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Outline

® Introduction

® How to Control Etching Process?
® |sotropic Wet Etching

® Anisotropic Wet Etching

® Dry Etching
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Types of Etching Processes =i
More Directional Etching
I e
1w .
e D OO (®) Anisotropic (e) Completely Anisotropic
Figure 10-3 Eich profiles for different degrees of anisotropic, or directional, etching: (a) purely
isotropic etching; (b) a{ﬁsotropic etching; (c) completely anisotropic etching.
Isotropic (=57 1%):
Best to use with large geometries, when sidewall slope
does not matter, and to undercut the mask
Quick, easy, and cheap
Anisotropic (ZFE | 1%):
Best for making small gaps and vertical sidewalls
Typically more costly ]
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Etch Parameters &

Etch Rate (g, 1):
Rate of material removal (um/min)

Function of concentration, mixing,
temperature, ...

Etch Selectivity (B %][:=45 T, S=r,/r,):
Relative (ratio) of the etch rate of the film to
the mask, substrate, or another film

— Trade off etch rate and selectivity

Etch Geometry (B %]=% [ #/,1%):

Sidewall slope

6
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Undercutting: Isotropic

-------

---------------------

— Near vertical sidewalls can be obtained with isotropic
etching

Caveat: long over-etch is required
(.e., it is difficult to make small gaps in thick films)

7
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Undercutting: Isotropic

Etch bias (along x-axis) Overetching (along y-axis)

1
1
1
iy
|

b 1— — b

------------------------------------------------

Figure 10-4 Illustration of etch bias and overetch. In (a) the etch bias, &, is shown for a
given etch depth, 4. In (b), overetching is illustrated where etching is continued even after the
etch depth, 4, equals the film thickness, x, with the result that the etch bias increases.
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Example 1: Selectivity WY

TR A E | LumPuSIO el TR, 36 [ TRV
;E\L_OAOpm/min, 2t |“'ﬂ§@j§ﬂ/ﬂj@@“f§_%f&t@25f&1’ I
VIO, BRI E) % ST

. .
g fsio o _ 0.44m/ min
B I
Etching rate of Si = r,; =0.016,m/min

Etching 1um of Si0, = t, =1um/(0.40xm/min) =2.5min

Over etching of Si = thicknessg; = (0.016 m/min)x0.5min = 8nm
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Etch process &

Etch Rate
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Mechanism of the Etching
Process

Etchant Species
Generation

Desorption
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Slowest Step Dominates @;
(What if each is slowest?)

Etchant Species Generation
Etch rate will be slow

Diffusion to Surface

Etch rate will be highly dependent on mixing but not
temperature

Also dependent on layout and geometry

Reaction

Etch will be highly dependent on temperature but not on
mixing or layout and geometry

Diffusion to Bulk

Etch rate will be highly dependent on mixing but not
temperature

Also dependent on layout and geometry

12
CREERN U IOE S L 2 B 2R



Etch Rate Variation

Function of :
Setup
Material being etched
Layout and structure
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SRy
(Due to Setup) o
Temperature
Loss of reactive species
Loss of liquids to evaporation
MiXing
Etch-product blocking of chemical flow
Applied potential
= lllumination
Contamination
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2. Etch Rate Variation
(Due to Material Being Etched) '

Impurities in or on the materials
Microstructure
Film Stress

15
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3. Etch Rate Variation
(Due to Layout or Structure)

Distribution and fraction of surface area
of the exposed target layout
(loading effect)

Structure geometry

16
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Wet Etching
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Wet Etching Q5= 9]

TV Y

Mixtures of acids, bases, and water
HF, HPO,, H,SO,, KOH, H,0O,, HCL, ..
10:1, 5:1, or maximum (solubility limit)

Can be used to etch many materials
Si, SiO,, Si;N,, PR, Al, Au, Cu, ....

