
silicon after DRIE have been studied by Chetral. [13]. They summarizes the results and presents the final conclusions.
investigated the strength of planar biaxial silicon specimens and
silicon specimens with fillets hereby referred to as RHFS [14].
The reference fracture strength of planar silicon specimens was
found to range from 1.2 to 4.6 GPa with a Weibull modulus The goal of this study was, therefore, to explore the sensi-
ranging from 2.7 to 12. This reported strength and distributiaivity of etching performance on processing parameters and
agreed with some previous investigations at similar scale [1#5] provide guidance for locating optimal etching conditions
and the strength was slightly higher than most found in anotfer MEMS fabrication utilizing DRIE. The performance
study at a smaller length scale and different surface treatmeatiables to be measured or tested included silicon etching
[16]. However, the strength of RHFS was only around 1.5 GRate, anisotropy, uniformity, surface morphology and fracture
(with a Weibull modulus of 9) due to surface roughening istrength. In this study, the processing parameters were chosen
the fillet region. Cheret al. also found that by performing a systematically and 50 sets of operating conditions were created.
short secondary isotropic etch to remove the surface;#r3 These 50 recipes were then used to etch 55 wafers. The extra
on the silicon substrate, the fracture strength can be recovefigd wafers were etched using operating conditions within the
to around 60—-80% of the test strength of biaxial specimens. matrix of 50 in order to evaluate the repeatability of the etches.

Aybn et al.[7], [12] have demonstrated the capability to conEach wafer contained 25 planar biaxial and 25 RHF specimens.
trol the etching performance and trench profile by adjustirgince the etching rate of silicon in DRIE is around 1+8/min,

Il. EXPERIMENTAL APPROACH
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n.
TABLE |
PROCESSCONTROLLED PARAMETERS FORINVESTIGATION - L
A o
Reactants Supply Plasma Power Conditions Etch/Passivation Adjustment | L=10 mim

