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Colloidal 
Chemistry!

Photonics! Electronics!

Medicine!

SILICON COLLOIDS and NPs

They behave as spherical microcavities 


They scatter/absorb very efficiently solar radiation.

They are semiconductors


They show a magnetic response

They are biocompatible & biodegradable


NPs & Porous silicon show explosive oxidation reactions  
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silica   n=1.46!
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Size parameter

 λ (µm)

Φ= 2 µm!
b2,1!

b1,1!

a1,1!

The size scattered by the particle can be 10 times larger 
than the real size!! !

Real particle size !

Area scattered by the particle!

Microspheres can scatter light very efficently.  
Scattering of Silicon vs. Silica microspheres 

C. F. Bohren, D. R. Huffman,  “Absorption and Scattering of Light by Small Particles, John Wiley 1998. 
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silicon based nanoresonators  

Evlyukhin,.	et	al.	Nano.	LeG.	(2012).	

Laser induced material transfer!

Polman. et al. Nat Comm. (2012).!

Lithography induced black silicon !

Theory.		
Pendry	J.	Phys.	(2002),	Luk’yanchuk	et	al	Phys.	Rev.	B.	82,	
045404,(2010);	Garcia-Etxarri	et	al.,Opt.	Express	19,	4815–
4826	(2011).	Kivshar	et	al.,	Opt.	Express	20,	20599	(2012).	
Jian	Zi,et	al	PRL	106,	203903	(2011);	Kivshar	
ACSNano_2012_6_00837,	A.	Cummer	et	al.,PRL	(2008),	L.	
Brongersma	et	sl.,		PRL	2007	

Luk’yanchuk et al et al. Nat Comm. (2013).!

Laser ablation!

Requirements 
Submicrometric silicon nanoparticles 
Monodisperse silicon nanoparticles  



CVD .  
Spherical particles 
polydisperse  particles 
Porous, amorphous &  
crystalline  
L. Shi, et al Adv Mater. 24, 5934, (2012).  
R. Fenollosa, et al., Adv. Mat. 20, 95 (2008) 
 
 
 
 

88	

Silicon	nanocavi)es.	Processing	methods	

Decomposition of Si3H8. Monodisperse (5%) and  
spherical  particles + sintering process 
Porous particles 
n= 3.15 
 J. T. Harris et al , Chem. Mater. 22, 6378, (2010). 
L. Shi, et al Nat Comm. 4, 1904, (2013) 
 
Texas University Collaboration                                   B. A. Korgel 
 
 
 

R. Fenollosa 

10 µm 

R. Fenollosa, et  J. Mat Chem 20, 5210, (2010).  



Silicon nanocavities  through laser melting of NPs in suspension 

Arbitrary shape particles (non limited size values)  
monodisperse (10%)   
Grinding & sedimentation methods  
I. Rodriguez et al.,  Nanoscale (2014). 
 
 
 

1000 nm!

a

I. Rodriguez 

I. Rodriguez, X. Lu, L. Shi, B Korgel, R. Alvarez-Puebla, and F. Meseguer, Nanoscale, 6, 5666, (2014). 
I. Rodriguez et al submitted 

monodisperse (10%)   (size. 100-500 nm) 
Laser melting of monodisperse suspended NPs 
. 
 
 
 

X. Li, et al., Langmuir, 27, 5076, (2011) 
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Monodisperse	Silicon	colloids.		Op)cal	proper)es	of	single	par)cles	

L.  Shi, J. T. Harris, R. Fenollosa, I. Rodriguez, X. Lu, B. A. Korgel,  and F. Meseguer  
Nature Communications  4, 1904  (2013). 

!

Decomposition of Si3H8 + sintering process!

After sintering!

Before sintering!
L.  Shi 

R. Fenollosa 

B. A. Korgel 

I. Rodriguez 



2D	Silicon	colloids	based	Photonic	Crystal		

L.  Shi, J. T. Harris, R. Fenollosa, I. Rodriguez, X. Lu, B. A. Korgel,  and F. Meseguer  
Nature Communications  4, 1904  (2013). 

Light	is	fully	transmiGed	
At	λ>	1200-	forward	scaGering-			
(Polman	et	al.,	Nat	Comm	2012)			

Non-close	packed	2D	PC	
with	omnidirec)onal	photonic	
bandagap	at	λ=1µm 
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GaAs PVC nanowires beyond the S-Q  limit !
Fontcuberta  et al. Nat Photonics 2013!

