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P1. Silicon nanostructures for advanced applications

¥

/ T1. Nanostructural silicon for gas sensing \

T2. Novel silicon based materials for photonics
T3. Development and application of new Raman

scattering techniques

\ TA4. Silicon hybrid light sensing devices /




T1. Nanostructural silicon for gas sensing
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Hierarchically structures in sensing

Hierarchically porous
WO3 synthesized by
combustion process.
Hierarchically porous
WO3 exhibits high gas
response and
excellent selectivity
for acetone.

The excellent sensing
property was plausibly
attributed to the
porous morphology.

|. Djerdj et al., Materials
Chemistry and Physics, 2016.
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T2. Novel silicon based materials for photonics
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Silica microspheres are coated with
silicon nanocrystals in silica doped
with europium and erbium in order
to investigate the stimulated
Raman scattering as well as
stimulated emission form the rear
earth dopant.
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The luminescence and the lasing spectrum of an erbium doped microsphere. Lasing spectrum in log scale (inset)
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The sensing sensitivity vs. the coating thickness for an a:Si coated microsphere
(left) and the measured Q factor for a LPCVD a:Si coated microresonator
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Davor Ristic, et al:
Whispering gallery mode
profiles in a coated
microsphere. The
European Physical
Journal Special Topics
09/2014; 223(10):1959-
1969.



Silicon nanostructuring in microelectronic industry

Moore's Law - the observation that comp

at a regular pace - is short-hand for rapid ti ige. Over the past

50 years, it has ushered in the dawn of the personalization of technology and G [ |ﬁEIW n }

enabled new experiences through the integration of technology into almost ; -l 0 g 5 m e re 6 C

all aspects of our lives.

2015 Intel introduces

the 5 generation Ine WHAT CAN BE DONE, CAN BE OUTDONE

Core processor (1.3 bl Intel continues to deliver on the promise of Moore's Law with

transistors). the introduction of powerful multi-core technologies, transistor
architecture, advances in materials science and new innovations.

2012: Intelintroduces the Intel* Core 5
v processor (1 billion transistors). g
CMOS tri-gate t

high-volume manufacturing
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2004: intel introduces Intel® s

Pentium® 4 processor with

HT technology (125 miltion & mﬁl
inside

transistors) ’

YSSSNSSR  20011: intel introduces L4
begins Intel* Pentium* 4 processor ’
(42 million transistors).
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1993 Intel introduces Intel* Pentium* processor
(3.1 million transistors).

1991

200mm wafer production
begins

1989: Intel introduces
486™ processor (1.2
million transistors).

1985 Intel introduces.
Moving from NMOS 386™ processor

toCMOS 275,000 transistors).
2 1982 Intel introduces 80286 ¢ .

processor (134,000 transistors).
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1977: Apple* 1 8088 and ignites the trend of
personal computer personal computing.
introduced

1975: Gordon Moore updated his prediction of the rate
of growth of IC components from doubling every year to
doubling every two years.

104_

Transister number per chip
o
o

1971 Intels Ted Hoff invents the first microprocessor
‘Ig]us (called the 4004, 2300 transistors).
Heton e 1968: Gordon Moore and Robert Noyce leave Fairchild® to
form Intel Corp. 3

1965: Gordon Moore authors paper predicting the rate of growth of IC components in
Electronics magazine. His observation was later termed Moore’s Law’

: 10
- w 1970 1980 1990 2000 2010 2020 2030

For more information, please visit Y
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Porous silicon by anodic etching

Fixing screws

Pt cathode
Anodization of (bulk) silicon wafers:

Teflon® cell 1. Porous Si formation (/ <'Ips):

Si+dHF; +h™ — SiF;” +2HF + Hy + e~

Electrical
wiring

\ | 2. Electropolishing (J > J,):
Copper -—/ Si+ 2H-0 + 4h™T — SiOs + AH™

anode SiOy +2HF; +2HF — S'iFﬁz_ +2H20

Si wafer




The surface chemistry of porous silicon

* governed by the reactivity of silicon-silicon and silicon-
hydrogen bonds which are formed upon electrochemical
etching o

* both species can react with atmospheric oxygen and
water at ambient conditions leading to the oxidation of
the porous silicon structure

