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Motivation

• Change the world
• Cure cancer
• Brew better beer
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The Surface Science Approach
An essential method of probing the dynamics of adsorption and
desorption is to measure the sticking coefficient
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Then how did I get from there…

Dudley & Kolasinski, Electrochem Solid State
Lett 12 (2009) D22

Then how did I get there… to here?

Photoluminescent
porous silicon foam
created by etching of
Si in V2O5 + HF(aq)
Kolasinski & Barclay, Angew. Chem., Int. Ed. Engl. 52 (2013) 6731
KW Kolasinski, NJ Gimbar, H Yu, M Aindow, E Mäkilä, J Salonen, Angew.
Chem., Int. Ed. Engl. 2017, 55, 624-627
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Laser stimulated electrochemical reaction
leads to porous silicon film formation
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The surface scientist in me asks, how often does a
molecule hitting the surface exchange an electron?

KW Kolasinski, JW Gogola, WB Barclay, A test of Marcus theory predictions for
L Koker
& KW
Kolasinski,
J Appl
PhysC86
(1999)
1800
electroless
etching
of silicon,
J. Phys.
Chem.
2012,
116,
21472–21481
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Human Impact of Energy

• Strong correlation between HDI & energy consumption
! Kolasinski, Curr. Opin. Solid State Mater. Sci. 2006, 10, 129
• To elevate Developing World to status of Poland requires equivalent
of 148 Mbbl/day of oil
• Current production = 98 Mbbl/day (+17% since 2006 due to
fracking)
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Pennsylvania Anthracite Production

1929
1892
1882

https://pubs.usgs.gov/circ/c1147/historical.html
Pennsylvania is the only producer of anthracite in the US
10

The war on Appalachian coal is being
waged by Montana and Wyoming

The war on coal is being waged by …

Milici & Polyak, http://dx.doi.org/10.3133/pp1708D.3 (2014)
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The war on coal is being waged by … natural gas!
12

… and Pennsylvania is the winner!!
13

The future is solar (and other renewable) electricity and solar fuels

More energy from the Sun hits the Earth in one hour than humans use in an entire year
Nathan S Lewis, Caltech, http://nsl.caltech.edu
14

More energy from the Sun hits the Earth in one hour than humans use in an en3re year
Nathan Lewis, Caltech, http://nsl.caltech.edu
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Nate Lewis made this estimate using 10% efficiency. The world record for a
Si solar cell is now over 22% efficient using black Si.
Savin, Repo, von Gastrow, Ortega, Calle, Garín & Alcubilla, Black silicon
solar cells with interdigitated back-contacts achieve 22.1% efficiency ,
Nature Nanotech 10, 624 (2015).
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Optical properties of a material depend
not only on its composition but also its
structure. Laser ablation pillars transform
high-reflectivity silicon into black
silicon…
… This is good news for a chemist who
isn’t any good at making molecules but is
good at making structures.

B. K. Nayak, M. C. Gupta, K. W. Kolasinski,
Ultrafast-laser-assisted chemical
restructuring of silicon and germanium
surfaces, Appl. Surf. Sci. 2007, 253,
6580-6583.

D. Riedel, J. L. Hernández-Pozos, K. W. Kolasinski,
R. E. Palmer, Arranged silicon conical spike
structures from op4cal diﬀrac4on and ultrafast
laser etching in halogen gas, Appl. Phys. A 2004,
78, 381-385.
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Sometimes the structure is the
product
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Making a Better Battery

U. Kasavajjula, C. Wang, A. J. Appleby, Nano- and bulk-silicon-based insertion anodes for lithium-ion secondary cells, J. Power
Sources 2007, 163, 1003-1039.

• Si outperforms graphite in theory but not in practice
• 4x higher capacity
• Poor cycling behavior because extreme volume
changes in Si lead to material fatigue
• Surface electrolyte interphase (SEI) on Si surface is
highly resistive
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Theranostics

Hélder Santos (Helsinki), Jarno Salonen (Turku)
Porous Si (Psi) is resorbable, that is, it is degraded into Si(OH)4, some of which
is taken up in, e.g. bones, some of which is excreted. 3–15 nm pores can be
loaded with a drug or radionuclide. The Si surface is readily functionalized
with selective targeting moieties, which means that after injection the
nanoparticles preferentially concentrate at tumors as demonstrated by the
fluorescence image. The therapeutic payload is then selectively delivered.

20

• Many commercial applications (e.g.
nanomedicine, consumer products and
batteries) require porous Si in kg to ton
quantities
• Is there an economical route to porous silicon
powders through metallurgical grade Si?
– Semiconductor grade Si $10,000 kg–1
– Metallurgical grade Si $1 kg–1

• Previous methods of etching powder suffer from
low yields, high cost, lack of control (e.g. only on
small particles), incomplete etching

21
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Gerischer Mechanism of Si Etching
H-terminated Si surface
in HF.
Mechanism of anodic
etching.