Etch Rate:

Wide range

Etch Selectivity:

E— Typically quite high
Sensitive to contamination

Etch Geometry:

Typically isotropic
Some special cases are anisotropic
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Isotropic Etching S

Etch at equal rates in all directions
Rounds sharp edges or corners

Removes roughness and damaged
surfaces

Amorphous and polycrystalline Films
Always

Single Crystal Materials
Possible

20
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Isotropic Wet Etching - L
HF for SiIO, Etch
Selective (room temperature)
Etches SiO,, but not Si
Also attack Al, Si;N,
Rate depends strongly on concentration
Maximum: 40% HF ~ 2um/min
Controlled: 5 to 50:1 ~ <0.1um/min
(Note: different with BOE)
Dangerous
Not a strong acid, but penetrates skin
Will target bones, and attacks slowly
Etch Geometry:
Completely isotropic y
B EE N RPRIEIFT AP B2



Isotropic Wet Etching -
HNA for Si Etch

Mixture of nitric (HNO,) and hydrofluoric (HE)
acids B

Si etch rate can be up to 50 um/min
HNO, oxidizes Si, removes SiO,, repeat...

High HF, but Low HNO, : etching limit by oxide
formation => rough surface

Low HF, but High HNO; : etching limit by oxide
—_ removal => smooth surface
Dilute with water or acetic acid (CH;COOH)

Acetic acid is preferred because it prevents
HNO, disassociation

22
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Isotropic Wet Etching -
HNA for Si Etch

Si0, Mask

== CHy COOH DILUENT
—=—=Hy0 DILUENT

CH,COOH or H,O

23
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Isotropic Wet Etching -
Phosphoric Acid for Si;N, Etch

Selective (room temperature)
Etches Si;N,, but not Si or SiO,
Also attack Al

Rate Is slow
H,PO, at 160°C ~ 0.005um/min

Tough masking material needed
PR will not survive
Oxide is typically used

Etch Geometry:

Completely isotropic

24
B R LRI R AN



Isotropic Wet Etching -

Masking materials

TABLE 4.6 Masking Materials for Acidic Etchants®

Etchants
Piranha Buffered HF o

Masking (4:1, H,0,:H,50,) (5:1 NH,F:conc. HF) HNA

Thermal SiO, 0.1 pm/min 300-800 A/min; limited etch time,
thick layers often are used due to
ease of patterning

CVD (450°C) SiO, 0.48 wm/min 0.44 pm/min

Corning 7740 glass 0.063 p/min 1.9 W/min

Photoresist

Undoped Si, polysilicon

Black wax
Au/Cr
LPCVD Si,N,

Attacks most organic
films

Forms 30 A of SiO,

Okay

Okay for short while

0.23 to 0.45 A/min

Okay
1 A/min

Resists do not stand up to strong
oxidizing agents like HNO, and
are not used

5i 0.7 to 40 pm/min at room
temperature; at a dopant
concentration <10 cm™ (n or p)

Usable at room temperature
Okay

Etch rate is 10~100 A/min;
preferred masking material

* The many variables involved necessarily means that the given numbers are approximate only.
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Anisotropic Etching
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Silicon Crystal Orientation

t11 Amorphous (b) Polycrysualline (c) Crysualline
Nu recognizable Completely ordered Entire solid is made up of
Aung-range order in segments atoms in an orderly armay
b. ¢
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Miller Index

(110) PLANE (100) PLANE {111} PLANE

Indices determined by

E— 1 / intercept of the vector from origin
Within unit cell

Direction [1/x, 1/y, 1/z]

Normal to plane (), { }

28
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Wafer Flat
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Anisotropic Wet Etching
(on <100> wafer)

Hewe
Lo 'E,t-oh;\‘nj' dnGraderisties
Etch Rates (lm hour™1)
Etchant Temperature | {100} | {110} | {111} | Si0f
KOH 42% wt. 75°C a2 | 66 | 05 |034
KOH 57% w. 75°C 25 | 39 | 05 | 062
EDP TypeS | 110°C 51 | 57 | 125 | 0.004
NH,:H,0 118°C 176 | 9 |11 | 0.01
L NH4OH 3.7% wt. 75°C 24 8 | 1 | 0003
TMAH 22% wt. 80°C 2 | - 14| 0.00054

Concentration 7 : etching rate | selectivity 1 surface roughness |
Temperature * : etching rate 1 selectivity | surface roughness %
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Anisotropic wet etching
(on <100> wafer)
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Comparison

