Porous silicon and Si nanoparticles:
new photonic and electronic materials
Part 2. Applications
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Porous & nano-Si

|

Preparation Methods

1 |

rl Properties ij
Morphology, structure, Optical & Electronics &
chemical composition Luminescent electrics
—Technology‘ (stfessed Si -Chemical & bio-sensors -LED, IaseF
layer, SOI, Sirepitaxy) (sensing layer & transducer) -Chemical & bio-

-Hydrogen reservoir
-Explosive material
-Support matrix for
sensors and thin film
solar cell

-Waveguides & fibers
-Photonic crystals
-Microcavities and mirrors
-Solar cells (antireflection &

passivation coating, PhL, QD)

sensors (transducer)
-Functional elements
of microelectronics
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Figure1.55 I-I"spectra at room temperature: (a) taken under dark condition, (b) taken under
light irradiation. It shows a high visibility regular step structure, for negative tip biasing, and {c)

the difference of (b) and (a) V.Kumar, Nanosilicon, Elsevier, 2007



Electroluminescence of porous Si
(injection-type in Schottky contact)

Requerements:

1=0.4-0.7 um (displays), 1.3-1.6 (optical fibers)
Emitting power in mW range

Operating voltage <5V

Modulation frequency- few kHz (display),

> Few GHz(communications)
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Photoluminescence sensors
Quenching effect
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PL spectra of as-prepared (a) and oxidized (b) PS in vacuum, H,O, benzene, ethanol
/J.M.Lauerhaas, M.Sailor, Science, 261, 1567,1993)/



Photoluminescence quenching

Reversible quenching (physisorbed): alcohols (ethanol, methanol), aromatic

Fray

(pyrene, anthracenes, benzene, toluene), acid, base....
Irreversible quenching ( NO, NO,, Cl,, Br,, |,, O,..) et %
(due to introducing surface non-radiative carrier traps) l
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Mechanisms of quenching: __
- the increase of the non-radiative recombination rate in the nanoparticles due to the alteration of ¢
- the change of the nanoparticle electronic structure
- the capture increase on the non-radiative traps at the forming of the strain-induced defects when

molecules are adsorbed.



Impact of molecule
adsorption on PhL
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Optical sensors. Wave guiding

internal reflectance
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Types of optical sensors

Bragg-reflector

Fabry-Perot- filter ‘
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Adsorption in porous silicon

Dipole adsorption —the change Adsorption of noncharged particules
of charges on surface states

Adsorption in PS:
on surface and
developed bulk

Porosity: P:Up/(US+Up), where Up : US — volume of pore and Si
Permittivity of PS 1 €pg = (1-P)es+Pe,

After adsorption:  €pg,=Epg +6P(da/d)(8a-8p) n _ /g
— PS — PS
EXAMPLE: € PS — 53 for PS (porosity P=0.6, pore diameter d=5 nm)

Eps, = 02
After H,0 adsorption (g, = 80) == “Psa



Optical bio — sensing in microcavity

Recognition and binding of bacteriophage lambda DNA
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Reflection (arb. units)

Fine tuning of the dichroic behaviour of Bragg reflectors
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Electrical gas sensing

Conduction Properties
of Porous Silicon...

insulator n-type

...Tuned by Adsorption
of Ammonia
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Fig. 1 Infrared absorption spectra. Curve A: PS as-
prepared. Curve B: PS in presence of NO,.

C.J.Oton, et. al., phys.stat.sol, 197 (2003)523

PS Sensor of NO,

Drude model: Ol — }bz

Polarization effect: the induced conductivity at the
polar NO molecules adsorption into pores
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Interaction of species at semiconductor surfaces

Broken bonds on semiconductor surface
form the adsorbing sites for adsorption

Band model of semiconductor surface show the
overcharging of surface species:

a- no charge exchange between the semiconductor
and surface states;

b- the band bending where e- from the surface region
of semiconductor have moved to surface states to
reach equilibrium.




Interaction of gaseous species at semiconductor

surfaces
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Adsorption of molecules in porous materials

2\ 2
eZND 2 € NS

DEPLETION (OF Vs = 2880 Xo = 2880ND

O
1N

|

|

: \ELECTRONS) REGION

|
|
aosorgen” L1
|
|

OXYGEN : ‘ ELEBIT:Q%%\'{}% | / CONDUCTION A
1 ELECTRONS W
aaRRIER— | v /\ / ns =Np eXp(—k—TSj
DONORS .

