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Comparison of etch processes for patterning high aect ratio and
nanoscale features in silicon
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ABSTRACT

This paper compares different aspects of silicahiag, the two leading techniques for deep etcloihgilicon, namely the
“Bosch” process and a cryogenically cooled procksthe paper we will update the latest resultstifi@se techniques and
also look at the growing importance of nanoscatdiay of silicon, which can only be achieved cotesifly using the
cryogenically cooled process, the benefits of usiitigtechnique against other processes will berdee.

1 INTRODUCTION

The two technologies used to achieve deep etcheifabrication of micro-electro-mechanical systeiMEMS) are the
Bosch and the Cryogenic Process. Both system amcegs development over the years have allowedetiaigues to
advance but the fundamental aspects of each rethairsame. In the same timescale we have seen theaging
importance of nanoscale etching for Nano Imprinhagraphy, Storage Media etc. Where MEMS structtaege in depth
from around 10pm up to 500um with typical openirds>1um. Although definitions vary nanoscale uspakfers to
structures below 100nm etched up to several micdeep. It is difficult to use the Bosch processtiis type of structure
due to the nature of the etching process, cryoirgjclends itself to this feature size. We will aldescribe an alternative
process.

2 THE ‘BOSCH’ PROCESS

2.1  Principle

This process uses a fluorine based plasma chen@siych the silicon, combined with a fluorocarb@asma process to
provide sidewall passivation and improved selettitd masking materials. A complete etch procesdes between etch
and deposition steps many times to achieve deeficalestch profiles. It relies on the source galseing broken down in a
high-density plasma region before reaching the mafbich has a small but controlled voltage dramfrthe plasma. This
technique cannot be performed in reactive ion sjdtems (RIE), as these have the wrong balancensfto free radical
species. This balance can be achieved in highitglepiasma systems (HDP). The most widely usedhfof HDP uses
inductive coupling to generate the high-densityspla region so is known as ‘inductively coupled pias(ICP). Sulphur
hexafluoride (SF) is the source gas used to provide the fluorimesilicon etching. This molecule will readily bkeap in
high-density plasma to release free radical flumrinThe sidewall passivation and mask protectiomprsvided by
octofluorocyclobutane (c+4Es), a cyclic fluorocarbon that breaks open to pr@dGe& and longer chain radicals in the high-
density plasma. These readily deposit as fluotmmampolymer on the samples being etched. Theleradich rate and
selectivity to the mask material are all controlgdadjusting the etch step efficiency, the deparsistep efficiency or the
ratio of times of the two steps. The processlegirely insensitive to the exact nature of the tohesist, to the extent that it
does not need hard baking of the resist prior ¢hieg. In fact, it is best to avoid high temperatbakes of resist, as this
causes variation in the resist profile, which canse mask recession problems on certain structures.

This publication is the copyright of Oxford Instranis Plasma Technology Limited and which (unlessedyby the
company in writing) may not be used, applied oredpced for any purpose, or form part of any oatezontract or be
regarded as a representation relating to the ptsaucervices concerned.
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2.2 Equipment Advances

The fundamentals of a good Bosch etching systerdeseribed below;

There are a number of significant features of theimment used for Bosch processing which diffemfraormal ICP

systems.
- Fast pumping. In order to achieve high etch ratés,necessary to use high flows of process ga$és can only
be achieved at the desired pressure by using Hiigieacy pumping. In general, this means usindpmayer
capacity Turbomolecular pump than would normallycbasidered necessary for the size of chamber{messand
backing this with an appropriate high capacity mpaump.
Fast response mass flow controllers.
Minimum 100mm separation between wafer and ICPoregiThis lowers the ratio of ions to free radicals the
free radicals have longer decay times than the i@wth species are needed in the process, buhémy ions can
result in profile problems, while more free radg&caimply increase the silicon etch rate.
Purely inductive coupling of power in the ICP ragio This gives better uniformity of plasma withimet ICP
region. Capacitive coupling will vary between tiréven and grounded parts of the coil, causingeddifices in ion
density. This variation of ion density will affebbth the profile uniformity, and can cause contation effects
(such as ‘black silicon’) if there is attack on &P tube material.
The walls, lid and pump lines should be heatedis Téduces the deposition of fluorocarbon polynmereigions
where it may flake and fall as particles on theexaflt also minimises the deposition of sulphumpounds in the
pumping line and on the turbo pump, which can caebkability and maintenance problems.
Short mixed gas line between the mass flow comtreland the process chamber. There will be a tialay
between the mass flow controllers opening and #grgaching the chamber. Keeping the mixed gasslort
will minimise this delay, allowing shorter step &m
High efficiency wafer cooling to remove heat frone twafer generated by the use of higher ICP poamdshigher
etch rates