Photocarriers generated near the collecting electrodes!!!
!

The effective optical area can be much larger than the device projected area !!!
The absorption efficiency > 1!

Rec)fying	junc)on	in		semiconductor	nanowires	

See also Ge nanowires Brongersma et al., Nat. Mat 2008;, Si nanowires Lieber Nature 2007  !
Kelzenberg, M. D. et al.. Nat. Mater. 9, 239–244 (2010) Kim, S. K. et al. Nano Lett. 12, 4971–4976 (2012). Fan, 
Z. et al., Nat. Mater. 8, 648–653 (2009). Wallentin, J. et al. Science 339, 1057–1060 (2013). Badding Adv. Mat 
2013; S. Fan PNAS 2010!

What about Infrared photons ? !
How to harvest them?!

Tuning Light Absorption in Core/Shell Silicon Nanowire Photovoltaic
Devices through Morphological Design
Sun-Kyung Kim,†,§,⊥ Robert W. Day,†,⊥ James F. Cahoon,†,∥,⊥ Thomas J. Kempa,† Kyung-Deok Song,§

Hong-Gyu Park,*,§ and Charles M. Lieber*,†,‡

†Department of Chemistry and Chemical Biology and ‡School of Engineering and Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138, United States
§Department of Physics, Korea University, Seoul 136-701, Republic of Korea

*S Supporting Information

ABSTRACT: Subwavelength diameter semiconductor nano-
wires can support optical resonances with anomalously large
absorption cross sections, and thus tailoring these resonances
to specific frequencies could enable a number of nanophotonic
applications. Here, we report the design and synthesis of core/
shell p-type/intrinsic/n-type (p/i/n) Si nanowires (NWs) with
different sizes and cross-sectional morphologies as well as
measurement and simulation of photocurrent spectra from
single-NW devices fabricated from these NW building blocks.
Approximately hexagonal cross-section p/i/n coaxial NWs of various diameters (170−380 nm) were controllably synthesized by
changing the Au catalyst diameter, which determines core diameter, as well as shell deposition time, which determines shell
thickness. Measured polarization-resolved photocurrent spectra exhibit well-defined diameter-dependent peaks. The
corresponding external quantum efficiency (EQE) spectra calculated from these data show good quantitative agreement with
finite-difference time-domain (FDTD) simulations and allow assignment of the observed peaks to Fabry−Perot, whispering-
gallery, and complex high-order resonant absorption modes. This comparison revealed a systematic red-shift of equivalent modes
as a function of increasing NW diameter and a progressive increase in the number of resonances. In addition, tuning shell
synthetic conditions to enable enhanced growth on select facets yielded NWs with approximately rectangular cross sections;
analysis of transmission electron microscopy and scanning electron microscopy images demonstrate that growth of the n-type
shell at 860 °C in the presence of phosphine leads to enhanced relative Si growth rates on the four {113} facets. Notably,
polarization-resolved photocurrent spectra demonstrate that at longer wavelengths the rectangular cross-section NWs have
narrow and significantly larger amplitude peaks with respect to similar size hexagonal NWs. A rectangular NW with a diameter of
260 nm yields a dominant mode centered at 570 nm with near-unity EQE in the transverse-electric polarized spectrum.
Quantitative comparisons with FDTD simulations demonstrate that these new peaks arise from cavity modes with high
symmetry that conform to the cross-sectional morphology of the rectangular NW, resulting in low optical loss of the mode. The
ability to modulate absorption with changes in nanoscale morphology by controlled synthesis represents a promising route for
developing new photovoltaic and optoelectronic devices.
KEYWORDS: Facet-selective growth, solar energy, nanoelectronic device, coaxial p/i/n nanostructure, FDTD simulations,
optical resonances

Strong light confinement in nanowire (NW) structures has
enabled advances in diverse photonic applications from

nanolasers to photovoltaic devices.1−16 For example, the optical
properties of arrays of nano- and microscale wires have been
exploited for enhanced light absorption in photovoltaic
devices;16−19 however, the ability to substantially manipulate
absorption in individual nanoscale structures has not been well
established. In order to quantify optical resonances supported
in individual NWs, scattering20−22 and absorption cross
sections5,6,11,23−26 have been measured or calculated. Signifi-
cantly, measurement of the absolute external quantum
efficiency (EQE) from NW devices has been reported only in
limited instances.6,11,23 We recently reported an absolute EQE
value of up to ∼1.2 using core/shell Si NWs with a size of ∼300

nm.6 By comparison, EQE values of ∼0.15 have been reported
for microscale devices based on Al−Si Schottky junctions23 and
values of ∼1.1 for devices with coaxial p−n junctions that
included a backside reflector.11 Several reports of relative EQE
values have been reported for Si and Ge nanowire devices
acting as photodetectors.5,24,25

