Pencil shape pores in porous silicon membrane
toward improved efficiencies in reverse
electrodialysis energy harvesting system

Author: Romain HANUS*, Sophie ALICANDRO#*, Laurent A. FRANCIS*

*ICTEAM Institute, UCLouvain, Belgium
romain.hanus@uclouvain.be

+ : iIcteam
'l UCLouvain 7



Reverse electrodialysis: harvesting blue energy (Gibbs Free energy)

RED cell . :
Based on ion selective membranes (IEM):
Load * High ionic selectivity = High Eqifr (7 tens of mV)
M\M] * Low membrane ionic resistance (Rq;;) =2 High I o
! . Cl Maximal power:
° ° Na Eczziff 2 1 :
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Direct integration of RED for small, low consumption power system ?

(e.g., sensors, MEMS, loT nodes, ...)
=>» Requires effective integrable membrane




Selectivity through EDL overlap and Debye length

Electrical double layer (EDL) Electrical double layer overlap

Stern layer  Diftuse layer Bulk concentration
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C, =1mM mmmmp )\ ~ 10 nm } Good selectivity with nanopores

C=01mM mmmmmp ), ~30nMm - Low resistivity p++ substrates
chosen for these pore size




Porous silicon as ion exchange membrane

. Cl
. Na

e 4

Polymer based membrane Inorganic Based membrane

(Porous silicon)

[on exchange

Very selective Generally less selective . membrane
Well known Recent study Oxidation ' reduction
Adaptable Topology controlable
Chemical degradation Less chemical degradation
Less stable in time More stable in time
Easily integrable with CMOS

! !

a few W/m?
on full membrane

Tens of W/m? shown
BUT not on macroscopic membranes
(single nanopore study)

Motivation : full membrane in Si : 2
PSi membrane - side view 4



Numerical study of selective properties of single nanopore

Numerical domain: Schematic of the model . .
- Electrical equivalent
2D axysymmetric . .
circuit of the models
half pore
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Numerical study of selective properties of single nanopore

Numerical results for [LC]=0.1mM KCI, [HC]=1mM KCI
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® Smaller pore radius—=> higher Eg;¢: >FEqifr 2 Trade-off between selectivity
® Larger pore radius—> lower resistance Rggji: Reeno < and resistance !



Experimental I-V test on membrane with different pore size
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~ 25 um (10 mA/cm?)
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40 -85 30 25 20 15 -0 - [KCI] ~ 0.5 mM vs. [KCI] ~ 1mM
Voltage[mV]

® Similar trends with the numerical results

® Lower ‘short circuit current’ for 50mA/cm? associated to pore opening and membrane thickness
control issues with DRIE during the membrane released

=>» How to benefit from the advantages of both pore size ?



Pore shape variation: finding a good trade-off

* Different shapes possibles....

__ Small pore radius
=High selectivity
—_—
__ Larger pore radius
=Low resistance

S
STEP CONICAL PENCIL

i Platinum counter electrode
IH* 42¢ —= H,
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Psi membrane with varying pore shapes

Membrane STEP-Side view

50mA/cm?

STEP

10mA/cm?

PENCIL

50mA/cm? i



Numerical comparison ‘step’ pores vs. conical pores

Numerical results

—STEP 20nm-60nm pore size
—20nm pore size

5- 60nm pore size E
4 "]
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Numerical |-V test on:

® 1 step with 20% 20 nm and 80% 60
nm pore size

1 cylindrical 20 nm

1 cylindrical 60 nm

Same length: 600 nm

lonic solution: : [KCI] =0.1 mM vs
[KCI] =1 mM

Numerical results:

Eqifr 'step’ intermediate between Eg;¢r 20nm and
Ediff 50nm

® Similar conclusion for resistance ‘step’




Comparison ‘step’ pores with conical pores

Experimental results
. 1 | | I
0.1 —-STEP:10mA /cm?-50mA /cm? ‘
N —~—10mA /cm? i —]
0.14 50mA /cm?
0.12

Current[pA]
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o
o
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0.02
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Experimental |-V test on: Experimental results:
® 3 membranes with different current ® Eqisr step’ intermediate between Ey;r 20 nm and
density (1 step shape, 2 cylindrical shape) Egiff 50 nm
AD). H l
50mA/em*2: 35 pm th!Ck ® Similar conclusion for resistance ‘step’
10mA/cm”2: 25 um thick o

One to one comparison not straighforward as

STEP: 70 um thick thickness is not similar between the membranes !

lonic solutions: [KCI] ~ 0.5 mM vs.
[KCI]~ 1 mM



Asymmetric selective property

Benefits of varying pore size
membrane:

» Similar selectivity as pores with small pore
radius
» BUT lower resistance than with small pore

radius

Side effects: asymmetry of selectivity

Fixed ion layer EDL ® Cations © Anions

Ideal selectivity situation

—> Can be used to control if the pores are cylindrical of with varying

pore size along the thickness 5



EDL overlap asymmetry verification- ‘Step’ membrane

Numerical results on the same pore Experimental results on the same membrane
4r 0.15 | ' —Small pores on [LC]
—Small pore side on [LC| —Large pores on [LC]
3.5 —Large pore side on [LC]
3
_ 01
Z2s £l
5 S
Z15 0.05
1
0.5
0 0
-35 -30 -25 -20 -15 -10 -5 0
Voltage[mV]
Numerical results: Experimental results:
® Eyifsis worst when the large pore side is exposed to the low ® Egisy is worst when the large pore side is exposed to the low
concentration side (EDL overlap worst) concentration side (EDL overlap worst)
® Resistance is still relatively higher in the worst case even though ~ ®  Resistance is relatively lower in the worst case
EDL overlap is weaker ® Asymetric selective property

Asymetric selective property
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What about the power comparison ?

Experimental results

| I | |
—STEP:10mA /cm? t=20um, 50mA /cm? t=50um
0.14 - —10mA /cm?, t=25um J
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Experimental results:
® Maximal power :
® 60nm: P, = 0.29 n\W Improved resistance from ‘STEP’ does not
® STEP: Bpax = 0.792 nW compensate the loss in Eg;¢¢ here.
[ J . —
20 nm: Pngye = 0.93 nW —) | BUT based on the thickness, we can

® Maximal power density (3.14 mm?2 membrane)

* 60nm:P — 0.0922 MW/m? extrapolate improved perfomances for the
fmax,d — Y-

STEP membrane

® STEP: Ppaxq = 0.252 mW/m?
® 20 nm: Pyaxq= 0.297 mW/m?



Finding the best ratio using simulations
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For each of the three shapes, we can report such optimum sizing
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Few issues...

* Membrane released issue with DRIE:

Back side membrane not uniformly released
non uniform release of the membrane back side with DRIE:
surface area underestimated

Y

release

Membrane substrate support etched: mechanical issues
Porous layer (oxydized) slighly affected by the plasma during the

Top view Psi 50mA/cmA2
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Top view and side Psi 50mA/cm”2 after 3 cycles DRIE
T T T W T W e VT [ ’ ‘Ix » YN
A e ST T e R R (e by A k
:_:.3,.- %:?: . S "25' _%;-_:." _-.: ,'(-.’\gg MY », ”L
e, = et e \
S L 'g ; ‘ S 3
S s ; &Q ARG
S e, e 45"" o W5 w31 i
P e T S e L e (%8 o /
e e T e BT AT
e R e N e D L AR
S e e R B A A e e L R
o S e e L e s ; : - ERiak
,—‘f-;'-'l';;a’».}—'&'ﬁ-“"w - B oo AR %
F e D N s e ORI R

e Porosification:

e Branching of pores not taken into account in the simulations
* Closed pores
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Conclusion

PSi membrane as ion exchange membranes (IEM) has

been demonstrated

The versality of PSi properties allows for improvement

for the net power output for reverse electrodialysis

system

Connecting smaller pores with larger pores on the same
membrane to benefit from the higher selective
property with the lower resistance respectively, can

increase the net output power of Psi membrane
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Experimental results
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Future work

» Process of fabrication optimization

* Increase pore size variation while avoiding membrane lift off
 Pore membrane release (DRIE)

» Surface charge density impact
* Atomic layer deposition of other material (Al,05,Hf,0)

» Numerical study

* Study and comparison of the different shapes

* Optimisation of the pore dimension
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Thank you for your attention !
Any questions ?
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Paraus Si

| I
formatlon ITransn;uunI Electropalishing
~ | I
(a) Electrolyte (b) E
Direction of = | | Jpe
etching = -

E |

= | |
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l 5 - l l
RITD U : |
YV VALY O ) =
Y0e000°066 60 o |
Current —
| Formation of porous silicon [ | Electropolishing | d‘iﬁl*y |
I
1 i T T
Potential [V
Increase of Porosity  Etching rate  Critical current
HF concentration Decreases Decreases Increases
Current density Increases Increases - .
. . . rni'-:l:.l.érnnal
Anodization time Increases  Almost constant -
Temperature - - Increases
Wafer doping (p-type) | Decreases Increases Increases _—
Wafer doping (n-type) | Increases Increases -
5i substrate

e Substrate: Si p++ boron, 0.8-0.9m (.cm
* Current density range: 100mA/cm”2-> 20mA/cmA2