A typical system layout is shown below
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2.3 Bosch Process Advances

When the Bosch process was originally introducadMd&M'’s applications the highest etch rates ofcsili using this
technique were in the region of 3-5um/min. Now msiare made for the Bosch process of etch of nhame 50 m/minute.
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However, these high etch rates are only achievaler some circumstances of very low exposed anedss the Bosch
process uses gas chopping switching between isoteaph and polymer formation, etching at thesesatsually leaves
rough sidewalls. It is also well documented thaatbieve these high etch rates requires very haghlgws of both Sfand
C4Fs and large turbomolecular pumps, which lead to ltigsts of ownership. These are not needed as mpktatmpons in
practical terms (depending on the device requiresneinsidewall smoothness etc.), require etch radgin the range of 5-
20pm/min, and even lower etch rates are requiredrédluce smooth sidewalls for optical applicatiolmspractice, to
achieve the majority of device needs, the procegsires precise gas control and switching, quickniRfching and fast
response pressure control which are not possitdetieeve at higher etch rates.

Figure 1 shows a typical result from a bulk silieginh. This process was performed on a 150mm weéfhrpatterned resist
over about 30% of the wafer. This etched at a oatE7microns/minute with a near vertical profilehe higher rates are
usually achieved by higher ICP powers with highehdime compared to polymer time which can leaddme sidewall

breakdown due to the polymer film not forming a @bete coverage of the silicon sidewall. Etch unifdy across the

wafer was +3%.

Figure 1: 100pum deep etch at 17pum/min Figure :irh deep etch

Figure 2 shows a bulk etch process etched at aesl@ate of 10um per minute with vertical sidewalls.

By controlling the gas switching ratios, pressund power, high rate processing up to 10um/min thhowafer etches can
be achieved with smooth sidewalls as shown in iguéta-c, even at 10:1 or greater aspect ratios

2 wp= 4mm EHT= 500KV  Signal A= InLens Aol WD= 4mm EHT= 600KV  Signal A= InLens
Figure 4a through wafer etch with smooth sidewalls Figure 4b sidewall roughness
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100pm*
'._'

WD= 7mm EHT = 5.00kV Signal A = InLens

Figure 4C through wafer etch

Aspect Ratio Dependent Etching (ARDE) - this problerises when there is a range of different sizectnes on one wafer,
which will reach differing depths in a given tim&his is clearly seen in Figure 5. This effecgeometrical, being more
severe for vias than for trenches. In the pastdbigd only be optimised if etching to a burieddeiayer or SOI layer but
now by controlling the deposition cycle of the pres ARDE can either be reduced or eliminated awnshio Figure 6
which shows trenches etching at similar ratesngel@pen areas etching.

o wo= 4mm EHT= 500KV Signal A= InLens

100pm
—

WD= 3mm EHT = 3.00kV Signal A = InLens

Figure 5: Trench depth variation with width. Figuw: Control of ARDE

Etching down to a buried oxide layer has its owmahnds. The biggest difficulty is in controllingettbehaviour of the

process once it hits the buried layer. If the pescis simply left on to achieve a timed over-giehiod, this will cause

‘notching’, see Figure7. This is a continuing eicto the oxide at the corners of the etched featdrhis is partly caused
by charging of the buried oxide. This pushes tesiinto the corners of the etched features, remgosidewall protection

in that area. This allows attack by the etchapt&s, causing lateral etching. This can be ctiettdy controlling the ion

energy by reducing the RF power as the etch reableemterface in combination with the gas ratibse technique most
frequently adopted to eliminate is to actually puilse platen power at a predetermined frequencig. fEduces the charge
build up at the SOI interface and thus reducestitehing at the interface - this can be seen iurg@. The amount of
notching versus duty cycle is shown in figure 9ddferent trench sizes.
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i WD= 8mm EHT= 500KV Signal A= InLens |
Figure 7 Notching at buried oxide interface Fig@e Control of Notching at SOI interface using RF
Pulsing

SOl notch vs Pulsed LF duty cycle
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Figure 9 Graph showing SOI notch control vs. Duyglé

Typical Application of the Bosch process are highted below:

200pm™ - ND= 17 mm EHT = 5.00kV Signal A = InLens e f"i"{ WD= 3mm EHT=15.00kV  Signal A= InLens
MEMS Microfluidics
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Medical