®  SF; flow rate ®  Electrode power during ®  FEtching cycle

® C.Fgflow rates etching ®  Passivation cycle

i R= 2.5 mm
l Tj r=1mm
= L, M~ 400 pm
®  Coil power 1\1 D:Il _l h2 =~ 390 -

®  Electrode power during 370 pm

passivation

® APC positions

- A

the etching time for each wafer was fixed at 10 min and a
10-30:m each depth was expected. Although the etch depth - o o S
was much smaller than that for typical DRIE etched MEMS
structures, the results were useful for building the sensitivity y
models to predict the behavior of silicon samples after DRIE. L # | | o [+ | A
This work was performed using a Surface Technology Sys- ."I 1
tems Multiplex ICP (STS Multiplex ICP STS Made in Red-
wood, CA Serial # 041, Vacuum pumping Chamber is done by O :
Balzers TMH 1000C (Pfeiffer Vacuum Technology), Hudson, |
NH) [17]. The equipment included two independent 13.56 MHz | o
RF power sources: one for the coil around the etching chamber
to create the plasma, and another connected to the wafer elec- % o o o o _.-"
trode to control the RF bias potential of the wafer with respect O O ' |
to the plasma. Backside helium pressurization was used to pro- .
vide sufficient heat transfer between the wafer and the elec- O O
trode to maintain a constant wafer temperature. A set of eight
alumina fingers clamped the wafer to the electrode. The mea-
sured temperature on the surface of the wafer during processing (b)
was 40°C. This was monitored using temperature sensitive dB. 2. (a) The RHF specimen design and (b) final layout of the entire wafer.
strips mounted on the surface of the wafer. At this temperature,
the etching rate of the photoresist was reduced and allowedpt®toresist, exposed to a mask that uncovered 18% of the
use as a mask for etching silicon. It was possible to operattal wafer area, and developed. The photoresist removal rate
with a predetermined common pressure for both etching amds determined by measuring the photoresist thickness before
passivating active cycles, or with a fixed angular position fand after the etch with an optical interferometer. Additionally
the throttle or automatic pressure control (APC) valve. In thtbe depth achieved and the uniformity across the wafer were
first case the position of the APC valve varied as the gas flaweasured using a DEKTAK profilometer and SEM inspection.
changed during each cycle. In the latter case, the position of fiilee actual thickness of each wafer was also measured by a
throttle valve was fixed and the pressure was determined by th&rometer.
gas flow rate. The results presented in this paper used this latte©nce the samples were prepared, the designed set of experi-
approach. Higher values of the APC valve position in degrea®ents adequate to fit a quadratic model was performed and an-
corresponded to higher chamber pressures. However, the &fyred using the commercial software package ECHIP (a reg-
pressure was fixed at 90 mT creating an upper chamber pressstered trademark). The measured data was fitted and the corre-
limit in these experiments. Another variable influenced by theponding response surfaces were generated [18]-[20]. The pre-
gas flow rate is the residence time,which is proportional to liminary validation of the model was determined by recording
pV/f, wherep is the chamber pressuré,the chamber volume the adjustedz? of each variable. The adjustét is always<1
andf the gas flow rate. This time is important in relation to thand it is a measure of the fit of the curve to the data. Higher
removal rate of etching byproducts in the process chamber withlues indicate a better data fit. Additional validation criteria
the corresponding effect on reactant concentration [18], as wiektluded the comparison of predicted and measured values on
as in the replenishing of etching species. Thus, APC positioniagbitrary operating conditions selected by the user and the com-
and gas flow rate influence the etching characteristics. The vgsarison of predicted and measured values using processing con-
ables explored are listed in Table I. ditions suggested by the model. The large parameter space pre-
The specimens were prepared in the following fashiosented in this paper obviates the necessity for the utilization of
400 +:m thick, 4-in single crystal silicog100) wafers, n-type response surfaces as required tools to assess the combined effect
with resistivity between 6 and 2Q-cm, were coated with of modifying operating conditions. Without this aid, the final
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determine the fillet radius at the etch base. The size of the scal-
lops on the vertical walls were also measured, and averaged over
20 to 30 scallops per die.

[ll. ETCHING RATE AND SURFACE MORPHOLOGY

A. Silicon Etching Rate

Fig. 3 shows the etched depth achieved as a function of ap-
plied coil power and S§flow rate for samples exposed 10 min-
utes to the glow discharge. All measurements graphed in Fig. 3
were taken for trenches of a nominal width of/@#. This width
was chosen because this size is small enough to avoid loading
effects while it is sufficiently large so as to avoid problems oc-
curring in deep etching due to mass transportation of the etchant
and etching byproducts. These issues are discussed in more de-
tail elsewhere [12].

The adjusted?? of the quadratic model for this response was
0.91 indicating that the fit was reasonably good [18]. The sil-
icon etching rate increases with coil power because the ion flux
density increases. Similarly, the etching rate increases wigh SF
flow rate because of increases in the concentration of etching
species(F') and because of a reduction of etching products
(SiFy) that redeposit [21]. Although not shown here, silicon
Fig. 3. Total depth achieved as a function of;lew rate (sccm) and applied etching rate could also be increased by increasing the applied
coil power (W). . . A .

electrode power during the etching cycle. This is due to the in-

crease in ion bombardment energy that results in higher etching
outcome after modifying operating conditions is difficult to prerates. As the flow rate increases, the etching rate increases with
dict. both coil and electrode power [22].

For the mechanical strength determination, as shown inThe etching rate also increases with increases in the duration
Fig. 2(a), the RHF specimen design consists of square diesPfthe etching cycle due to longer exposures to the glow dis-
1 cn? in size. An annular region with inner and outer radifharge. It also increases when the duration of the passivating
of 1 and 2.5 mm was etched. There were 25 RHF specimé?5/§|e decreases due to thinner fluo_r_ocarb_on film depositions.
per wafer. Due to the stochastic nature of the fracture stren§th@mber pressure also has a significant influence on etching
of brittle materials, relatively large numbers of specimens af@té; Whichinitially increases with pressure due to higheon-
required to obtain the strength in a statistically acceptalﬁémrat'ons [23], but as pressure increases even further, the ion

manner. The schematic layout of the entire wafer is shown §e€rgy and/or ion flux is reduced and the etching rate drops.