* the porous silicon surface has to be stabilized for (bio)sensing
applications R

* for this purpose two strategies have been developed resulting
in the formation of either silicon-oxygen of silicon-carbon
bonds

* the oxidized silicon surface presents silanol groups which
can be utilized for further functionalization reactions
including the introduction of amines and subsequent
coupling of biomolecules to the porous silicon surface via the
formation of amide bonds

* more stable surface functionalization was achieved by the
formation of silicon carbon bonds

* silicon-carbon bonds are formed by hydrosilylation, holes Bulk Si
chemical or electrochemical grafting techniques as well as

carbonization reactions §§§§§§§§§§§§%§§§§§

Back Side Illumination




J/U curves of anodisation process of N- and P-type silicon
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Porous silicon based 1D photonic crystals

e U U ©

Structure Waveform Spectrum
, A
double laver .
- v
c c
v o
s vl
S @
o [
- I
»
. wavelength
time
Bragg stack A A
- ]
c
o &
s :
v =
o
a length &
time wavelengt
microcavity A A
- S
[ o
o s
¢
v [
v
> length >
diia wavelengt
rugate A A
i 3
c
w : J\W‘NW\A
- v}
> ¥
v <
]
-~
" length a
tima wavelengt

—
Q
-

«Q
@

©
(o}
=
D
n

Wiley-VCH 2012



Optical detection of protease activity using a protein-coated
porous silicon sensor.

a) m m b) C)
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Wiley-VCH 2006.

(a) Schematic of the sensor principle. A hydrophobic porous silicon rugate structure
is coated with a hydrophobic protein. Addition of small amounts of proteases
leads to digestion of the protein layer. The proteolytic cleavage products infiltrate into
the porous structure resulting in a visible color change.

(b) Photo of a protein-coated 1D photonic crystal which has been treated with
different amounts of proteases (in picomoles).

(c) Reflectivity spectra taken from the spots on the protein-coated porous silicon
sensor shown in (b).



Integrated Photonic Biosensors Based on Porous Silicon

Excitation Reflected signal Without target
molecules

With target
molecules

o

Reflectivity

Porous Si (low porosity)

‘* Porous Si (high porosity)

' Nim 7

-— Si substrate

>
Wavelength

By specific binding of appropriate antibodies to the analyte the change in the
refractive index is considerably increased resulting in a sensitive and reproducible

optical response of the sensor to the analyte.




Metal assisted chemical etching of silicon

* Metal-catalyzed silicon electroless etching
(Ag, Au nanoparticles + HF + H,0,)

e Light capture for solar cells and photosensing,
chemical sensing

Si nanowires —,,black silicon”

A"

* . e -“ : e 45_: —— Porous Si (C)

—— Polished Si
—— SiINW array by HF-AgNO3

——SiNW array by Ag-HF-H,0,

S

S —= B 200 400 600 800 1000 1200
- - ’ ' Wavelength (nm)

Aperture Size = 30.00 pm ig ate :25 Aug 2014
EHT = 3.00 kv ile ime :17:10:41

* Kuiging Peng, Xin Wang, and Shuit-Tong Lee,
Appl. Phys. Lett. 92, 163103 (2008)



Silicon micropyramids

* Wet chemistry processing of silicon
* Random micropyramids by anisotropic silicon etch:

KOH (5%) + IPA (7%) + H,0, 90°C
potassium hydroxide and isopropyl alcohol

Mag= 200 X Aperture Size = 30.00 pm Signal A= SE2
WD= 2Zmm EHT = 3.00 k¥ File Name = Si_ref_09.tif




Hierarchically structured piramids with wires

Micro-pyramids by KOH/IPA
+

Si nanowires by elektoless etching

Aperture Size = 30.00 pm Signal A= SE2 Date :25 Aug 2014 |

|
6 mm EHT = 3.00 kV File Name = Si_B9b_17.tif Time :17:46:04 |
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Mag 4500 K X Ize 3000 pm Signal A « SE2
WD 5 mm EHT 100 KV File Name =~ Si_B9b_16.1if
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i f i\ iD= 3mm EHT = 3.00 kv File Name = Si_B9b_03.tif Time :17:29:21
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200 nm Mag= 1834 KX Aperture Size =30.00 pm  Signal A= SE2 Date :25 Aug 2014
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Nanostructured silicon as a highly promising anode for next-
generation lithium-ion batteries (LIBs).

