Lecture 14

Microfabrication

— Pattern Transfer (VII)

« Dry Etching
- Vapor Etching
- Xenon Difluoride Etching
- Vapor Phase Etching of Silicon Oxides
- Plasma-Assisted Etching
- Dry Etching
- lon Milling
- Ashing
- Plasma Chemistries
- Reactive lon Etching
- Deep Reactive lon Etching
Dry Etching
Scalloping
Microloading and Footing Effect
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Vapor Phase Dry Etching
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Xenon Difluoride Etching

- XeF, : Silicon non-plasma isotropic dry etching0O| Jt=.
Aluminum, silicon dioxide, silicon nitride, photoresistil CHoll =2

MEiM S 28 9ICH.

- Hoffman : 2+&+ 8t bell-jar setup2 = 1 Torr XeF,Z2 & 20 AN & &
- Etch rate : 1~3 um/min.

- Aluminum= CHXI Al 2222 mountot HLE DIP IH2| & 8t il etchingE == RULL.
-AM2El B2 HEWA HRe Hes M (gL
J

S BIS HE0F RREX YOS LABISO) of5) LaE 20| 00| Z BEES0|
oloiss = 4 UL
- XeF, 0t 2(E= £50)% B2HM Xel HFS ZMAI2ICH HFE toxicotDd
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Etching Mechanism

S =gl g

—

0l0

(1) non-dissociative adsorption of XeF, at silicon surface.
(2) dissociation of the absorbed gas, F,.

(3) reaction between the adsorbed atoms and silicon surface to form an
adsorbed product molecule, SiF, (ads).

(4) desorption of product molecule into the gas phase.

(5) the removal of non-reactive residue from the etched surface.

m llustration of an XeF, etch system.

After Hoffman, et al.(1995). During
etching, the XeF, valve is opened and
the pump is throttled to achieve a
pressure of 1 Torr to sublimate the
XeF, . Etching is done in cycles to
allow generated heat to dissipate. After
i etching is completed, N, is used to
purge the system.

Items to
Be Etched

.| Throttle Valve
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XeF, Pulse Etching

- Chang : Dehydrated in an oven at 120°C for at least 5 min.
O[Zd0| & Ct&|d A2F A& = 82 20| )]0 A 20l = AIH S Al=LC}.
O] &2 XeF,2t SI|ICOnMO|-—| Bt=2 & M1 silicon fluoride polymer2! O] Ct.
, o= XeF,2t BtE 0ol HFE E% Ol = oxideE A& 2t stL.
I

st
e 1 Wem2 HE A (a few cm?2) &1 2ZFAl 1 um/pulsell A2t =,
2 HAA (hundreds of um?) &1 2F Al 40 um/pulsel| A1 &.

[tet M, pulse etchingE AlS&. 20 mTor )tk &332 = = 2.5 Torrt Xl XeF,
I

12 FI)Z2 BIEE9OZ Al2F 0| B2, A2&0] 5-10 um/pulse.
)

)
H= Al2oteE 3R = Al2ZHE 0 3-5 um/min at 2.5 Torr.
| =

Constant pressure etching (10 min) Pulse etching (10 pulses)

E A2t S 5.84 um 8.43 pm
= 20.74 um 21.69 um

00| FZA|AE] 7] Y= MEMS Lectld 5



Etch Profiles

apagE

SEMs of etch pits resulting from arrays of 50um square openings with 50 um spacing
after six and ten 3T, 60s pulses. The oxide mask has been removed with HF.
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Vapor Phase Etching of Silicon Oxides
- J. Lee : IEEE MEMS Proc.97, pp.448-453, 1997. or
JMEMS Vol.6, No.3, pp.226-233, 1997.
« HF2} methanol AFE, vapor phase etching.
* Dotted line : gas-liquid interface. A

- Selo g A é gl‘lug(e;i
* Rinse liquidZ low temperature & |
melting point material 2 . S_ .
0 & =™, p-dichlorobenzene. > Critical
« I 2 oM SEAIA. Pomt
- Zejol wr B .
* Rinse liquid& low pressure _ CB _
supercritical state material 2 ul . “ | Temperature
o & =9, CO,. Phase diagram of dry release processes

« 2 QA0 A SEHAIZ.

-A,B 25 11 ¢#H7Y|7|0|E2 ctR = d| F2|sfof .
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Chemical Reaction Mechanism

- A1Z+A] HF and CH,OH gas moleculesO| silicon dioxide & M0l &2,

HF (g) <> HF (ads)
M(g) < M (ads), M = CH,OH.

E2HEl HF2F CH,0HZFHF, & M.