Fig. 2(b). 15 to 20 RHF specimens per wafer were mechanically
tested to determine the fracture strength. For the rest of fRe Photoresist Etching Rate
specimens, two were used for measuring the etching rate, anflow photoresist removal rate is necessary for a robust oper-
the remainder were used for SEM inspection and AFM megtion. Fig. 4 shows the photoresist etching rate dependence on
surements. The fillet radii at the trench bottom, were defin%p“ed electrode and coil power with TMDE suppressed. The
as the smallest radius of curvature at the trench fillet regioghotoresist etching rate increases with applied electrode power
This is an important parameter, since it defines the local StrQﬁﬁ:ause of increases in ion bombardment energy, therefore, in-
concentration, the values were estimated by fitting a circle ¢geasing ion bombardment improves the etching anisotropy but
SEM images. In some cases, the etch resulted in an elliptiaélduces the selectivity. During TMDE operation, this response
not a circular shape. In these situations, the semi-minor aisalso sensitive to pressure and the duration of the etching and
was treated as the fillet radius. The fracture load, combinggssivating cycles.
with measurements of wafer thickness, etched depth, and thalthough photoresist etching rate decreases as the pressure
local fillet radius were used to construct finite element modeiscreases, there are several other important implications associ-
to convert the fracture loads to fracture strengths [13]. ated with large settings of the APC, namely, the sputtering and
Surface roughness measurements were taken with a Digitedieposition of masking material which promotes the formation
Instruments D3000 AFM using tapping mode. The scanned axsfamicro-columns or “grass” [20], the damage of structures (see
was a square of 19m per side; multiple readings were takerFig. 5) and excessive polymer deposition. These considerations
from each die in various locations between the hub and the ouienrit the range of useful settings to no more thart .7bhe du-
wall. Dies from each wafer were cleaved to provide a cross seation of the active etching cycle determines the exposure time
tion of the trench profile and these were examined using SElF,the masking material during the etch and therefore the longer
all with the same magnification of 20 080 Curves were fit to the cycle, the more the photoresist is etched. Similarly, during

Depth Achieved (micromp)
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Fig. 4. Photoresist removal (A) as a function of electrode power (W) during APC
the etching cycle and coil power (W). The adjusfétifor this variable is 0.88,

which indicates a good fit.

Fig.6. Variation of etching rate uniformity with $flow rate (sccm) and APC
valve position in degrees.

wafer, the local rates of plasma density loss and formation, the
exposed area (i.e., the loading effect), and the feature density,
etc., we can significantly simplify this picture by focusing on
plasma formation. Thus, the plasma density being higher at
points closer to the RF power coil or heating source, promotes
local increases in the etching rate. Therefore, for most operating
conditions the etching rate will be higher on the periphery of
the wafer compared to points closer to the center of the wafer.
Uniformity benefits from lower APC valve settings because
the diffusivity varies inversely with the pressure. Thus, as
the APC position is lowered, pressure drops, which results in
increased diffusivity and improved uniformity [24]. Therefore,
higher diffusivities reduce the plasma nonuniformity providing

a better distribution of the ion flux to the wafer. The diffusive
gas transport of the neutral reactants is also increased, reducing
Fig. 5. SEM micrographs showing the deleterious effects observed with higﬁncentraﬂon gradients in the gas phase _an_d produc_ing a_ more
settings of the APC. Results obtained with the APC set at 80 uniform neutral flux on the surface. Similarly, uniformity
benefits from lower Sg-flow rates because, for a fixed position

the passivating cycle the thickness of the polymerization fil®f the APC valve, pressure decreases when the flow rate
increases with time, thereby decreasing the photoresist remdi@¢reases.
rate with increasing passivation cycle time.