* Silicon has a large theoretical capacity of 4,200 mAhg-1

* The key challenge for Si anodes is large volume change during the lithiation/delithiation cycle that
results in chemomechanical degradation and subsequent rapid capacity fading.

Comparison of various anode materials.

Anode
Materials

Li,TisOs

Lithiated

phase LiCs Li LisoSi Li,.Sn Li3Sb LiAl Lis-Mg Li;,TisOy. Li;Bi

Theoretical
specific
capacity
(mAh g.)

372 3,862 4,200 994 660 993 3,350 175 385

Theoretical
volume
capacity
(mAh cm?)

837 2,047 9,786 7,246 4,422 2,681 4,355 613 3,765

Volume
change 12 100 320 260 200 96 100 1 215
(%)
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Lithium lon Batteries: Porous Si Nanowires from Cheap Metallurgical Silicon
Stabilized by a Surface Oxide Layer for Lithium lon Batteries

Adv. Funct. Mater. 43, p. 6693, 2015
—

UNCTIONAL

* sustainable route from
cheap metallurgical silicon
to porous Si/SiOx nanowires
is demonstrated by J. Xiong,
C. Yan, and co-workers

www.afm-journal.de

* with a surface oxide layer of
suitable thickness, the huge
volume expansion of Si
during charge/discharge
processes is greatly
accommodated, resulting in
superior cycling
performance and high
reversible capacity



Energy storage devices
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SERS

B ]

by silver-coated self-
assembled polystyrene
spheres for surface enhanced
raman spectroscopy

Figure 1. A) PS before evaporation, B) SEM image of 1 ym PS: red - spheres not organized
in hexagonal close packing, blue - monolayer subdomains, green ammows — defects and C)
spheres after evaporation of Ag
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Figure 2. R6G SERS specira. From top to bottom: A) 10° M, 10 M, 10* M, 10-° M R6G on Ag without PS, Raman spectra of PS (yellow) and 180 nm of Ag on
1000 nm PS, B) 10° M, 102 M, 10* M and 10-> M R6G on Ag without PS and C) 10 M, 10* M and 10* M R6G (514.5 nm, 0.5 mW, accumulation 30 s, 100x).



SERS by silver particles on nanoporous silicon by anodisation




Raman spectra of rnodamine 6G with silver obtained by
Immersion plating
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L. Mikac et al., Influence of mesoporous silicon preparation condition on silver clustering and SERS
enhancement, J. Raman Spectrosc. 2016.



Preparation conditions for SERS substrates
S1 and S2.

Etching Immersion

time/min time/min




SEM comparison of S1 and S2

TS PRI .
b —

x20 000 1T um WD 100 nm 15.0kV WD 10.0nm 15.0kV
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UV/Vis spectra recorded Iin total reflectance mode
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Raman Intensity

The SERS spectra of R6G for substrates

S1

S2

a
X3
10°M
x20
10°M
X32 10"
10°M
x40
10°M
1 \ | " | \ | " | L |
1100 1200 1300 1400 1500 1600 1700 180
Wavenumber/cm™

Raman Intensity

10°M
X260

10°M
x440

10"*M
x730 10"°M

| | L | 1 | L | 1 |
1100 1200 1300 1400 1500 1600 1700
Wavenumber/cm’

M. Kosovi¢ et al., Porous Silicon Covered with Silver Nanoparticles as Surface-Enhanced Raman Scattering (SERS)
Substrate for Ultra-Low Concentration Detection. // Applied spectroscopy. 69 (2015) , 12; 1417-1424

1800



SERS of Histamine

histidine histamine

N
¢ -~ o
HN / N H2 histidine decarboxylase HN

Most frequent cause of health problems associated with seafood
consumption

Wide array of analytical methods — complex, expensive, long analysis
time

Need for simpler, faster methods adequate for ,,on field” analysis

Legislative set limits:
e 50 mg/kg of fish - USA
e 100 mg/kg of fish - EU



SERS measurements — fish extracts

— fish
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T. Janci et al., Optimization of parameters for histamine detection in fish muscle extracts by Surface Enhanced
Raman Spectroscopy using silver colloid SERS substrates, Journal of Raman Spectroscopy, 2016.