2HF (ads) + M (ads) — HF, (ads) + MH " (ads)
HFZ} SiO,2F BtSsll M HF2| F7t Sio,2| OS Cf Al Stct,

Si0, (s) + 2HF, (ads) + 2MH " (ads) — SiF, (ads) + 2H,0O(ads) + 2M (ads)
MM E SiF,, H,O, CH,OH+= oxide ™ol M 22| & Ct.

SiF, (ads) <> SiF, (9)

M (ads) <> M (Q)
H,O (ads) <> H,0O (g)

00| FZA|AE] 7] Y= MEMS Lectld 8



VPE System

- Etch chamber, gas delivery system, exhaust system, mass spectrometer,
controller.

- Etch chamber : Aluminum coated with Teflon film to prevent corrosion from HF
and CH;OH.

-Wafer2t chamber wall2 80 °C2 = Xl. Vaporl S
- HF2t CH;OHS! flow rate= A12F A0l (12 S R2E.
- CH;OH flow rate :

milyth'ms__‘:

N, carrier gas2| flow rate,

HF gas
bubbler temperature, bubbler pressure irogen _EZ
-HF : MFC&2 &£ &.

A schematic of the VPE(vapor-phase _
etch) system using anhydrous HF gas
and CH;OH vapor
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Etch rates for thermal oxide (nm/min)

Etch Rates of Oxide

- Thermal oxide : 450 nm thick, wet oxidation at 950 °C.
- TEOS (tetraethylorthosilicate) : 800 nm thick, LPCVD at 710 °C.
- Partial pressureJt == === etch rateO| SJt.

50| 0 Pm/Pur=0.04 300
¢ Pwm/Pur=0.17
A Pum /PHr=0.66

3
40+ E
£
] £ 200
30+ 8 1
] % 150
20 .
- w
1] -
. g '®
= ]
10- & 50-
0 T T ! T T T Y 1 0‘6 2 g ’ : 3 y )
0 4 8 12 16 20 4 6 8 10 12
Partial pressure of HF (torr) Partial pressure of HF (tor)

Etch rates for thermal oxide and TEOS: (a) for thermal oxide and (b) TEOS [22].
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Cantilever Release
- &= : 2 um thick polysilicon cantilever.
Z : TEOS 2 LTO.
221 1 HF 15 Torr, CH;OH 4.5 Torr at 25 °C.
Z : TEOS 10 um /h, LTO 3 pm /h.
/\IDI-/\l 7 5 }\|D|- 94a|
m 4! 2t Al buffered oxide etchant2 4A|2t + VPEZ 7.5A12F Z2 &,

SEM photograph of partially etched sacrificial layers: (a) cross-sectional
view with sacrificial TEOS and (b) perspective view with sacrificial LTO.
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Plasma-Assisted Etching

A low-pressure glow-discharge plasma produces ionized species
sufficiently.

When directed to the surface of the wafer,

(1) these ions can produce both sputtering effects,

* (2) removing material by direct ion-beam bombardment,
 (3) and chemical-reaction effects,

 (4) converting surface atoms to volatile species that can be removed by the
vacuum pump.
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Dry Etching
- Dry etching : 22Xl ™ = gas phaseZ 4! 21 &tL},
Ol (1) =cl&el 0|2 S&.
(2) 2HU M2 S22 otatEr=S.
(3) =l 2k ot &0l &IHO| =gt
- Glow discharge techniques (diode set-up) : S2tA0tJF Al2JF =0
chamberOi| Al & 44,

- lon-beam techniques (triode set-up) :Zc2tA 0= & &2 chamberOfl A & 445110
OI=20l griddil 2Ioll AIZJt =2 R2Z 0l .

=0 A —

.

-/ T/
=c|l 8 20l 2ol A EHEHL. =, OIHAE =1d U= A0l =1
JIEHEHUC ZHES BHHEt

- Sputter/ion etchingdt ion-beam milling &&= ion-beam etchingWlAl= &2 2

- Scl/stet A A2 A= S=ot= 0l2, & A, photon0] otst BtES S RS0t HL
sidewall-protected ion assisted etchinglilA= £33
A0 2ol MoAH=CH 2UHCZ A2 N IRt
el Ch.

-103~104Torr 2 0Al= Ol d = 2| Xt dEfH|= £ X H LT

A

-1 Torr &9 (plasma etching)ll A= at&& 2l S 1t}
2L SE40IL.
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Various Dry Etching Techniques

Dry Etching

10%to 10
Torr

Low High energy High energy  No reactive Reactive neutrals Some reactive
energy bombard. bombard. neutrals added neutrals
bombard.

Relationship between the various dry etching techniques. (Adapted from Lehmann, H.W.,
in Thin Film Processes |1, J.L. and Kern, W., Eds. Academic Press, Boston, 1991.
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lon Milling

« The least selective use of ions produced in a plasma is for the sputtering
away of material.

« This can be done with a blanket exposure to a plasma, for example argon
plasma, removing material from all parts of the wafer.