D. Anisotropy and Profile Control

C. Uniformity This response is of importance in every application, and the
The variation of etch rate uniformity with $Flow rate and ability to tailor the slope of trench walls is one of the more im-
pressure is shown in Fig. 6. Plotted values were obtained pgrtant characteristics of this deep silicon etching tool. It is fea-
comparing the depth of trenches of nominal width of @# sible to obtain anisotropic profiles [see Fig. 7(a)], positive slopes
in the middle of the wafel(hiaaic), With trenches located [see Fig. 7(b)] as well as reentrant profiles [see Fig. 7(c)] by
30 mm away(k) and expressed by the equation: uniformity changing etching parameters.
(h/hmiddie — 1) x 100%. Anisotropy has a strong dependence on several variables such
This variable determines the extent of overetching required coil and electrode power, the duration of the etching and pas-
to achieve a prescribed depth across the wafer. Although thigating cycles, and chamber pressure. In general the combina-
response is influenced by the temperature uniformity across tian of ion bombardment in conjunction with the formation and
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(@) (b)

Fig. 7. (a) Deep trench in silicon with aspect ratio of 24 and a depth of nearly &0@b) Trench of 32.8:m deep with a noticeable positive slope: 6,69 at
the top and only 4.8am at the bottom. (c) Trench of 78;m deep with a noticeable negative slope: J2t8 at the top and 16.5m at the bottom.

preservation of protective films on the sidewalls, allow us teuch as micromasking and grass formation. Thus, settings that
achieve prescribed anisotropy and selectivity targets [25]. Thisomote the deposition of thicker passivating films, i.e., higher
is clearly illustrated, for instance, in the duration of the etchingressure, or that promote the efficient removal of such films,
cycle with respect to the passivating cycle. An etching cycle to@., higher coil or electrode power, have a significant impact
long with respect to the passivating cycle will promote reentraah anisotropy. For instance, with higher pressure settings the
profiles because etching continues long after the protecting filmerage ion energy is reduced, the angle of incidence of ions
has been removed. increases and the anisotropy deteriorates. A similar observation
Similarly, if an etching cycle is too short it will not removeis made with increases in gFlow rate when operating with
completely the deposited passivating films producing walls with fixed position for the APC valve. As the flow rate increases,
significant surface roughness and other deleterious artifatie pressure rises and the anisotropy deteriorates. With higher
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Fig. 8. The finite element mesh for the RHFS specimen and the indenter. - -

coil power settings the ion flux density increases, the removai
of the passivating films is more complete and the anisotropy @)
improves. Also, with higher electrode power settings the energ
of ions bombarding the surface increases and the anisotro
can improve depending on the pressure being used.

It was generally observed that narrow and wide trenches d
not exhibit the same anisotropy. Taking as a reference a p
ticular trench, wider trenches become increasingly more reer
trant. Thus, itis possible for trenches of dissimilar width to have
sloped walls that are positive in one case (narrow trench) an
negative in the other (wider trench).

IV. FRACTURE STRENGTH

Our previous work [12] identified fillet radii at the bottom of
trenches as a high failure probability site. This is reasonable b
cause it has the highest stress level and tends to have the high
surface roughness. The scallops, as shown in Fig. 9(b), did n
contribute the failure of test specimen due to relatively low stress
(the stress level is only around 5% of that at trench fillet).

In order to find the fracture strength of silicon, the test data
(load) must be converted to strength through finite element magg. 9.  SEMimage of fillet radius achieved (a): by recipe #21 and (b) by recipe
eling. It should be noted that different etching conditions yieldef#0- Fillet radius was determined by fitting a circle to SEM images and was

