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General Introduction

The major progress made in life sciences takesritgn in the multidisciplinary fields
where physics, technological engineering, chemistngl biology converge. Among recent
examples, we can cite the human genome descripg@rere disease diagnosis and treatment
such as cancer ... From a physical point, sincevibe of Feynman about the tremendous
possibilities of the nanometer scale, nanotechnpliggan example of this convergence for

biology, biomedicine or biotechnology.

The field of preparation, characterization and liappons of nanostructured silicon
substrates is recognized as one of the fast moamfexciting areas. Nanostructured silicon
objects possess more attractive properties as qedhpa bulk silicon, such as better electronic,
mechanical, optical and thermal properties, biocatibpity, and high surface-to-volume ratio.
Moreover, the surface of silicon nano-objects careasily chemically modified using a myriad
of reactions, as for flat silicon surface, to imluge different chemical terminations, resulting in

improved multifunctional interfacéy.® ®®

The choice of silicon, a low cost material, in thierk is based on its dominant position
in the semiconductor industry, leading to well kmovand controlled propertiés. ©.
Furthermore, different types of silicon nano-obgec{nanodots, nanowires, nanorods,
nanoribbons, nanopatrticles...) can be easily falettat a large variety of techniques such as
lithography, wet and dry etching, electrochemicaletectroless etching methods, chemical
vapour deposition (CVD), et (" ®

Therefore, silicon nano-objects led to a large aadous fields of applications such as
electronic, optics, biosensing, diagnosis, anaytiools, microfluidic..® @0 @D (12 I3pqy
example, silicon nanowires, preparew the vapour-liquid-solid growth mechanism (VLS),
coated with Ag nanoparticles showed a large Ramatiesing enhancement for rhodamine 6G
(R6G) with a detection limit of I8 M and an enhancement factor of 2.3 ¥ M 9 Other
examples of applications of nanostructured silicanfaces, synthesizedia metal-assisted
etching, concern their water repellency and seléging propertie$*® Furthermore, patterned
superhydrophobic/superhydrophilic silicon nanodtited substrates permit selective adhesion
of Bacillus cereuspores in the superhydrophilic ar€as.

© 2012 Tous droits réservés. http://doc.univ-lille1 fr
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Furthermore, nanostructured silicon surfaces foalsd applications in the microfluidic
field. Indeed, nanostructured silicon surfaces presengta surface roughness than flat silicon
and therefore can be applied for the developmergupkerhydrophobic and superominophobic
surfaces by mimicking nature (biomimetic surfacéwever, there is no example in nature on
existing objects able to repel a large varietyiguiils of different surface tensions (from water to
oil or organic liquids). Such surfaces are calledesomniphobic surfaces. This field became of
great interest and brought a large number of agipdios such as: self-cleanifty) *®) selective
adhesion of cells, spores™®, environmental and counter-terrorism applicatigosllect of
dangerous or harmful particles from &f¥, drag reduction surfaces, digital microfluidic kuas
electrowetting on dielectric (EWOD) for droplet aation..*3 9

This work has taken profit of a multidisciplinarynéronment in a relatively small
geographical area. The realisation and experimentatepicted in this document have been
performed in collaboration with several laboratsrinterdisciplinary Research Institutd (-
CNRS 3078, Institute of Electronics, Microelectronics andariddtechnology IEMN-CNRS
8520 (BioMEMS and AIMAN groups), and Institute of Bamy of Lille IBL-CNRS 8161).

The objectives of this work are multiple. Firstiye’ll focus on the fabrication of
nanostructured silicon surfaces of different moitpbges using two methods: silicon
nanostructures (NanoSi) and silicon nanowires (S$NWhe obtained interfaces will be used to
develop superhydrophobic and superomniphobic sesfad-inally, the interfaces will be
investigated as inorganic matrices for the readbrabf laser desorption/ionization of small

molecules and their mass spectrometry analysis.

This work is organized in four chapters: chapterand 2 are dedicated to NanoSi and
SiNWSs fabrication techniques and their charactéonra, whereas the chapters 3 and 4 deal with
the use of these NanoSi and SiNWs substrates fas nspectrometry analysis of small

molecules.