Our integrated approach to understanding the effect of
morphology on light absorption in individual p/i/n Si NWs is
illustrated in Figure 1. First, we synthesized core/shell p/i/n Si
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diameters of,300 nm (280–360 nm for other nanowires), which is in
agreement with independent transmission electron microscopy
(TEM) and atomic force microscopy measurements. In addition,
high-resolution TEM images (Fig. 1c) confirm that the nanowire
shell is indeed polycrystalline. We note that this nanocrystalline
shell structure could enhance light absorption in the nanowires
(see below).

To characterize electrical transport through the p-i-n coaxial
silicon nanowires, we fabricated metal contacts selectively to the
inner p-core and outer n-shell (Fig. 2a). Briefly, core/shell silicon

nanowires were etched selectively using potassium hydroxide
(KOH) solution (see Methods) to expose the p-core in a lithograph-
ically defined region, and then metal contacts were made to the
p-core and n-shell after a second lithographic patterning step, as
shown in the SEM images of Fig. 2b. Dark current–voltage (I–V)
curves obtained from devices fabricated in this way (Fig. 2c) exhibit
several notable features. First, the linear I–V curves from core–core
(p1-p2) and shell–shell (n1-n2) configurations indicate that ohmic
contacts are made to both core and shell portions of the nanowires.
Second, the I–V curve for the shell–shell contact reveals a shell
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Figure 2 | Device fabrication and diode characterization. a, Schematics of
device fabrication. Left, pink, yellow, cyan and green layers correspond to the
p-core, i-shell, n-shell and PECVD-coated SiO2, respectively. Middle,
selective etching to expose the p-core. Right, metal contacts deposited on the
p-core and n-shell. b, SEM images corresponding to schematics in a. Scale
bars are 100 nm (left), 200 nm (middle) and 1.5 mm (right). c, Dark I–V
curves of a p-i-n device with contacts on core–core, shell–shell and different
core–shell combinations. Vbias, the applied bias voltage. Inset, optical
microscope image of the device. Scale bar, 5mm. d, Semi-log scale I–V curves

of p-i-n and p-n diodes. The ideality factor N can be extrapolated (dashed
lines) from the diode linear regimes (p-i-n diode, 0.12–0.50V; p-n diode,
0.10–0.60V),which are 1.96and4.52 forp-i-n andp-ndiodes, respectively.To
keep the total diameters of the p-n and p-i-n silicon nanowires approximately
the same, the p-n silicon nanowire was grown with a 100-nm diameter gold
catalyst and an n-shell growth time of 100min. The SiH4/dopants feeding
ratios for p-n and p-i-n nanowires are the same (silicon:boron, 500:1;
silicon:phosphorus, 200:1). e, Temperature-dependent I–Vmeasurement of
the p-n and p-i-n diodes in the reverse bias voltage regime.

LETTERS NATURE |Vol 449 | 18 October 2007

886
Nature   ©2007 Publishing Group

p-i-n PV cell on  Silicon nanowires. !
Lieber et al. Nature 2007, NL 2012 !



Φ = 100 nm Φ = 2 µm!
b1,1!a1,1!

Abs. Efficiency= 4 !!!!

Silicon nano microspheres can absorb light very efficently in 
the visible  region. They can also absorb it in the IR region!! 

Gap of silicon!

M. Garín, R. Fenollosa, P. Ortega, F. Meseguer, J. Appl. Phys. 119, 033101, (2016) 



WHY	A		SILICON	SPHERICAL	PHOTODIODE	
MAY	HARVEST		INFRARED	PHOTONS		

Trapped photons stay in the cavity for long time enough to be 
absorbed 

Optical mode at λ=1100 nm !
Q factor = 6x103 !

The time needed  for traveling 0,3 mm  in bulk silicon  !
(the thickness of a silicon PV cell) !! !

 The photon stays for τ=3x10-12 sec!