. . . efined as the smallest radius of curvature in the trench region.
different surface morphology and mechanical behavior. In addi-
tion, there was a-20 um possible thickness variation on each
one of the wafers nominally 40@m thick. These issues madeand strength uniformity. The software package CARES/LIFE™
itimpossible to construct a single finite element model. Insteadeveloped by NASA was used to calculate these parameters
individual models had to be created based on the measurem¢§2ds.
of wafer thickness, silicon etching rate, and fillet radius. As The fillet radius is also a function of etch depth. Since the etch
shown in Fig. 8, the fracture strength was determined by finiténe was 10 minutes, the resulting fillet radii were small. Based
element analysis with the fracture load as input [14], [26]. on SEM observations, the radii varied betweerybto 2.5;:m

The measured strength varied from each batch and even &eshown in Fig. 9. The AFM root mean square and peak-to-peak
tween individual specimens. Since the strength of brittle mateurface roughness measurement after DRIE varied between 5 to
rials is a stochastic variable, Weibull statistics is usually used 80 nm and 50 to 400 nm, respectively. Fig. 10 is a typical AFM
characterizing the fracture strength of brittle materials, whidmage of a 20:m x 20 zm surface area of a specimen etched

(b)

can be expressed as [27]. by a particular recipe. The average surface roughness is 5 nm.
The fracture strength also showed considerable scatter with

A/ o \™ reference strengths between 900 MPa to 3 GPa and Weibull

Py(o, A)=1~— eXP<A—O <O_—O> ) (1) moduli between 1.9 to 5. These low moduli indicated a consid-

erable scatter in strength uniformity. Fig. 11 shows a typical
whereP; is the failure probability4, is the reference surface Weibull plot for mechanical testing. The surface roughness,
area, andr is the applied tensile stress. The Weibull modulugracture strength, and Weibull moduli were correlated with
m, and the reference strength,, can be obtained from a setprocess parameters by the commercial software package
of mechanical test data. They are indicators of material stren@@@HIP™,
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Fig. 10. A typical AFM surface image of silicon after DRIE. The average
surface roughness is approximately 10 nm.
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Fig. 11. A typical Weibull plot of silicon strength after processing by DRIE.
Results for 16 specimens are shown.

A. Correlation Between Surface Morphology and Operating
Conditions

()

For certain applications, especially those involving structures
subjected to high speeds or high stresses, the radius of the féa-12. Fillet radiusgm) dependence on (a): APC positich) and Sk flow
ture bottom (also known as fillet radius) determines the streng®¥ (Sccm) and (b): APC positiar) and electrode power (W).
of the specimens involved, and the ultimate performance of
those structures. Thus, it is important to have the ability &een in Fig. 13(a). Similarly, smooth transitions and relatively
tailor this response. Fig. 12 shows the correlation of achievaltéege fillet radius can be achieved for larger values of the APC
fillet radius to the electrode power and the APC position aslve, this is shown in Fig. 13(b).
well as the Sk flow rate. The plot shows that higher APC The strength of etched samples also has a dependence on sur-
positions and lower electrode power will result in larger filleface roughness and, therefore, it is important to determine ap-
radii. Low electrode power settings result in less energetic i@nopriate operating conditions to control this response. Fig. 14
bombardment and the etching becomes less anisotropic. Higbleows the correlation of the averaged surface roughness with
APC positions correspond to higher chamber pressure. the etching cycle duration and APC positions. Longer etching
higher chamber pressure, the availability of fluorine increastme and lower APC position will result in lower surface rough-
and the etch becomes more isotropic. In addition, higher Skess. Prolonged surface exposure to a fluorine-rich plasma helps
flow rates represent more isotropic etching. The combinatie@m smoothen the surface. On the other hand, lower chamber
of low electrode power, high pressure and high; 86w rates pressures produced by lower APC positions reduce the con-
permit the achievement of larger fillet radii. A relatively smaltentration of etching byproducts that dissociate and redeposit,
fillet radius can be generated at low pressure settings as carhbiping in this way to reduce surface roughness. This effect
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Fig. 15. Correlation between surface roughness and fracture strength. Each
data point represents the reference strength of a specific wafer and was obtained
(b) by resulting 16 specimens. A total of 880 specimens were tested to construct this

