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Bulk Micromachining of Silicon

Bulk micromachining:
realization of high aspect-
ratio structures in the bulk
of a silicon wafer.

* Applications:

e MEMS (Micro-Electro-
Mechanical-Systems)

3D Stack With TSVs 3D Stacl TSVs
Metallization l I I I l I I I I I
Silicon TSVs With Silicon
nterposer Dielectric Liner Interposer

(a) (b)
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Porous Silicon

AGENZIA NAZIONALE
PER LE NUOVE TECNOLOGIE, LENERGIA
E LO SVILUPPO ECONOMICO SOSTENIBILE

Porous silicon (PS or PSi) has been discovered in 1956 at Bell Labs by A.
Uhlir and I. Uhlir and later rediscovered in the ‘90 because of its
photoluminescence properties.

Pore

Silicon
Nanocrystals
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Porous Silicon Reference Card
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Porous silicon for bulk micromachining g, e
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* In bulk micromachining applications porous silicon is used as a scarificial
layer that is etched away to reveal the structure.

* Extremely high selectivity of PS etching in comparison with bulk Si. Etching
ratio of PS to Si is 100000:1!
 PSlayers can be selectively etched by means of the structure sensitive
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mechanism.
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High aspect ratio macro-pores, random

order (M. Balucani, 2010)
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Experiments on

POROUS SILICON GROWTH ON
PROTON IMPLANTATED SILICON
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Porous silicon growth suppression over irradiated

dareds
surface Defect density
> « Damage profile for protons with energy of 250 keV
» Damage profile almost constant for the first 2.2 um (below surface)
-  Tenfold (10x) defect density increase at the at the stopping range.
v
'53 . E hci)g\rlwocljee;‘eecc;[trree%i(z)nn * The lateral electric field generated
= by implanted protons in the
] damaged regions causes a
w deflection of holes.
Electric field distribution with increasing dose e Deflection increases near the
AR A R R e highly defective region,
e corresponding to the stopping
range.
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highly defective region.
* Porous  silicon growth 5
suppressed only in the highly

defective region at low doses
(<10%* /cm?).
*Porous silicon growth 5
suppressed along all the particles
path for high dose (>10'4/cm?).
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Porous silicon growth suppression over irradiated
areas W

PER LE NUOVE TECNOLOGIE, LENERGIA
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Si core

x10™/ecm*, 8x10'/c

SEI 5.0kvV X6,000 1pm WD 6.0mm

E. J. Teo et al., Opt. Express 16 (2) 573-578

o
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TOP — IMPLART experiment on

UNIFORM PROTON BEAM
IRRADIATION OF SILICON SAMPLES
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TOP-IMPLART proton LINAC
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S T 3-2MaV

VARIABLE CURRENT VERTICAL LINE h Sl VertlcaI: o/
30keV SOURCE Ca— TERMINAL )Li :
3 -7 MeV
8| 1 . 3
§: RFQ DTL
B s - . HORIZONTAL LINE
= : nms EXTRACTIONS |

- TOP-IMPLART project is aimed to the
development of a proton LINAC for Hadron
therapy using compact S-band accelerating
sections (SCDTL)

« The LINAC is under construction at ENEA
C.R. Frascati by the APAM Laboratory

 The machine is now capable of delivering a
pulsed proton beam with energies up to 18
MeV

* Lower energy beams can be obtained on a
vertical line (radiobiology) or by degrading the

energy of the main beam line
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Experimental setup —
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- Silicon sample is masked with a 200um thick molybdenum mask
« Silicon sample and mask are mounted on a custom designed holder and installed at

the end of the accelerator pipe.
« Beam current and sample temperature have been recorded during the processes

To scope
Grounded
Insulated

|

1
4 Thermocouple
+

- U »
T AmmmEmEE

Degrader Sample
(60um Al) Holder
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Experimental Conditions
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Parameter

Pulse Repetition Frequency

Range in silicon

Protons/pulse (average)