3 CRYO PROCESS

3.1 Principle

Just as for the Bosch process, this techniquelaes SEto provide fluorine radicals for silicon etchind-he silicon is
removed in the form of SjFwhich is volatile. The main difference is in threchanism of sidewall passivation and mask
protection. Rather than using a fluorocarbon paynthis process relies on forming a blocking lagéioxide/fluoride
(SiOFy) on the sidewalls (around 10-20nm thick), togethith cryogenic temperatures inhibiting attack bis tlayer by
the fluorine radicals. The low temperature operatilso assists in reducing the etch rate of thekmaaterial, which is
normally either photoresist or silicon dioxide. eTattack on these materials by free radical fllismchemical in nature
and is sensitive to temperature, with the etch datgping rapidly at cryogenic temperatures. The temperature can
have a bad effect on some organic materials, cgusicking. This is more severe for thicker phessts than for thin
layers. As a rough guideline, layers of resistuee this process should not be more than 1.5ick tho avoid the hazard
of cracking. If a thicker layer is needed to avhi@ very deep etch, then silicon dioxide shoulduged as the masking
material, as this has no such cracking problems.

This can be achieved in an RIE chamber, but thexesignificant advantages in using a high-dendigipa technique such
as ICP. ICP allows a high density of free raditalbe produced without also generating a largebmimof highly energetic
ionic species. lonic bombardment is necessargvatdvels in this process, but too much ion bombemdt will cause poor
profiles and a reduction in selectivity to mask enitl.

The process pressure is typically kept around 10mTAt this level, the mean free path of the i@msuch longer than the
sheath width and there will be little deviationrfravertical in the average ion direction. Higheegsures will have a much
more severe effect on the profile than is the éaisthe Bosch process.

The temperature of the electrode should not becestilbelow —130°C, as this will result in condermatf Sk on the
wafer. This results in crystallographic orientéching of silicon. This can affect the profilethe bottom of holes, and can
change circular vias into square holes. Fine obmufithe electrode temperature can be used to msaledl adjustments to
the profile of a structure, but larger adjustmestitsuld be made by adjusting the oxygen conteriieptocess.

Another feature often seen in deep etches is atiamiin the etched surface at corners. An undescoften seen for
convex corners, while concave corners produce & positive profile. This is related to the geometf the process, with
convex corners being open to ions approaching fomder range of angles than is true for a feasigle, while concave
corners are exposed to ions approaching in fewectithns.

The ion energy (controlled primarily by the r.f.pdipd to the substrate stage) and ion density (otetl by the power
applied to the ICP coil) are the primary factorfeeting mask erosion. Measured DC bias valuegssd than 20 volts can
give selectivity between silicon and oxide maskswdr 750:1.

Photoresist should be baked after developing at@%6r 40 minutes in a convection oven to createllg stable structure,
with minimal remaining solvents. This reducestiisk of cracking and helps achieve high selectivity

This process is inherently clean, as there is dgnper to deposit on chamber surfaces. If the I€Rat run at too high a
level, there should be only minimal deposits ophul in the pumping lines. Any sulphur that iseesded is likely to react
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with the oxygen and will be removed as SOrhis means that a chamber run exclusively far pinocess is not going to
need cleaning. The chamber should be inspectedregular basis, and ‘0’ rings replaced periodycall

3.2 Equipment

This can be done in the same equipment as the Boscess. It does have certain different hardweaes, but there are
no incompatible requirements. These are the peatioptions needed to best run the cryogenic diiepn etch process:

Cryogenically cooled stage. This needs liquidagiem cooling to achieve temperatures down to —110F8e stage
should have helium injected behind the wafer tosjg® good thermal contact. There should not besaas on or in
the stage, as any seal material will loose itsilfiéity at cryogenic temperatures. This appliedbath ‘0’ ring seals and
lip seals. The best way to achieve a good, unifamperature on larger wafers is to have multigkum injection
points on the stage. The temperature control enwidifer is critical, as variation in temperaturd w&use variation in
profile.

Low flow mass flow controller (MFC) for oxygen. &haddition of small amounts of oxygen to the; &n have
dramatic effects on the etch profile. This is easitive, that oxygen being released from the I tmust be taken
into account. The shape of etch profile becomererpositive as more oxygen is added. Too much exygill cause
the formation of black silicon as small imperfeasoin the etching surface start to act as microsagkpplications
such as moulding require very accurate controhefdxygen flow to achieve positive profiles withaatusing black
silicon.

Efficient wafer clamping. Again, this is necessarprder to achieve accurate temperature confrilewafer surface.
Poor clamping efficiency can result in uneven halidlistribution under the wafer. Silicon has godwtrimal
conductivity at room temperature, but is not sodyabcryogenic temperatures. Small variationdhéheat path under
the wafer can cause large differentials in surfecgperatures.