Adsorption of proton increases the potential barriers between
micrograins, adsorption of oxygen decreases these barriers



Porous Silicon Conductivity
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Models for conductivity:
1)the adsorbates make lower the energy barriers between nanoparticles in nanosize Si
2)the change of dielectric constant of nano-Si
3)the charge redistribution inside the nanocrystallites due to the surface states
4)the adsorbates injects extra carriers into nano-Si (reduction-oxidation reactions)

M.Ben-Chorin, A.Kux, I.Schechter, Appl.Phys.Lett, 64, 481 (1994)



2 electrodes transducer

Gold-catalyses PS sensor for NO,
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Hydrocarbon sensors with suspended PS membrane

Heater &temperature

sensor
Sensitivity Al/l (at 0,5 ppm C,H,) 1,0
/ Response time (90 %), s 80
22 <. contacts Recovery time (70 %), s 120
Full time for 1 cycle 15
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Chemical sensors (H,) based on FET

Oxygen covered

’\—/l /Pd surface

H H

LAY AT A Y AN Y Y

Insulator

H
{ “ Palladium % ~100 nm
; | _({H M/ {H (@ (6

Semiconductor

)
o)

|
2

(A)
?VG v
AV - NG I
~ Pd L ~ Pd |
— Si0; —=—o SiO;
n L —— T n Vb ,
p—Si p—-Si
—= L
ID A ,f C A I S
with ,’[ / without
H -/ H
v
B V-[O V:f; T/
V=V, - AV AV= -uN_0/ g,

=

Hydrogen adsorption
Hydrogen dissociation
3. Penetration of protons through

N

thin Pd film
4. Adsorption as dipole at Pd-SiO,
interface
W V2
B SD
D — :unCox T (VG _VT )\/SD -
L 2
Lundstrom l. Sensors and

Actuators, 1 (1981) 403.



FET sensor (alcohol, acids) and capacity

current, mA 5000 ppm
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Figure 411 Dhnamic response of (a) the capacitance and (b) the resistance of a TC-PS humid-
ity sensor. Corresponding BH wvalues are shown in the figures. Electrical parameters were
measured using an 85 Hz frequency [58].



Sensor based on CMOS process
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Hydrogen storage in PS
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Reduction of Si nanoparticles dimension sharply increases
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Hydrogen storage in PS

TAELE 1: Comparative Energetic Analysis of PS Nanostructures for Their Application as Hydrogen Reservoirs in Portable
Devices

autonomy (h) of a device consuming
1 W and using 100 g of matenal

atomic hydrogen theoretical mass storing hydrogen
content, energy density, {taking into account 30%;
materials (mmel g~ (W-hkg™*) efficiency of low-temperature fuel cell)

meso-PS (90%. 10 nm)
nano-P5 (90%. 3 nm)
nane-P5 powder (> 93%, 2—3 nm)
reversible metal hydrnides*
MgH: =~ Mg + Hx
LaMisHs — LalNi: + 3Ha

hydnde hydrolysis®
(WaBHs + 2H:20) — NaBO: + 4H: 108 3560 178
(LiBH: + 4H:0) — Li0OH + H; BOs + 4H: 85 2802 140.1
hydnde thermolysis®
NH,BH, — BN + 4H; 244 2043 4021
NH:;BH: — BN + 3H: 195 6422 3214
methanol reforming
(CH;0H + H,0) == C0; + 3H, 120 3956 1978
Li-ion batteries 4
(for companison) e
2 mmol/g (H,, 60% porosity) (Rivolo et al., Phys. Stat. Sol. (a) 197, (2003) 217)

3,7 mmol/cm-3 (H)

Nano-porous powder, nanocrystallite dimension - 2nm 66 mmol /g H



Hydrogen storage in PS
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V.Lysenko, et.al. J.Phys.Chem., B, 2005, 109, 19711



Portable energy supply

+ 10g of nano-porous ||~

11 hours of autonomy

6.6 Wt% (Li battery: 1 hour)

V.Lysenko, private commun.




Thermal 1solation

micromachined 10 ym Si membrane

~

300 um thick PS structure




Explosive reactions

Conditions: H-terminated porous Si surface + liquid oxygen

3 step chain mechanism : a) oxidation of Si dangling bonds (1016 cm-3);

. “ . : b) rupture of Si-H bonds;
\ ‘ .' |'h‘ i | C) 2H2+02:2H20

Energy yield : 12- 28 kl/g
(trinitrotoluene : 4.2 kJ/g)

Explosion time : 2x10-7 s

Velocity of the reaction
front propagation : 10 m/s

Shock wave pressure : 11 GPa/cm?