R E =

(100) wafer
<110> direction

<110>

(100) wafer

B e
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W T (Wet Bench)
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Material Etchant Comments 4 ¥ %mi%i%ﬁﬁ’i‘? 2
Si0, HF (49% in water) ¥ SIiEEEN (HHRER SIH 3k %‘“ﬁg}ﬁ%j 3
“straight HF” PR ) - MAEEREE
EENBHEEEMN -
NH,F:HF (6:1) BhZIERR K5 HF 9 1/20 - BHZE

“Buffered HF" or “BOE” REMBEFENBHEEEEN - &
BB H HF — R rIREEr it -

Si,N, HF (49%) Bz ERERRER - KFETH
FIRFAEMBEDH S REHERN -
H,PO, :H,0 ¥ sio, HREM -
(boiling @ 130 ~ 150°C) T & (LG ER -
Al H,PO, : H,0: HNO, :CH,COOH #f Si- Si0, fI¢[HA =K -
(16:2:1:1)
Polysilicon HNO, : H,0: HF (+CH,COOH)  f %3 B2 g 7 BB s 5> A B
(50:20:1)
Single-crystal Si HNO, : H,0:HF (+CH,COOH) 8% 5 s ot 2| B B > B BN »
(50:20:1)
KOH:H,0:IPA
(23 wt. % KOH, 13 wt. % IPA)
Ti NH,OH : H,0, : H,0 (1:1:5) RENRYSEENIERER -
WEHYESR ¢ (100): 100 (111):1
TiN NH,OH :H,0, : H,0 (1:1:5) ¥ TiSi, HREHY -
TiSi, NH,F:HF (6:1) mELREEBEMEA -
Photoresist H,SO, : H,0, (125°C) mBE EHEBEA -

Organic strippers 34
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Mechanism of the Etching
Process

* Generation of Etching Species -~ h T
— Without generating the etching © (1) Generation of Etchant Species (g piffusionto

species we cannot have etching ﬁ N B i
+ Diffusion to Surface -
— etching species must get to (2) Diftusion to Surtace
[ > surface to react or etch [[
— the mechanics of getting to the (3) Adsorption =, -
surface can limit aspect ratio, ) =5 Desorption
undercutting, and uniformity Reaction

« Adsorption and Surface Diffusion
— can also effect aspect ration (isotropic or anisotropic)

» Reaction

> — strong function of temperature (Arrhenius relationship)

— obviously effect etch rate
* Desorption

— can stop etch if the reacted species is not volatile
« Diffusion to Bulk Gas

AR

:: > — can lead to non-uniform etching due to dilution of

un-reacted etching species -

RS B S



Gas Phase Dry Etching

* Reactive Gas

— gas adsorbs on the surface, disassociates,
and then reacts

F
XeFZ Adsorb > Xe<
F

 Particular features of XeF, etching
I — extremely selective

— fast etch rate

— Isotropic

38
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Plasma
Top & bottom RF power
electrodes < A7) source
Wafer — | 1
u y 'Vbias
il e +CF,— CF," +F + 2

Vacuum pump
RF: Frequencies (typically 13.56 MHz)

— Electrons oscillating in the glow region acquire enough energy
to cause ionization

— Gas ions are too massive to respond to the high-frequency field

39
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Plasma Etching Mechanism £+

I T e e Etchant (Free Radical) Creation
¢ Tonization: e + 00—+ 0O
- CF3 +e~— CF3++2e~ ©*

.. Dissociation: ‘

G CRg4em >
7+ CF3+F+e~ =

S T e T Excitation: T

2% Dissociative ionization: > CF4 +e~— CFy* + e~ 2\
CF3 t+F+2e- " Recombination: . AdSOfptiOIl EtChaﬂthﬂm o

+ _ i . e Reaption .