Additional support : process

Photo-
LPCVD litography
— —

Polysi
(2)

Etching

Thermal
—
oxidation

(1)

(3) Photo- l Aluminium

evaporation
Electro-
DRIE LowT chemical
P S— o :
oxidation etching
(7) (6) (5)

litography
(4) and lift-off

B p++ silicon wafer (380 um) Al (500 nm)
M sio, (90 nm) B Porous silicon (PSi) (100 pm)
W Polysi (500 nm) Il Oxidized PSi (5i0,) (100 pm)
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DRIE

polymer

mask mask mask mask
> —
substrate substrate
passivation etching
Etching | Passivation
Duration 13s 6s
SFy flow 120sscm Isscm
C,Fs flow Isscm 150 sscm
RF power 30W 10W
ICP power = Eazioioana
Temperature | -10°C -10°C
Pressure 20mTorr | 20mTorr

EHT= 3.00kV
WD = 10.5 mm

Signal A = InLens
Mag= 1892KX

Date :30 May 2023
Time :19:18:09
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Rectification Diffusion coefficient

* Nernst potential : 1 ion

RT,  vuCq
E = [
redor — ST J’L( KYLCL ) (1 Zt )
* Nernst modified : 2 ions
RT, vugCpy ci- — Dy
E’re oxr — In - +
! 2k (’YLCL (1 2L, Dei- 4+ Dy )

e Constant field equation : As many ions but need of permselectivity

RT (E’f"’ Pogs [M] Tow + 37 Py [4; In )

B S P M 5 P (4 T
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Concentration of anion in mol/m?3
Blue = flow mainly due to cation = selectivity

V_right(2)=-0.067 ¥ Surface: Concentration (malim®) V_righti2)=-0.067 Vv Surface: Concentration (malim®)

w10 L ! T T T T ! ! T T T T i w10 | ! T T T T ! ! T T T T ]

™ 26k . Lo " st ,
241 ] 24k |

9
2k - 22 -
20} ] s 20} |
18} g 18} 4
16} . 47 16} ]
14} ] 14k |
12| 1 k1€ 12} .
10 10
B 3 B
Bl 1 1. Bl ]
4k 4 al i
2k . 3 2k -
ok . ol -
7 i 2 3 i
4 a
] ? i
al _ &l _
L 1 1 1 1 il L L 1 1 1 L 1 | 1 1 il L L 1 1 1

20 15 10 3 o 5 10 13 20 23 %108 m 20 15 10 3 o 5 10 15 20 23 %108 m




Choice of parameter in single layer

e The minimal current density is set to 20 mA/em? to ensure the proper
thickness of the PSi. This density corresponds to a diameter of 15 nm which
is sufficient to obtain the EDL overlap as the Debye length is around 10-20
nm.

« The maximal current density is set to 100 mA/em? to avoid detachment
problems and electropolishing. This density corresponds to a diameter of 40
nm.

e The number of cycles depends directly on the script used as explained pre-
viously.

e The thickness is set to 50 um. As explained in section 4.1.3, the electrical
resistance of the channel is proportional to its length. Additionally, detach-
ment and cracks were more frequently observed for longer pores.
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> Introduction > Porous silicon IEM Objectives

Top view SEM image of PSi

Cross sectional view SEM image of PSi

26



>> Porous silicon IEM >> Objectives

> Introduction

Simulation model

* Domain: 2D half pore

oa
,,,,,,,,,,,, v
vl AAA 4
| | R
Egify !

Cylindrical

> Numerical results Experimental results >> Conclusion

>

Conical

Pencil

Cy]

C1]

N\
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URED/NRED with nano-structured material

Power density (W/mA2
ELLN Track-etched conical nanopore  20-2600 [10] 2010
1000 Track-etched conical nanopore  8.3-14.3 [6] 2011

Nanochannels formed by 2.82 [22] 2013
packed nanoparticles Single of limited number
1000 Nanochannels formed by 0.02 [23] 2015 —
I T—— of nanopore = low net energy

1000 Silica nanochannels 7.7 [5] 2010

Hybrid membrane of coating 0.35 [47] 2015
BCP on PET substrate with
conical nanochannels

Nanochannels in graphene 0.77 [48] 2016
oxide

Polyelectrolyte coated anodic 0.017 [24] 2016

aluminium oxide Membrane with large
Silica coated Anodic alumina [25] 2013 .

nanopores g density of nanopores
Silica coated on alumina [26] 2016 9 hlgher net energy

M

Surface material silica often used

‘ Need for porous membranes for realistic energy supply

Thesis Confirmation
28
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