Kovalev et al., Phys. Rev. Lett. 87, (2001) 068301



Table 19.2 Overview of some thermodynamic reaction parameters for several mixtures of Si
with oxidizer.

Chemical reaction equations AH? k) AH! (k)/g) T (K)
Si + 0y — S0, 911 15.2 3131
450 + Ca(ClOy), — 450, + CaCl 3703 10.5 3093
25i + NaClO, — 28i0, + NaCl 1850 10.4 3057
25i + KCIO, — 28i0, + K 1825 9.4 3061
5Si + 4NH,ClO, — 55i0; + 2N, + 4HCl + 6H;0 5453 89 2917
5S8i + 4NaNOy — 58i0, + 2N + 2Na;O 3519 7.3 2893
58i + 4KNOy — 58i0, + 2N, + 2K,0 3305 6.1 2980
4Si + Sg — 4SiS, 848 2.3 1759
nSi + (C3Fa), — nSiFs + 2nC 798 6.2 3532

Ca(ClOyy,

Figure 19.14 Time-integrated flame pictures of 3 x 3 mm PSi single elements filled with the
indicated oxidizers (this image was prepared by D. Clément, Technical University of Munich,

for the “SilAnz" report [14]).
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Figure 19.13 Emission spectra of flashes
accompanying the explosions. The reaction
temperatures are indicated and were estimated
by the approach of a blackbody emission, They
are very similar for the deflagration and the
explosion. The spectrum of the explosion
additionally shows the appearance of plasma

lines of single or double ionized atoms
demonstrating the presence of hot spots having
temperatures much higher than the estimated
ones (this image was prepared by D. Clément,
Technical University of Munich, for the “SilAnz”
repart [14]).




Biosilicon ™

(pSi Medica Ltd., Prof. L. Canham)

“Intelligent” tablets releasing the drugs
when and where they are needed.

near term: multi-reservoir tablets

A

resorbable silicon micromachined reservoir

b
medium term: electronically controlled delivery
insoluble electronically
barrier layer controlled gate
TS
‘ drug-impregnated
silicon chip mesoporous silicon
C

long term: intelligent delivery systems

telemetry

control

Sensors system

T
silicon drug-reservoir array




Drug delivery with magnetic nanoparticles in
porous silicon

&9  »

Ag+ (aq) loaded droplet I- (aq) loaded droplet

Figure 1 Tiny reactors. Drops
of aqueous solutions of Ag*

and I~ in dichloromethane are
coated with a self-assembled

layer of magnetic porous

/ . i e
silicon crystals. The droplets '™ i el Dy @ 4
are transported with magnets a

towards each other. When
they meet they coalesce to
form a new, larger droplet.
The precipitation of insoluble
Agl takes place immediately
inside the newly merged
aqueous drop. The droplets are brought

together with magnetic fields

A8,
&4

J.Buriak, Nature materials, 3, 2004, 847 ,

2}

1

Agl formation at the interface on coalescence



SiC NPs as a contrast and fluorescent agent
for animal cells imaging




Semiconductor Nanoparticles for cell imaging
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Ag nucleation

Electroless metal introduction
Into the Si pores

Ap particle growth
and induced local
excess oxidation

(C) Aganduced pit

Ag* +e;, — Ag°(s)

Si(s)+2H,0 — SIO, +4H " +4e_,

Mechanism of electroless Ag deposition

on Si in HF/AgNO3 solution.
Electroless deposition of metal on Si: the working principle is the galvanic displacement reaction.
The reduction of metal ions (cathodic process and oxidation of Si atoms (anodic process ) occur

simultaneously at Si surface, while the charge is exchanged through the Si substrate



Surface Enhanced Raman Scattering of Small Molecules from Ag coated Si pores

4—— porous silicon !
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Local electric
Raman spectroscopy may be used to detect field

nucleotides, purines or pyrimidines

V.Tolstoy, |.Chernysheva, V.Skryshevsky, Handbook of | dielectric

IR spectroscopy of superthin films, Wiley, N.Y., 2003 rrlletal



Straining of c-Si thin film with PS substrate

Raman spectra (LO phonon)

lanOdizatiO“ Biaxial X-Y in plane stress
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Low T oxidation ‘ Up to 1.4%
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Straining of thin Si films with use of bulk
partially oxidized PS nanostructure
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