Implantation peak

Depth vs. Z-Axis

— Target Depth —

o
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* Target implantation depth: 30um

* SRIM/TRIM code has been used to
compute energy

* Accelerator minimum energy is 3MeV so
an aluminum energy degrader (60um
thick) has been placed between the beam
and the target to reduce it to 1.3MeV
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Expected results

Resistivity 1-10 Q-cm 20 Q-cm

Dopant Boron Phosphorous

« Hydrogen is an amphoteric impurity that counteracts the activity of
shallow dopants

 The most favorable state of hydrogen in p-type silicon is the H*
state located in bond center. H* act as a donor that passivates
lonized impurities (acceptors)

« The most favorable state of hydrogen in n-type is the interstitial H-
state. H- acts as an acceptor that passivate donors.

* We expect to suppress porous silicon growth on implanted areas on
p-type and promote growth on n-type
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FTIR analysis
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FTIR - UTRINN-FVC
Sample: H" irradiated Si (campione 3)
_ Baseline: Campione 3 - border

12135 12114 12088 SiH, - bulk 12005 SiH - bulk
1.91 -{SiH-sur siH, - sur 12080 SiH - sur :
1.90
1.89
1.88
1.87 H
1.86
1.85
1.84 T T T T 1
2150 2100 2050 2000 1950 1900
Wavenumber (cm™)
Hydride Epitaxial ~ Interface Bulk Surface
SiH 2080 (B) 2005 2005 (A) 2080
SiH, 2114 (D) 2088 2088 (C) 2114
SiH; 2135 (E) 2135
SiH,(0,) 2190-2210 (F)
SiH(03) 2250 (G) 2275-2290 (H)
FWHM <30 ~80 ~80 <30
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FTIR - UTRINN-FVC
Sample: H" irradiated Si (campione 3)
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Exposed samples (p-type)
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Cross sectional image

Silicon wafer surface

Silicon wafer surface

Silicon

(Implanted area)

EHT = 3.00 kv Signal A = InLens
WD = 3.7 mm Mag = 1568 X

Porous silicon

EHT = 3.00 kV Signal A = InLens C.RI—IS"'
WD = 3.8 mm Mag= 3.24 KX =Rt ST

o
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Exposed samples (p-type)

* Porous silicon has been removed with KOH etch to delineate the implanted areas
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EHT = 10.00 kv Signal A = SE2
WD = 7.3 mm Mag= 69X

EHT = 5.00 kv 2 B
WD = 5.0 mm Mag =| 230 X . S By

* Images shows the transferred pattern (lateral dimensions
matches the maks (500um finger, 500um space)
e Porous silicon growth process:

Resistivity 1-10 Q-cm

Dopant Boron

Electrolyte HF:IPA=1:1

Current density 20mA/cm? solsomm g 263k e

Environment -

o
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Exposed samples (n-type)

* Porous silicon has been removed with KOH etch to delineate the implanted areas
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Porous silicon

200 um EHT = 5.00 kv Signal A = SE2 200 4m EHT = 5.00kV Signal A = InLens EJ\nS
— WD = 4.4 mm Mag= 66X A NL) f——— wp=73mm Mag= 237X Sl N Lo d

* As expected porous silicon growth has been obtained on implanted areas but results are not
optimal as KOH etch does not completely removed the porous silicon layer.
* Porous structure is present in the non implanted areas also.

* Porous silicon growth process:

Resistivity 20 Q-cm

Dopant Phosphorous
Electrolyte HF:DI:IPA=1:3:1
Current density 30mA/cm?
Environment Dark
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Conclusions
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* TOP-IMPLART proton linear accelerator has been used to test uniform beam irradiation of silicon
samples for potential applications to silicon bulk micromachining (MEMS, Advanced IC Packaging)

* New experiments will be carried on in 2015 and 2016 to investigate the benefits and limit of TOP-
IMPLART LINAC use for semiconductor processing

* When energies higher than 11.6 MeV will be reached (next LINAC section) activities on the
qualification of electronics components are planned
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