State of the art in IR detection — InGaAs photodiode

Typical Spectral Responsivity
* Tunable band-gap ’

e GaAs (1.42 eV) to InAs (0.34 eV) 09 f_,_.-——-"’”' “‘"-\
» Typical range 900nm to 1700nm us T \
* 1.3 micron and 1.55 micron sensitivity = ! yd |
= 08 7
* High Responsivity 2 s /
* Both Small Area (High Speed) and Large Area E 04 //
o 03
& /
* Not Si CMOS compatible Ef /J \
* Expensive (MBE) . \
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Silicon/organic hybrid heterojunction

@ Silicon (p-type)
@ Organic semiconductor (n-type)

Silicon Organic semiconductor thin films
* well- developed Si CMOS technology * electronics with carbon-based materials
* chemically tunable electronic properties
if micro/nano structured: * easy and cheap processing
e large surface area * low environmental impact
* light trapping * low material usage

* nano-scale phenomena

T

Hybrid electronics

integrating advantages of organics with silicon-based electronics - going beyond Si

+ advantages of nanostructuring of Silicon




Optimization of Si in hybrid heterojunction

Micro- and nano-structuring
of the Si surface
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Structured Si/Tyrian Purple photodiode

Br. l 4 | + 6,6'-dibromoindigo — Tyrian Purple
S Bt * Hydrogen-bonded pigment
Tyrian Purple * n-type organic semiconductor

A g

A

A

* Thin films by hot-wall epitaxy

IR illumination
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Structured Si/Tyrian Purple photodiode

 Up to 700-fold increase in short-circut
photocurrent over planar diodes

10°3—Si P - light
* Highest responsivity: L g:azapr'scﬁrl'i‘gm
silicon micropyramids/Typ 3. Planar Si - dark
NE 10
* Responsivity: 4 mA/W at 1,55 pum 2 10°
(room temperature, -1 V biased) £
- ST
5 10 ...........................
c
[
< 2
* |nGaAs: max 1A/W A
- -3
o 10
10 §
10-5 I U 1 LI | ) 1 X 1 ¥ 1 ¥ 1 -y 1] Lt 1 ®: 1 L 1
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Voltage (V)
light = 1,48 um laser diode (200 mW/cm?)
V. Perek, E. D. Gtowacki, M. Sytnyk, W. Heiss, M. Marcius, M. Risti¢, M. Ivanda, and N. S.

Sariciftci, Enhanced near-infrared response of nano- and microstructured silicon/organic
hybrid photodetectors, Appl. Phys. Lett. 107, 083302 (2015).

n==a




Structured Si/Tyrian Purple photodiode

 Up to 700-fold increase in short-
circut photocurrent over planar
diodes

* Highest responsivity: silicon
micropyramids/TyP

e Lower responsivity than
competing
technologies (black Si, InGaAs)

Odziv (A/W)

Advantages:
v’ broader spectral response

v’ one order of mangitude cheaper
manufacture

v' preserved electronic properties
of Si
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Hibridna Si/TyP fotodioda
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GaP Thorlabs DET25K

Ge - Thorlabs DET50B
InGaAs - Thorlabs DET10C
Si - Thorlabs DET36A
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Valna duljina (nm)

V. Derek et al., Near-infrared response of nano- and
microstructured silicon/organic hybrid photodetectors,
Appl. Phys. Lett. 107, 083302 (2015)



Current density (mA/cm?)
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Mechanisims of improvement - speculative

— Si yP, oxide - light

~+ + Si PP, oxide - dark
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Voltage (V)

Largest increase in J.. (x 700) observed on
micropyramid-Si with thin (1-3 nm) SiO,
between

Si and TyP

High current densities possible on
pyramid tips due

to Fowler—Nordheim type field electron
emission

across the barrier?

N W

B
J=AE% E

Nordheim-Fowler tunneling current
density — strongly dependand on
electric field
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