M. Garín,  R. Fenollosa, L. Shi, R. Alcubilla, Ll. Marsal & F. Meseguer, !
Nature Comm. 5, 3440 (2014). SPIE Newsroom DOI 10.1117/2.1201405.005483!

 M. Garín R. Fenollosa 



M. Garín,  et al Nature Comm. 5, 3440 (2014). !
M. Garin et al SPIE Newsroom DOI 10.1117/2.1201405.005483!

 & R. Fenollosa, et al submitted!
!

The	PV	cell	processing	
(minimizing	processing	steps).	

n-Si!

n-Si! n-Si!

n-
Si!

ITO 

n+ Al 
(ohmic contact) 

 1. The CVD synthesis!

 2. The thermal diffusion !

 3. The ITO layer!

1 �m 

CVD Poly-Si colloid!

External view! Internal view!
 & Mie modes!



I(V)	measurements.		

!

λ=990 nm (1 sun)!
η=0,6%!
EQE=16%!

 M. Garín 

M. Garín,  R. Fenollosa, L. Shi, R. Alcubilla, Ll. Marsal & F. Meseguer, !
Nature Comm. 5, 3440 (2014). SPIE Newsroom DOI 10.1117/2.1201405.005483!



Photocurrent spectral response.  

!

4.33 µm 


3.85 µm 


3.3 µm 


2.87 µm 


Gap!
Below the  gap!

 M. Garín 

M. Garín,  R. Fenollosa, L. Shi, R. Alcubilla, Ll. Marsal & F. Meseguer, !
Nature Comm. 5, 3440 (2014). SPIE Newsroom DOI 10.1117/2.1201405.005483!



M. Garín, R. Fenollosa, P. Ortega, F. Meseguer, J. Appl. Phys. 119, 033101, (2016) 

!

Future work 
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LIGHT	SCATTERING	&		RAMAN	SCATTERING	
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The Raman scattering efficiency is very small (10-7)!

Laser (λ) !

Crystal phonons (Ω)!

Raman signal  (λ-Ω) !

Raman signal  (λ+Ω) !

I (Raman) ��(E/λ) 4 <H>   !

The Raman Intensity is proportional to the fourth 
power of the EM field !!!!

Raman of bulk silicon!



SERS overwiew 

	500		 	600		 	700		 	800		 	900		
Wavelength/nm 

EF up to 105-6 

Energy Environ Sci 3 (2010) 1011–1017; J Phys Chem Lett 1 (2010) 2428–2434; J R S Interface 7 (2010) S435-S450; Small 6 (2010) 
604–610; Chem Soc Rev 41 (2012) 43-51; J Phys Chem Lett 3 (2012) 857−866; Ang.  Chemie International Edition 2012, 51, 11214 !

I α E4 !
E = Ep + Eex!
Ep >> Eex!

•  Plasmon modes of gold NPs show 
huge  evanescent  EM  fields  at  the 
metal-air interface. !

•  The Raman signal of species near 
metal NPs  is strongly enhanced.!

Surface  induced  Raman 
enhancement should appear for 
any  other  resonant  systems  
like  microcavities  or  high 
refractive index nanoparticles !!!



I. Rodriguez, X. Lu, L. Shi, B Korgel, R. Alvarez-Puebla, and F. Meseguer, Nanoscale, 6, 5666, (2014). 

Raman	spectra	of	PABA	on	gold		vs	silicon	
(PABA:	para-aminobenzoic	acid) 
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nm!
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d=296 nm! d=368 nm!

Wavelength (nm)! Wavelength (nm)! Wavelength (nm)! Wavelength (nm)!

200 nm 260 nm 

300 nm 370 nm 

Tuning Mie resonances to the laser line  λ=785 nm  



PABA		affinity	to	gold		vs	silicon 

SERS of PABA on 
Silicon !

SERS of PABA 
on gold!

400 ! 600 ! 800 ! 1000 ! 1200 ! 1400 ! 1600 ! 1800 !

Raman shift (cm-1)!

Raman PABA 
(bulk)!

a! b!

I/k
co

un
t!

Particle diameter (nm)!
0!

10!

20!

30!

40!

100! 140! 200! 250! 300! 370!

Carboxylic!
group!

amino!
group!