H-terminated surface is inert
Si remains H-terminated throughout
Activated by hole injection
Initiation tied to electronic structure
Band gap widening due to quantum
confinement in nanostructures leads
to self-limiting etching
• Activation provided by bias, photon
absorption or oxidant
•
•
•
•
•

Gerischer, Allongue, & Costa Kieling,
Ber. Bunsen-Ges. Phys. Chem. 97
(1993) 753
Kooij & Vanmaekelbergh, J.
Electrochem. Soc. 144, 1296 (1997).
Kolasinski, Phys. Chem. Chem. Phys. 5
(2003) 1270
Kolasinski, Surf. Sci 603 (2009) 1904
23

Surface Equivalent of inner and outer sphere
processes

Kolasinski, Surface Science: Founda4ons of Catalysis and Nanoscience, 3rd ed. (Wiley,
Chichester, 2012)
24

Marcus Theory explains the rates of electron transfer

25

Hole Injection at
semiconductor/liquid
interface only occurs
after acceptor level
shifts to transition state

Semiconductor | SoluSon

Rate depends on
reorganization energy
and the position of the
acceptor level

W (E) = e

− λ /4 kBT
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Hole Injection at
semiconductor/liquid
interface only occurs
after acceptor level
shifts to transition state

Semiconductor | SoluSon

Rate depends on
reorganization energy
and the position of the
acceptor level

(
W (E) = e
−

)

2
°
EV −Eox + λ /4 λ kBT
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Si etching in Fluoride is self-limiting
van Buuren, Dinh, Chase, Siekhaus & Terminello PRL 80, 3803 (1998)

• VBM Shifts in
quantum confined
structures
• Rate of hole
injection depends
on the crystallite
size
• Nanocrystals etch
progressively more
slowly below ~5 nm

∆VB 2EV − 2E°ox − ∆VB
−
inc-Si
= exp
−
ic-Si
4λ k T
B

KW Kolasinski, J Phys Chem C 114 (2010) 22098
28

"

The effects of quantum confinement
are implicated both in the self-limiting
nature of Si etching in fluoride
solutions and in the development of
visible photoluminescence when Si
nanostructures drop below ~ 5 nm in
critical dimension.
Discovery of the self-limiting nature of Si
etching:
Leigh T. Canham, Appl. Phys. Lett. 1990,
57, 1046-1048.
Volker Lehmann & Ulrich Gösele, Appl.
Phys. Lett. 1991, 58, 856-858.
Kolasinski, Aindow, Barnard, Ganguly,
Koker, Wellner, Palmer, Field, Hamley &
Poliakoff, J. Appl. Phys. 88 (5), 2472-2479
(2000)
29

Quantum Confinement and
Photoluminescence
UV Light

• Quantum confinement induced bang gap widening
is instrumental to the observation of visible
photoluminescence (PL)
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How to interest students in
quantum mechanics?
• Tell them they
can go to Hawaii
• Brett Barclay
presenting at
poster session
PRIME-2012 in
Honolulu
K. W. Kolasinski, W. B. Barclay, Y. Sun, and M. Aindow, Electrochim. Acta 158, 219 (2015).
K. W. Kolasinski and W. B. Barclay, Angew. Chem., Int. Ed. Engl. 52, 6731 (2013).
3 K. W. Kolasinski and W. B. Barclay, ECS Trans. 50, 25 (2013).
4 K. W. Kolasinski, J. W. Gogola, and W. B. Barclay, J. Phys. Chem. C 116, 21472 (2012).
1
2

H-terminated Si is inert in HF(aq). A hole must be generated in the Si valence band
to initiate etching. This can be generated by
• applied bias (electrochemistry)
• photon absorption (photoelectrochemistry or laser assisted etching)
• electron transfer to an oxidant (stain etching)
• catalytic electron transfer to an oxidant (metal assisted etching)
Stain Etching

Fe3+, IrCl62–, VO2+, Ce4+ follow Marcus kinetics. VO2+ is optimally coupled to Si VB
KW Kolasinski, JW Gogola, WB Barclay, A test of Marcus theory predictions for
32
electroless etching of silicon, J. Phys. Chem. C 2012, 116, 21472–21481

Etch mechanism
during stain etching

33

Drying as well as gas
bubble formation lead to
capillary forces. Depending
on how etching is
performed, these forces can
lead to exfoliation or pillar
formation