raph.
Fig. 13. (a) Relatively small fillet radius can be obtained with low APCq P
settings. (b) SEM of a trench that exhibits a smooth transition at the feature

bottom. Profile obtained with the APC valve set at 80 possible to obtain specimens with a higher fracture strength. In
other words, for specimens with high surface roughness, the ref-
can be observed in Fig. 5. The etched surface shows delgigsnce strength is lower but the strength is much more uniform
rious effects due to high APC setting. However, while operatir(ge_’ higher Weibull modulus). On the other hand, for low sur-
conditions with larger pressure settings are preferred to obtgge roughness specimens, the reference strength is higher but
larger fillet radii, lower pressure settings benefit surface rougiith greater scatter (i.e., lower Weibull modulus). The fracture
ness. For those applications where both fillet radius and surfaggength actually depends on the critical flaw size instead of the
roughness are important, a compromise has to be reached. gyrface roughness although a rougher surface indicates poten-
. tially a larger flaw size. It might not be straightforward to make
B. Correlation Between Fracture Strength and Surface 5 geterministic correlation between these two quantities. Also,
Roughness the surface under inspection by AFM, although very close to the
Fig. 15 shows the correlation between fracture strength afiltet, is not necessarily the fracture surface. Itis very difficult to
the averaged surface roughness. There are 55 data points irotitain quantitative surface roughness data at fillets due to sig-
plot. Each point represents the reference strength of a spedifificant variation in flatness near trench fillets. The significant
specimen set (16 in total). As a result, a total of 880 specimeswatter shown in Fig. 15 can also be explained by the intrinsic
were used to generate the data. It shows that for operating coffildiw approach commonly used in determining inert strength for
tions that produce high surface roughness, the fracture strengtécro scale brittle structures [29]. It can be assumed that there
is always low. For operating conditions that produce low suare two kinds of surface flaws at a fillet region. The first kind
face roughness, the results are quite scattered. However, iisislirectly caused by the DRIE process and it is correlated to
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surface roughness. The other one, however, is due to other This imposes requirements on virtually all performance factors
known effects such as handling and damage from post-DR&lldressed in the previous sections. One important feature of cur-
processes. Flaw size dominates the fracture behavior of brittémtly available DRIE etchers is that they allow users to modify
materials. For the low strength specimens, the flaw size inducdyghamically the processing parameters during a particular etch.
by the DRIE process dominates. As a result, the existence of theother words, different operating conditions could be applied
second kind flaw has less effect on the fracture strength. Tlisthe same topographic features throughout a particular etch.
results in less of the scatter in strength. On the other hand, Tidris possibility makes this study even more useful. For example,
these low surface roughness specimens, the DRIE processeiperating conditions that result in a high degree of anisotropy
duced flaw size is small. In the situation where the second kiathid with a high silicon etching rate could be applied in the early
of flaws are small, very high strengths can be achieved. Hogtage of a deep etch to meet the demands of air bearings. During
ever, if the specimen contains larger flaws due to non-DRIE dfie final stages, operating conditions could be changed to yield
fects, the strength can be seriously reduced, i.e., for low surfdisgter surface quality and smoother fillet radii to meet the re-
roughness specimens, the second kind flaw dominated the geirements of structural integrity.

havior. Note that for the same brittle material subject to the same

processing, it is a dilemma to achieve both high strength aBd Micro Solid-State Hydraulic Transducers (MSHT)

high unifqrmity. Special atter)tion on process control or extra This program also utilizes DRIE to create very high aspect
proof testing are usually r_eqwred to increase the uniformity arr]gtio structures for actuation. The main purpose of this device
average strength of the final products. is to convert external mechanical load into electricity via piezo-
electric actuation and hydraulic rectification. Technical details,