Zd. Q O—-s
 Bichant | o e

Etchant \ Byprody s
Transfer Removal

i F+F > F

Processes involved in chemical
etching during plasma etch process

Typical reactions and species present
In a plasma used for plasma etching

40
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Etching of a Silicon Surface

F F
N S
Sit2
N Generates SiF, gas

et J//"[:>"'TT7“T7""'

Surface
| Sit Si
/\x/’\ VANV EERN
@ F F
N
AN
— FoF F Generates SiF, gas
""\ '?"'[:>"'177‘f7""'
Suace o g s Sit
SN N VRNV AERN
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Fluxes of Species In Plasma R
Etching
Reactive Neutral Species
fr T Ionic Species
o< D DO
7777777777
Film Film yvy
(a) Fluxes of reactive neutral (b) Fluxes of ionic species,
chemical species (such as with a narrow, vertical arrival
free radicals), with a wide angle distribution and high
arrival angle distribution and sticking coefficient
low sticking coefficient 42
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lon-Enhanced Etching

Reactive Neutral Species Reactive Neutral Species

Ionic Species Ionic Species
I @O I @O O

(b)
(a) The chemical etch (b) An inhibitor is formed
reaction is enhanced by ion which is removed by ion
bombardment (RIE) bombardment, allowing
chemical etching to proceed
(Deep RIE)

43
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eﬂ “"“t
Types of Dry Etching Processes &
Cross Section Depends On: lon
Energy H_/ 1 iE&Sf:%mnng
Pressure (mean free path) |
Bias Neutral Volatile product

Directionality
Crystal orientation
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Types of Dry Etching Processes:=

Type of Etching Excitation Energy Pressure

Gas/Vapor Etching none high
- isotropic, chemical, very selective (760-1 torr)

Plasma Etching 10’s to 100’s of Watts Medium
- isotropic, chemical, selective (>100 torr)

Reactive lon Etching 100’s of Watts Low
- directional, physical & chemical, fairly selective (10-100 mtorr)

Sputter Etching 100’s to 1000’s of Watts Low
- directional, physical, low selectivity (~10 mtorr)

45
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Dry Etching Control Parameters

« Etchant Species Generation
— gas selection
— flow rate and pumping speed (pressure)
— excitation power and frequency

« Etchant Interaction with Surface
— geometrical factors (structure being etched)
— temperature of surface
— potential of surface
— nature of surface (chemical, stress, ...)

46
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Dry Etch Chemistries

Material Etch Gases Etch Products

Si, Si0,, SisN, CF,, SF,, NF, SiF,
Si Cl,, CCI,F, SiCl,, SiCl,
Al BCl,, CCl,, SiCl,, Cl, AICI;, Al,Clg
Organics 0, 0,+CF, CO,CO, H,0O, HF
____ Other:
(W, Ta, Mo, ...) CF, WF,, ...

47
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Etching SiI/SIO, In CF,:
Selectivity

« Adding H, drastically lowers Si etch rate
— lowers F concentration (H* + F + e- — HF)
— nearly 0 at 40% H,

+ However, etch rate of SiO, remains nearly constant

S N 857 T R + Allows etch selectivity to be
" _\E FLOW RATE-40mcm | increased tremendously
\ * Mechanism for increased
£ Neessromn oy | S€lectivity has two components
; Sale _ — deposition of a non-volatile
— g TH“"-ﬂ 5103 residue

B *ﬂ“-\ — role of O, in etching of SO,

20 —

3 | E\\\\I‘.aq‘*ﬂi\;&gﬂ

o 0 20 30 40 o

% HYDROGEM (CF4 + Hz MIXTURE) }
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Deposition of a Nonvolatile
Residue

 CF,-H, plasmas deposit carbon-based residues
(nonvolatile) on all surfaces inside an etch chamber

— disassociation of CF,* and other fluorocarbon radicals when
chemisorbed

— called POLYMERIZATION

* Less accumulation is observed on SiO, surfaces than
on Si surfaces

— some carbon combines with O, in the SiO, to form CO and CO,
which are volatile

— allows SiO, etch to continue while Si etch has been stopped
E— - however, even the SiO, etch can be stopped if the deposition
rate of the carbon residue is high enough (stops all etching)
+ Controlling the relative deposition and etching rates of
Si and SiO, is a powerful way to control selectivity