Campbell, Jones, Nakamichi, Wei, Zajchowski, Thomas, J.
Vac. Sci. Technol. B 1995, 13, 1184-1189.
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Stain etching of wafers can produce
uniform, conformal, thick,
photoluminescent porous layers
when etching and drying are
optimized
•
•
•
•
•
•
•
•

V2O5 and FeCl3#6H2O:
uniform, thick layers
CeF4, H2IrCl6: uniform but
thin
NO3–: nonuniform
HIO3: uncontrollable
roughening
MnO4–, HCrO4– spotty
Critical point or pentane
drying
Moderate etch rate
Avoid precipitating
cations

Kolasinski, in Handbook of Porous Silicon,
edited by Leigh T. Canham
(Springer Verlag, Berlin, 2014), p. 35

But powders present new challenges: inhomogeneous, polycrystalline,
contain 0.2 % impurities (mostly Fe and Al), high surface area, heat
generation, foaming
Limaye, Subramanian, Goller, Diener, Kovalev,
Scaleable synthesis route for silicon nanocrystal
assemblies Phys. Status Solidi A 2007, 204,
1297-1301.
Farrell, Limaye, Shanthi, Porous silicon particles,
Patent No. WO 2007/037787 A1 (5 April 2007).
Li, Pavlovsky, Method of producing silicon
nanoparticles from stain-etched silicon powder,
Patent No. US 2004/0166319 Ai (Aug. 26,
2004).
Loni, Barwick, Batchelor, Tunbridge, Han, Li,
Canham, Extremely High Surface Area
Metallurgical-Grade Porous Silicon Powder
Prepared by Metal-Assisted Etching,
Electrochem. Solid State Lett. 2011, 14, K25K27.
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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.

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 as
found in previous work. Which leaves us with a conundrum.
Trade off between stoichiometry, etch rate and cost.
38

• Let’s fundamentally rethink how we perform the
etch

– V2O5 optimally coupled to Si valence band but …
– $50 kg–1
– Adding all V2O5 at the beginning leads to electropolishing
+
⎡
d ⎣VO 2 ⎤⎦
+
= −2k ⎡⎣VO 2 ⎤⎦ ASi
dt

H2O2 $0.5 kg–1. H2O2 does not etch Si efficiently. However it
can regenerate V(V) from V(IV)
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.

FIB-Sectioning of Si etched in V2O5+H2O2+HF

Here we demonstrate complete
etching of 4 µm particles. No
precipitation observed with V-based
etchant.

40

SEM images reveal that >20 µm porous pillars etched into
large particles. Large particles can be etched through

41

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 with >40%
yield.
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,
55, 624-627.

ReEtched Anodized Porous Silicon – RaPSi, a hierarchical form of
porous silicon with 3 nm pores inside of 14 nm pores

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,
55, 624-627.

The condition of anodization were chosen to form ~14 nm pores that are not
luminescent. ReEtching incorporates tortuous 3 nm pores into the pore walls
introducing quantum confined structures that are high luminescent. Thus the
material has both large pores for the incorporation of , e.g., a drug and
quantum confined structures that are highly luminescent.

Anodized porous Si with ~14 nm pores

ReEtching introduces
tortuous ~3 nm pores

Photoluminescence from RaPSi can be tuned across the whole
of the visible spectrum by control of the etching parameters

How often does a molecule hitting the surface
exchange an electron? One in a million for VO2+!

L Koker & KW Kolasinski, J Appl Phys 86 (1999) 1800
KW Kolasinski, JW Gogola, WB Barclay, J. Phys. Chem. C 2012, 116, 21472–21481
46

(a)!

Ag, Au, Pd, Pt galvanic
deposition of nanoparticles
from HF(aq). The metals
spontaneously deposit to
form nanoparticles that can
catalyze Si etching: MACE

(b)!

!!!!!!!!

(c)!

(d)!

!!!!!!!!

(e)!
K. W. Kolasinski, W. B. Barclay, Y.
Sun, M. Aindow, The stoichiometry
of metal assisted etching of Si in
V2O5 + HF and HOOH + HF
solutions, Electrochim. Acta 2015,
158, 219-228.
(g)!

!

!

(f)!

!!!!!!!!

!

(h)!

!!!!!!!!

!
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K.-Q. Peng, Y.-J. Yan, S.-P. Gao, J. Zhu, Synthesis of large-area silicon nanowire
arrays via self-assembling nanoelectrochemistry, Adv. Mater. 2002, 14, 1164-1167.

