V2#&ZB*3)G,&ZG),)%#&%)*&0$"//)%R),
Powders are inhomogeneous,
polycrystalline and contain 0.2 % impurities
(mostly Fe and Al)
S. Limaye, S. Subramanian, B. Goller, J.
Diener, D. Kovalev, Scaleable synthesis
route for silicon nanocrystal assemblies
Phys. Status Solidi A 2007, 204, 12971301.
D. Farrell, S. Limaye, S. Shanthi, Porous
silicon particles, Patent No. WO
2007/037787 A1 (5 April 2007).
Y. Li, I. Pavlovsky, Method of producing
silicon nanoparticles from stain-etched
silicon powder, Patent No. US
2004/0166319 Ai (Aug. 26, 2004).
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Green to red
photoluminescence
during etching of
metallurgical grade Si
in V2O5 + HF(aq)

UV irradiation of Si powder DURING electroless etching reveals a brilliantly
photoluminescent material is formed . Therefore, nanocrystalline por-Si can
be formed from metallurgical grade Si etched in V2O5 + HF(aq).
Do not try this at home. Exothermic by >750 kJ mol–1 while generating
H2(g). Performed in HF(aq) + strong oxidant held at 0 °C by ice/water bath.
Bubbling. Foaming occurs when using small particles.
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d VO +2 
dt

= − k ′ VO +2  , k ′ = 2k ASi

Ermei Mäkilä &
Jarno Salonen
Physics,
University of
Turku
Etch rate is first order in
VO2+ but also depends
on Si surface area.
Defects in powders
increase rate 10x
compared to wafers.

1:2 dilution of 48% HF:H2O
The initial concentration of V2O5 was 0.57 M
T = 0 °C
K. W. Kolasinski, N. J. Gimbar, H. Yu, M. Aindow, E. Mäkilä, J. Salonen,
Regenerative Electroless Etching of Silicon, Angew. Chem., Int. Ed. Engl. 2017,
51
55, 624-627.

Cross-section of a porous particle

Haibo Yu & Mark Aindow,
Materials Science, Univ of
Connecticut

Unfortunately the porous layer is only about 200 nm thick
consistent with Loni et al. Electrochem. Solid State Lett. 14
(2011) K25 on 2 µm particles. Which leaves us with a
conundrum. Trade off between stoichiometry, etch rate and
cost.
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If we want to make an economically viable
process we are confronted with the following
problems
! To etch the Si particles all the way through, we
need to add a stoichiometric amount of oxidant,
n(V2O5) = 2n(Si).
! V2O5 is more expensive than metallurgical Si.
! To etch all the way through we turn to small
powders.
! Small powders create foam. Foaming leads to
inhomogeneous mixing. Inhomogeneous mixing
leads to inhomogeneous etching.
! Small powders etch fast.
! Etching too fast “burns off” the porous layer.
! Low concentrations required for sufficiently slow
etching require huge volumes.
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! Let’s fundamentally rethink how we perform the
etch
" Semiconductor grade Si $10,000 kg–1
" Metallurgical grade Si $1 kg–1
" V2O5 optimally coupled to Si valence band but $50 kg–1

d VO 
= −2k VO +2  ASi
dt
+
2

H2O2 $0.5 kg–1. H2O2 is incapable of injecting a hole into the
Si because of bad kinetics. Poor coupling to the Si valence
band orbitals.
H2O2 + 2H+ + 2e– # 2H2O
1.776 V
VO2+ + 2H+ + e– # VO2+ + H2O
0.991 V
H2O2 + 2VO2+ # 2VO2+ + 2H+
0.785 V
Therefore, H2O2 can be used to regenerate VO2+. Use only a
catalytic amount of V2O5. Add H2O2 to establish steady state
etch rate with a syringe pump.
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FIB-Sectioning of Si etched in V2O5+H2O2+HF

Loni, Barwick, Batchelor, Tunbridge,
Han, Li, & Canham, Electrochem.
Solid State Lett. 14 (2011) K25 have
achieve high specific area but
incomplete etching of 2 µm particles
with Fe3+. Here we demonstrate
complete etcing of 4 µm particles.
No precipitation observed with Vbased etchant.
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SEM images reveal that >20 µm porous pillars etched into
large particles. Large particles can be etched through
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Electron Diffraction Analysis of Si pillar
and the substrate beneath it
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The whole pillar is amorphous. The porous
layer and the un-etched core are single
crystalline.

Selected area
diffraction patterns

58

Using electroless etching in the ReEtch process it is now feasible to
generate porous silicon powders in quantities limited only by the size
of your beakers from metallurgical grade Si. Furthermore problems
with thermal budget and foaming can be alleviated by this new V2O5
+ H2O2 + HF method. Foaming is reduced by acetic acid and stops
for particles somewhere above 21 µm.

Ball milling of powder dispersed in dodecene creates
photoluminescent nanoparticles of silicon

K. W. Kolasinski, N. J. Gimbar, H. Yu, M. Aindow, E. Mäkilä, J. Salonen,
Regenerative Electroless Etching of Silicon, Angew. Chem., Int. Ed. Engl. 2017,
59
55, 624-627.

ReEtched Anodized Powder – Hierarchical porous silicon

K. W. Kolasinski, N. J. Gimbar, H. Yu, M. Aindow, E. Mäkilä, J. Salonen,
Regenerative Electroless Etching of Silicon, Angew. Chem., Int. Ed. Engl. 2017,
60
55, 624-627.
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Can we use this
conduction band
electron to promote
useful chemistry?
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Microfabrication of Si devices via anodic etching
HF:H2O2 (5%:25%)

HF:H2O2 (5%:0%)

b)

e)

c)

d)

f)

60’

10’

a)

90 µm

180 µm

Chiara Cozzi, Giovanni Polito & Giuseppe Barillaro
Dipartimento di Ingegneria dell’Informazione, Università
di Pisa, Italy & KW Kolasinski, Adv Func Mater 27 (2017)
1604310
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a)
m1

m2

m3

b)

50 µm

m1
m4

m2
m3
m4

m5
m6
m7
m8

m5
m6
m7
m8

HF:H2O2 (5%:0%) STD
method
HF:H2O2 (5%:0%) LABEL
method
HF:H2O2 (5%:5%) STD
method
HF:H2O2 (5%:5%) LABEL
method

c)

d)

20 µm
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The etch depth is followed as a function of time with the addition of various
amount of H2O2 to the HF electrolyte. A voltage pulse is introduced during
anodic etching to label the depth as a function of time. Addition of H2O2
significantly increases the rate of etching and the aspect ratios that can be
63
obtained without deleterious effects on the smoothness of the surface.

Addition of H2O2 significantly increases the rate of etching with the benefit of
being able to fabricate structures with high aspect ratios at a rate that was
previously unattainable. The valence of the process is also found to drop to 1.
H2O2 changes the mechanism of etching in a manner that accelerates
etching while simultaneously making it more efficient per hole injected into
the Si valence band.
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Conclusions
! The surface science approach has spawned
fundamental understanding that has improved
industrial processes as well as the field of
nanoscience
! Further understanding and application of
nanoscience is essential for addressing pressing
societal needs
! Catalysis is not only important for the synthesis of
chemical products, catalytic growth and etching
can be harnessed to create nanostructured
materials.
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