— typically the right settings are empirically determined for
each etching chamber 49
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* If etching is purely chemical it

will be isotropic
« Etch rates can be increased by

Etch Rate

o i 200 using ion bombardment to
Bias Voltage on Wafer [volts)
damage the surface
T v, — creates broken and weakened

bonds to react with

* lons (positive) are accelerated
by applying a bias voltage (-V)

Mask

5i0 g

« Si0, is not etched without bombardment (vertical)
+ Si etch rate is not zero without bombardment

+ Leads to very different etch profiles (sidewalls)

50
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Dry Etching Problems M

Bt

\77,

@ ® ©
(a) RIGHHATE U Flow rate effect
(b) K[ FUE PfPR PR YA Loading effect

(C) 2 R R A E'f‘,niﬁ’ﬁ\ A Aspect ratio effect
Undercutting

51
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Summary of Different
Processes in Dry Etching

Reactive Neutral Species
* Free Radicals Important

Ionic Species

Mask Erosion

s

Charging ® @
++++

Film

............

/ Trenching

Sidewall-inhibitor Deposition

Physical etching
*Anisotropic, non-selective.

* Sources: etch byproducts, Ion Enhanced Etching
| mask erosion, inlet gases. *» Needs both ions and reactive neutrals.
* Removed on horizontal surfaces * May be due to enhanced etch reaction
by ion bombardment. - or removal of etch byproduct or
* A possible mechanism in ion inhibitor. >

i A enhanced etching. * Anisotropic, selective. B SR
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Deep Reactive lon Etching &%

B 1

=N

Reactive lon Etching can be used to etch Si as discussed
before. However, it is often desired in MEMS and 3-D
packaging applications to fabricate very narrow and tall
structures or grooves which can’t be done using the standard
RIE process.

A new process, called DRIE process, has been successfully
developed. The process utilizes special gas chemistry to form
a polymer on the sidewalls or the trench as it is being etched.

The thin layer of polymer prevents lateral undercutting and
etching of the Si on the side wall. The result is a very high
aspect-ratio etch.
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Eich

Depesit palyrey

Ref. Gahn et al.,

Figure 6: Bosch Process

Ref. Tith et al.,

“BCO Tech.
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DRIE Lag

The main characteristic associated with DRIE etch is that the
etch depth depends on a number of factors, most importantly the
width of the feature that needed to be etched.

The etching depth of open areas on a silicon substrate will vary
with the opening size. The larger the area is, the deeper the
trench can be. That is not desirable but not much can be done
ahout it.

(Ol Al T

S0
R

Ref. Tith et al.,

Figure 2: Example of RIE lagging

57

B R B ShE



cont.

V grooves for optical alignmen

Ref. Prof. Lu
course handout

For high Q RF passive components & thick
Isolation layer for RF packaging
applications

120 um

A
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Fes |11
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LEA N, B 130 F il T IEN
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Laser Drilling

Laser assisted chemical etching (LACE) uses localized heating
to drive etching reactions.

Laser drilling is an ablative process.
LACE can be very slow but can offer 1 um?3 voxel resolution.

SI+ 2C|2 laser beam S|C|4

Ref. Lexno Laser

60
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Chemical Mechanical Polishings:

CMP has become a very useful technique for either
polishing and planarizing the surface of wafers which have
tall feature and topologies, or for thinning wafers

The process involves both mechanical polishing and
chemical etching, like HNA, It is possible to create very flat
and polished surfaces using this technique.
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Chemical Mechanical Polishing::
(CMP)

The CMP materials include SiO,, Si, W, Al, and Cu.. Etc.,

A good CMP should require:
Low WIWNU (Within Wafer Nonuniformity)
High planarization rate (~2000 to 6000A/min)
A given selectivity versus underlying layers
Low defectivity of the surface after CMP
Low defectivity of the stop layer surface after CMP

Two examples of CMP are illustrated for the
introduction :
Polysilicon with amorphous silica slurry (Klebosol)
Tungsten CMP with KIO5 and H,0O,
Copper CMP
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Polysilicon CMP e

Polysilicon CMP are used for polysilicon plugs, polysilicon
STI, MEMS. The applications require different polishing
selectivity versus the underlying layer (SiO,). Several
slurries have been successfully developed for different
selectivity ranging from 1:1 to 1:25

Polysilicon film removal rate varies drastically with the pH.
OH- anions react with Si-Si to create two products Si-H and Si(OH), which
dissolved into the slurry.