Metal Assisted Catalytic Etching (MACE) of Si.
Hole injection from an oxidant, e.g. VO2+, H2O2 or NO3– initiates local
and remote etching to form etch track pores and sometimes
nanoporous silicon.
K. W. Kolasinski, The mechanism of galvanic/metal-assisted etching of
silicon, Nanoscale Res. Lett. 2014, 9, 432.
48

Metal assisted catalytic
etching (MACE) can be used
to make pillared Si powder
particles.
• Deposit Ag nanoclusters
from AgNO3
• Etch with oxidant such as
NO3–, HOOH or V2O5
dissolved in HF
• Can be performed on
single crystal powder or
polycrystalline metallurgical
grade powder

Single Crystal Powder

Brett Unger
Metallurgical polycrystalline powder
49

Etch mechanism
during stain etching

Can we use this
conduction band
electron to promote
useful chemistry?

50

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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Etch mechanism
during anodizaSon
in HF + H2O2
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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

Rate increases
Valence changes
from 2 to 1

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
53
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.
54

Laser Ablation
Ti ablation
plume
532 nm, 20 Hz
7 ns, 160 mJ pulse
1–5 mJ cm–2

The vacuum chamber is mounted on translation stages along two axes.
Translation at 0.01–0.1 mm s–1 during irradiation exposes substrate to 400–
8000 laser shots.
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Pillar formation leads to low reflectivity surfaces such as
black Si shown below

Pillar-covered surfaces of metals and
semiconductors are black (except for Cu)
through a combination of chemical and
structural effects. Pillars lead to forward
scattering rather than back scattering of light.
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TEM image of Al nanoparticles
deposited from ablation
plume
A broad distribution of
particles sizes is made in the
plume, which changes from
distance from target. Most
material deposited as < 5
nm diameter nanocrystals. A
much lower density of
particles with diameters of
10 to 100s nm are found.
Larger particles dominate
further away from target.
K. W. Kolasinski, D. A. Znamensky, A. S. Ganas, H. M. Snodgrass, G. J. Sturgeon,
J. L. Hernández-Pozos, The Effects of Laser Ablation Texturing and Nanoparticles
on Anodic Nanotube and Porous Film Formation, ECS Trans. 2016, 75, 3-8.
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Al, Co, Cu, Fe, Mn, Ni, Sn, Ti, Zn all exhibit ripples and pillars to greater or
lesser extents. Al also exhibits pit formation readily. All create particles in the
plume and deposition of these can be controlled somewhat by gas pressure.
Gas = Ar, N2 or SF6 + N2
Al

Cu

Ti

Sn

Ni

Zn

58

Masuda-Schmuki
Chemistry
Porous metal oxides or metal oxide
created by anodization.
Diameter determined by voltage.
Stress relief plays an important role
in the interplay of growth and etching

Masuda & Fukuda
Science 268 (1995) 1466

NH4F/ethylene glycol and 0.5M H2SO4, 25
V, forms amorphous porous Al2O after
several hours
59

TiO2 nanotubes are well
known to form on planar
substrates

225 nm diam

Anodization
TiO2 nanotubes
2H2O → O2 + 4e– +4 H+
Ti + O2 → TiO2
TiO2 + 6F− + 4H+ → TiF2−6 + 2H2O
TiO2 nanotubes form via a competition between oxide
growth and etching in NH4F/ethylene glycol and 0.5M
H2SO4, 60 V.
Roy, Berger & Schmuki, Angew. Chem., Int. Ed. Engl. 50, 2904 (2011); Lee,
Mazare & Schmuki, Chem. Rev. 114 (19), 9385–9454 (2014).
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TiO2 nanotubes are well
known to form on planar
substrates

Anodization
2H2O → O2 + 4e– +4 H+
Ti + O2 → TiO2
TiO2 + 6F− + 4H+ → TiF2−6 + 2H2O
TiO2 nanotubes form via a competition between oxide
growth and etching in NH4F/ethylene glycol and 0.5M
H2SO4, 60 V.
Roy, Berger & Schmuki, Angew. Chem., Int. Ed. Engl. 50, 2904 (2011); Lee,
Mazare & Schmuki, Chem. Rev. 114 (19), 9385–9454 (2014).
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TiO2 nanotubes are well
known to form on planar
substrates and can also
be anodized into pillar
covered substrates
Anodization
2H2O → O2 + 4e– +4 H+
Ti + O2 → TiO2
TiO2 + 6F− + 4H+ → TiF2−6 + 2H2O
TiO2 nanotubes form via a competition between oxide
growth and etching in NH4F/ethylene glycol and 0.5M
H2SO4, 60 V.
K. W. Kolasinski, D. A. Znamensky, A. S. Ganas, H. M. Snodgrass, G. J. Sturgeon,
J. L. Hernández-Pozos, The Effects of Laser Ablation Texturing and Nanoparticles
on Anodic Nanotube and Porous Film Formation, ECS Trans. 2016, 75, 3-8.
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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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