Large mag-lev turbos are not needed for this psycesr are fast response mass flow controllerskairthe Bosch
process.

Minimum variation in feature dimensions. This ist@ machine variable, but is important in settiqg processes.
Different sizes of features will show different letcharacteristics (including etch depth) for a giyrocess/time. It
makes process optimisation much simpler if themanis size feature, which must be right, rather tihging to achieve
a reasonable result on a range of feature sizes.

3.3 Applications-Deep Etch

The basic deep processes for the cryo processohahanged over the years the etch rates dependitige aspect ratio are
typically greater then 2um/min a couple of examjlelw of trench etching carried out >3um/min dgare 10 and 11.

Figure 10 Figure 11

The aspect of the cryo etch is the very smoothwgadle which can’t be achieved by the Bosch procalss, what should be
noted is this process can give positive profileichtihe Bosch Process can’t do, an example is shiowigure 12.
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Figure 12
A recent advance in cryo etching has been the mditiin of the notch at the mask/Si interface whdéca known issue with

the process. This has been eliminated by the ubetbfhardware and ramping of gas ratios duringrili@l stages of the
process, the results are shown in figures 13 and 14

Figure 13 Notch at mask/Si interface Figure Irielation of notch

A typical application of the cryo deep process ighhighted below, the smooth sidewalls make it vapplicable for
moulds, optical devices etc.

MEMS Optical Waveguides
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3.4  Applications-Nanoscale

Cryo etching normally operates at a lower biaslléypically 15-20 volts) than the Bosch proceso(ad 50 volts). This
results in less attack on the mask material giviigher selectivity. This has been found to be ewély beneficial when
etching Nanoscale structures as these usually gnmpieel resist types such as ZEP520, PMMA etc.chvlaire sensitive to
higher bias plasma conditions. Nanoscale etchesratpiire smooth sidewalls the downside of theititathl Bosch etch is
that since etching and passivation steps are disdhe sidewalls will develop scalloping or adfiisotropic etching.

We will compare cryo etching here with a coupleotifer techniques used for nanoscale etching. Plotoystals require
controlled etching of the silicon with smooth sidale figurel5 shows a typical mask with 200nm opgsj figure 16
shows the result of the etch under cryo condittores depth of >1.6um at an etch rate of 0.5um/min

4  FINAL CONCLUSIONS

Figure 15 mask pre-etch

Figure 16 Photonic crystal post etch

Figures 17 and 18 show further applications ofcty® process to nanoscale etching, in Fig. 17 we [B®nm lines and
spaces etched over 500nm deep with the maskrgéltt, in Figure 18 we have 300nm trenches etcbgdnldeep into
silicon which is an aspect ratio of 50:1.

Figure 17 50nm features etched >500nm deep FiRiRO0nm features etched >15um deep (AR 50:1)
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Other process techniques that can be used for caleostching are gas mixing, which useg ®ixed in the same step with
C,Fs, this is sometimes called Pseudo Bosch processiBndased process chemistry.

The mixed chemistry gives reasonable etch ratdssddectivity to the mask tend to be low and it hasndency to produce
positive profiles. These can be controlled to s@xtent by changing the gas ratios but it is not@grollable as with the
cryo process, an example is shown in Figure 19.

Figure 19 Mixed SFC4Fg

HBr process chemistry is very selective to silichoxide, but etch rates are slower then the crybtha gas chemistry is
not as clean as the other nanoscale techniquesde@dgreater chamber cleans, an example of a EtiBR stopping on a
3nm SOl layer is shown in Figure 20.

Figure 20 HBr etch Courtesy of AMO Aachen

4 CONCLUSIONS

Both the Bosch and Cryo techniques discussed haseezl over the years both in terms of hardware pmutess. The
Bosch process offers higher etch rates but atdseaf sidewall roughness. To limit this roughntes rates are usually in
the region of 10-20um, which is still higher théwe tryo process. To achieve the ultra high etasrafaimed for the Bosch
process means very high flows of gas and requieeg big turbomolecular pumps, which result in aheig cost of

ownership. The Bosch process also does not offey good positive profiles, which the cryo can. Tdngo process has
also found a growing market in the etching of Nanasures as the Bosch process leaves scallogeimvalls, which in

most case is undesirable for the application.

Both The Bosch and Cryo processes will find us¢him growing field of integrated sensors and actsatbut cryo has
distinct advantages in the nanoscale arena. |entethe user must decide which process will bstmppropriate for their

application.
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