PABA		shows	different	affinity	for	silicon	(carbolxylic)		and	gold	(amino)	 

Au NP 

Si NP 

I. Rodriguez, X. Lu, L. Shi, B Korgel, R. Alvarez-Puebla, and F. Meseguer, Nanoscale, 6, 5666, (2014). 
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Biodegradable luminescent porous silicon for in vivo cancer 
therapy application. Porous silicon acts as a cancer drug carrier!
Cancer drug is delivered   
V.S. Lin,  Nature Mat. 8, 252 - 253 (2009) !

Sailor et al. Nature Materials  8, 331 (2009)  

SiNPs & DOX(anti-cancer drug doxorubicin) cancer drug in vitro assay 

SiNPs+dextran biodegradation in vivo assay 



Chemical&Biochemical properties. 
Si NPs oxidices; Si NPs biodegrades   

M. du Plessis, Prop, Explosives. & Piroth., 39, 348, (2014) 
 R. Fenollosa, et al., Silicon 3, 173 (2011). 

R. Fenollosa, et al.J. Nanobiotech, 12:35, (2014). 
 
 

Si NPs oxidices violently 
It may kill cancer cells  

Silicon NPs biodegrades 

Cancer therapy drug 

R. AlvarezPuebla 
RIV Tarragona 
Biochemistry 

W. Parak 
U. Marburg 
Biophysics 

E. Garcia-Rico 
Univ. Hosp. Madrid 
Oncology 

A. de Lera 
U. Vigo 
Organic Chem 

C. Villanueva 
Medcomtech 
Medicine 
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1. Particle endocytosis by the cancer cell. 

2. Localisation in the cancer cell lysosome (pH = 4.0-4,5) 

3. Sugar oxidation in the lysosome 

4. SiO2 removal (acidic media)  

5. Violent silicon oxidation  

6. The cancer cell dies!



The strategy 
The particles are coated with sugar and anti-HER-2 

R. Fenollosa, et al. J. Nanobiotech, 12:35, (2014). 

 Sugar 
 SiO2 

 Silicon 

Anti-HER-2 

endocytosis 

the cancer cell 

1.  Particle endocytosis. 
2.  Localisation in the lysosome 
3.  Sugar oxidation 
4.  SiO2 removal (acidic media)  
5.  Violent silicon oxidation  
6.  The cancer cell dies 

The cancer cell dies! 

SiPs-anti-HER-2 
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•  Immunotherapeu)c	material																(SiPs+an)-HER-2)		
1.  Processing	of	silicon	coated	with	a	na[ve	SiO2	layer	(SiNPs).			2.  SiNPs	coated	with	sugar	(glucopyranoside)	through	a	pep[de	bond	

(between	APS	and	the	glucopyranoside)		
3.  SiNPs	are	linked	to	a	HER-2		an[body	(an)-HER-2).	
	

•  Test	material.	Bare	SiNPs	with	NO	an)-HER-2.	(SiPs).	

•  Two	cell	culture	lines	were	developed.	
A.  Breast	cancer	cells	over-expressing	HER-2	receptor	(SK-BR-3).	
B.  Human	epithelial	healthy	cells	(MDA-MB-435).	
	

•  	Nanopar)cle	internaliza)on	into	the	cell	cultures.	
		
•  Cell	viability	assay	using	a	PL	tag	(Resazurin).	
	



The preliminary results (breast cancer cells) 

R.	Fenollosa,	et	al.	J.	Nanobiotech,	12:35,	(2014).	
R.	Fenollosa,	et	al.	Patent	Nr	EP14382182.5,	May	23rd,	2014.		

	

NO!NO!NO!

SiPs-anti-HER-2 
SiPs 

Cancer cells! Healthy cells!
0 

20 

40 

60 

80 

100 

 SiPs-HER-2 in SK-BR3!
 SiPs-HER-2 in MDA-MB-435!
 SiPs in SK-BR3!
 SiPs in MDA-MB-435!

C
el

l v
ia

bi
lit

y!

100 1000 
PSiPs µg mL-1!

YES!!!

SiPs+an)-HER-2	selec)vely	recognize	and	destroy	cancer	cells!!	!



We have processed SERS enhancers based on silicon nanoparticles 

We have developed a photodiode on a single silicon nanocavity with 
spectral response in the IR up to 1500 nm.  

 High quality microcavities of amorphous, polycrystalline and porous silicon 
have been processed 

Conclusions  

Recent calculatations show silicon micro and nanocavities are good 
candidates for harvesting solar energy in the visible and infrared ranges 

Silicon nanoparticles show potential applications for cancer therapy. 
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