V. APPLICATIONS can be found elsewhere [9]. A 5Q0wn-deep ring must be etched

Traditionally, MEMS structure geometries have been r@nd the strength of the silicon must be able to withstand the high
stricted by either the thickness limitation imposed by thin filngiresses+1.5 GPa) generated from large deformation of the
processes or surface micromachining techniques, or the gﬁ@mprane.The results.of this paperalso make a significant con-
that can be achieved by bulk micromachining. Furthermor@i',bU“O” for process refinement during product development.
LIGA or LIGA-like schemes were the only ways to achieve
high aspect ratio structures. However, the latter approaches are VI. SUMMARY AND CONCLUSION
expensive, time consuming, and less amenable to integratio
with most semiconductor devices. The introduction of DRI
technology and its ca_pabi_lity to create qgickly smal_l aT‘F’ hi chnology similar to the well-known RIE. Additionally, the
aspect ratio features in single crystal silicon has significan

enhanced the flexibility of MEMS fabrication. However, unlikegOI has the built-in capability to deposit fluorocarbon filins

traditional bulk ! . hini hi itu that may find application for electrostatic actuation and for
raditional buk or surface micromachining processes, wh ft-lithography techniques. However, except for a few previous
have been studied intensively, there have been few repa

S . . .. .
. . tdies on the effect of processing conditions on etching perfor-

LOCUSEd on theh progesst d;;tatns of DtRlEth It v;/fastlrr;portant ance [12], [31], there have not been comprehensive studies on
ave a comprehensive study to quantify the effect o paramettﬁé sensitivity of etching performance to processing conditions.

variation in process performance in order to transform th)fs a consequence, the selection of DRIE process parameters

te(f[ihr;olc;gy Into %:norrne \.N?”'dst\;?gogeg’ s%t?k:dard Mrlfmsrfa:(brr vas usually determined heuristically and with no clear guidance
cation process. The major co ution of this paper, therefo  process optimization.

isto serve as a g'e'neral .processing guide for processes involvmﬂ1 this paper, a systematic etching study for a DRIE system
BQ:E Trv(\)l(c)esspseezfgrgeg;iﬁnizvgggvmvetgtiﬁ;g?;??;giﬁgg:@’as presented in order to explore the dependence of etching
P Sgrformance with respect to processing parameters. The depen-

of this study. dence of silicon etching rate, photoresist removal rate, unifor-
mity, anisotropy, and surface morphology on etching conditions
for a time multiplexed inductively coupled plasma etcher has
This is the main motivation for this study. Technical details dieen characterized. In addition, the dependence of silicon frac-
silicon micro-engines can be found elsewhere [2], [5]. In ordéure strength after processing was also studied experimentally.
to achieve the required performance, the DRIE process mustibeas found that these observables are sensitive to etching pa-
capable of creating 200-5Q@m-deep trenches with an aspectameters such as applied coil or electrode power, reactant gas
ratio of 20: 1 or higher and within a reasonable etching tim#ow rates, duty cycles, and chamber pressures. These results
A high degree of anisotropy is also required for the operatiamere curve fitted into a response surface to construct empirical
of high-speed air bearings. Therefore, the results of this wamkodels for process optimization.
must be extended to deeper etches. An etch performance studijhe silicon fracture strength and surface morphology ob-
based on the results of this article and extended to the rangesefved after etching are important for MEMS design. The
300-500xm-etch depths can be found elsewhere [30]. dependence of achievable fillet radius and surface roughness
Additionally, in order to withstand the high stresses generated etching parameters such as coil power and chamber pressure
during operation, the fracture strength of the structures mustloes been identified. The correlation between fracture strength
well above the operating stress level (typically, around 1 GPand surface roughness has been observed. It should be noted

'BRIE is a very versatile tool, which allows the fabrication
f HARS with an anisotropy comparable to LIGA but with a

A. Micro Engine Program
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that there is a trade off between surface roughness and thst
achievable fillet radii in terms of APC position. Higher APC
positions result in larger fillet radii and higher surface rough-
ness. A compromise must be reached in terms of optimizing

processing parameters. The test results reported herein havél
important implications for the development of highly stressed

microfabricated structures and other MEMS applications[17]
which utilize DRIE as the major tool for fabrication.
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