The pH of a basic amorphous silica slurry is around 11. With the adjustment
of the slurry chemistry, we can decrease significantly the oxide removal rate,
keeping a high polysilicon removal rate.
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Defectivity Induced by CI\/IPg :

CMP characterization is generally based on AFM
measurement.

A good CMP can provide defects with the size less than
0.01um
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Figure 2:
Polysilicon roughness before polishing
(AFM measurement)

Ref. Joray et al.,
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Polysilicon roughness after polishing

(AFM measurement)
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Tungsten CMP NS

Tungsten CMP is used for tungsten plug and damascene
which have the same requirements in terms of selectivity
versus the underlying layer SiO,, removal rate and defectivity.

Tungsten is a very hard material. In order to get acceptable
removal rate, it is necessary to oxide the tungsten surface
since three different tungsten oxides (WO,, W,0Os, and WO,)
are softer.

The most interesting oxidizer in terms of removal rate are a
combination of potassium iodate (KI1O3) and hydrogen
peroxide (H,0,).

—_— The etching rate is as high as 4000A/min.

The removal mechanism is not an actual polishing mechanism, but
rather an etching mechanism.

The CMP rate depends on polishing pressure, speed, oxidizer

concentration and the pH of the slurry but not on the abrasive

concentration. N
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The slurry contains ethylenediaminetatra acetic acid (EDTA) or
glycine (amino acid) . Both kinds of additives not only ease the
dissolution of Cu and provide certain level protection on Cu surface
to prevent dishing. (Aksu, et al, 2001)
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Copper dishing

After CMP
Figure 7. Schematic diagram of
Dishing and Erosion

The process challenges in copper CMP:
Copper is a soft material and prone to surface defects.

It is very difficult in finding the slurry with proper chemistry and a pad with
suitable physical properties; Excessively high pad roughness results in dishing
on the surface. Low pad roughness results in low polishing rate.

Redeposition of copper and copper oxide particulates due to incomplete
dissolution in the slurry could reduce the mechanical polishing efficiency and

increase the surface density.
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Topology Comparisons

Plummer et al., Silicon VLSI Tech.

Deposit thick oxide

Plasmma cich ./
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Locally planarized topography remains Globally planarized topography remains
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Table 10-3.  Typical or representative efch plasma etch gases for films used in IC fabrication
(After [10.1,10.4,10.13, 10.14].)

Material Etchant Comments
Polysilicon SFs, CFs Isotropic or near isotropic (significant
undercutting); poor or no selectivity over SiO,.
CF4+/H:, CHF: Very anisotropic; nonselective over SiO..
CF4/O: Isotropic; more selective over SiO:.
HBr, Cl;, Clo/HBr/O; Very anisotropic; most selective over SiOs.
Single-crystal Si ~ same etchants as
polysilicon
Si0: SFs, NF;, CF4/O,, CF, Can be near isotropic (significant undercutting);
anisotropy can be improved with higher ion energy
and lower pressure; poor or no selectivity over Si.
CFyH,, CHF3/O,, C;Fs, CiFs  Very anisotropic; selective over Si.
CHF+/CiFo/CO Anisotropic; selective over SisNa.
SiaNy CF4/O; Isotropic; selective over SiO; but not over Si.
CF«J/H: Very anisotropic; selective over Si but not over SiO..
CHF3/O,, CH;F; Very anisotropic; selective over Si and SiO..
Al Clz Near isotropic (significant undercutting).
Cl/CHCls, Cl/N2 Very anisotropic; BCl; often added to scavenge
oxygen.
W CF.s, SFe High etch rate; nonselective over SiO..
Cl Selective over Si0.
Ti Cl;, Clo/CHCls, CF,4
TiN Cl;, Cl/CHCl;, CF.
TiSiz Cl;, Cl/CHCl;, CF4/O,
Photoresist O: Very selective over other films
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Thank you!

BT (PRI )
(03)5715131~2171

tiyen@mx.nthu.edu.tw
http://www.mse.nthu.edu.tw/~tjyen
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