 Selectivity is achieved by the relative rate of sputtering of different
materials.

Focused ion beam milling, using an argon ion source in combination with
focusing electrodes so that ions from the plasma only strike the surface
within a small region.

 Direct-write patterning can be accomplished by scanning the ion-beam
location across the wafer surface.

« Masking of ion-beam removal is difficult because the physical process of
sputtering has no chemical specificity.
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Ashing

« The ions have some chemical reactivity, such as the ions produced in an
oxygen plasma.

 The result of reaction of the ionic species with the wafer surface can be a
volatile species.

 The volatile species are removed by the vacuum pump.

« The use of blanket oxygen-plasma exposure to remove photoresist from
wafers after completion of lithography processes,

* It converts the polymer to carbon dioxide and water.
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Plasma Chemistries

« Plasma chemistries can be used for etching all of the microelectronic thin
films: oxides, nitrides, metals and silicon.

 Most etch chemistries involve either flourinated or chlorinated species.

* Recipes are developed to achieve the desired chemical selectivity, for
example, etching oxide and stopping on nitride, or etching silicon and

stopping on oxide.

» Generally, the selectivity that
can be achieved with plasma
etching is not as great as with

wet etching.

« As a result, RF power levels,
gas mixtures and flow rates,
and pressure can be critical to
achieve the desired result.

Examples of etch gases for plasma
etching of selected materials.

Material to be etched Etch gas
Silicon or polysilicon CF,, SF;
Silicon dioxide CF,/H,
Silicon nitride CF,/O,
Organics O,, O,/CF,, O2 /SF4
Aluminum BCl,

Ofo/ZZAILE 2/ I E
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Reactive lon Etching

« The shape of plasma-etched feature is a strong function of the etching
conditions.

« The higher the base pressure in the plasma, the more isotropic the etch
profile.

« As the pressure is reduced in a plasma etcher, the etch rate generally
reduces, and the etch becomes more directional because the ions that are
accelerated through the dark space at the edge of the plasma strike the
surface with a definite orientation.

« At higher pressure, the trajectories of these atoms are randomized by
collisions, producing a less directional ion flux at the wafer surface.

« At the limit of low pressures and a correspondingly high degree of
directionality, the process is called reactive ion etching, essentially directing
a flux of reactive ions normal to the surface.

 Sidewalls are not significantly etched because the ions do not strike them.
 As aresult, nearly vertical sidewall features can be produced.
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Deep Reactive lon Etching

« This process takes advantage of a side-effect of a glow discharge, the
tendency to create polymeric species by chemical crosslinking.

 In fact, most plasma processes are a critical race between deposition of
polymeric material from the plasma and the removal of material from the
surface.

 In well-designed plasma chemistries, removal dominates.

« However, in a new process developed by workers at Bosch, the deposition
of polymer from the etchant is used to great advantage.
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Deep RIE Process

A photoresist mask can be used.

« For very deep etches, a combination of phtoresist and oxide may be
required.

« The etch proceeds in alternating steps of reactive-ion etching in an SFq
plasma and polymer deposition from a C,Fg plasma.

 During the etch process, the polymer is rapidly removed from the bottom of
the feature but lingers on the sidewall, protecting it from the SF, etchant.

 As a result, the silicon beneath the first cut is removed during the second
etch cycle, but the top of the feature does not become wider.

Eventually the polymer protecting on the sidewalls is eroded.
At that point, another polymer deposition step is used, and the cycle is

repeated.
Etch Passivate | Etch
SF, C,Fq SF,
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Scalloping

« At low magnification, the structures appear perfectly smooth and the
sidewalls are perfectly vertical.

« At higher magnification, a slight scalloping of the walls corresponding to the
alternation between etching and passivation is observed.

It is now possible to cut features all the way through the wafer thickness
with a precision of a few microns.

Photo of features etched in

silicon with DRIE. Note that
the slender trench etches at
a slower rate than the wider
trench.
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Microloading and Footing Effects
f - Microloading effects
- Interdependency between the etch rate and the aspect ratio
- Wide trenches are etched more fastly than narrow trenches
- Footing or bowing phenomenon occurs.
— Structure shape deformation occurs.

0.5 pm L&S Pattern w

fi P - - Footing effects
B9KU  2.64KX"TT79F 0150 5 ' - Rapid lateral etching at the
Fig. Microloading effect ot " silicon/oxide or polysilicon/ oxide
St sub L interface
Fotch osth - Evident in DRIE systems because of
Fig. Footing effect high-density plasma

- - Footing occurs because of etch
rate difference between
trenches

— ‘L’ shape comb electrodes

— Electric spring exists in
differential driving mode

W e — Nonlinear differential driving

Fig. Comb actuator layout Fig. Footing phenomena characteristics

(bottom side of the structure)
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