In chapter 1, after a brief review of the various types of roi@nd nanofabrication
methods, | will focus on two techniques used irs thiork to form 1D nano-objects: a wet
etching method based on metal-assisted electreliebsng and silicon nanowires growtia
CVD. Both techniques will be also combined withssli@al optical lithography and dry etching

processes to prepare multi-scale structured swgface

In chapter 2, the obtained NanoSi surfaces are functionalized lew surface energy

molecules such as octadecyltrichlorosilane or perfioctyltrichlorosilane and their wetting

9
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properties with liquids presenting various surféaesions ranging from 21.6 to 72.2 mN/m are
evaluated using contact angle measurements (Youmgparent, advancing, receding and
hysteresis). Furthermore, the robustness of thetifuralized surfaces is assessed using droplet

impact experiments.

From these results, | will discuss the balancaveen the wetting properties (from
superhydrophobic to superomniphobic, the well-knd®assie-Baxter and Wenzel models) and

surface morphology (linked to the fabrication metho

Part of the work presented chapter 3 completes previous studies from the thesis
defended by Gaélle Piret. After a presentatiornefgeneral aspects of mass spectrometry, | will
discuss in more details the Surface-Assisted L&sorption/lonization Mass Spectrometry
technique. Herein, | will demonstrate that the N&inand Nanowires interfaces, prepared in
chapter 1, can be successfully used as DIOS phasfdior MS analysis of small peptides.
Furthermore, | will also investigate crucial facanfluencing the DIOS-MS efficiency such as:

surface morphology, doping type, chemical termoraaind heat confinement.

In chapter 4, | will report a simple method for the introdugctiof nitrilotriacetic acid
(NTA)-Ni** complex on the NanoSi surfaces and its use faidinie-tagged peptide enrichment
and its subsequent mass spectrometry analysisNTAeNi** terminal groups are immobilized
onto the NanoSi surfacéa Si-C covalent bond. The NTA-Ni modified NanoSi interface is
characterized using Fourier transform infrared specopy (FT-IR), X-ray photoelectron
spectroscopy (XPS) and contact angle (CA) measuremEinally, I'll demonstrate the ability
of the affinity interface to perform peptide enmeént from an artificial mixture using FT-IR,

fluorescence measurements and MS analysis.

10
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1.1. Introduction

The preparation of silicon nanostructures has legneved using a wide variety of
techniques in the past years. These techniqudsaareally divided in two main categories: The
“Top-down” and “Bottom-up” approach&g) 7 (18) (19)

On the one hand, the “Top-down” approach consistculpting material to make micro
or nano-scale structures using techniques such ithegdaphy, wet and dry etching,

electrochemical and electroless etcHifiy@?.

... For example, the combination of lithography
and deep reactive ion etching (dry etching techaligsteps leads to different silicon
morphologies such as sharp tips, nanopillars oopasts®? ?2 Porous silicon or silicon
nanostructures of various morphologies can be wbthiby anodic etching® @4 @9 of

electroless etching methods"

On the other hand, the “Bottom-up” approach c&issn the fabrication or synthesis of
new objects or structures from the assembly of lsematities such as atoms, molecules or
nanowires by chemical vapor deposition (CVD), pbgkivapor deposition (PVD), molecular

beam epitaxy (MBE) and sol-gel methdtig® (20) (26)

Sometimes, the nanostructured silicon surfacesbeacreated by the combination of top-down
and bottom-up approaches.

In this chapter, | will review several existing metls for the fabrication of structured
silicon substrates. Then, | will focus on the stdiss prepared and characterized during this
work: Nanostructured silicon (NanoSi) fabricatigia the metal-assisted etching method using
either HF/AgNQ or NaBR/AgNO; aqueous solutions and on silicon nanowires (SINWSs)
synthesisvia Vapour-Solid-Liquid (VLS) growth mechanism. | wpkresent the different surface
morphologies obtained through the control of vasidabrication process parameters such as:
solution concentration, duration, temperature, gmpe of wafer used. The surface morphology
of the resulting substrates is characterized uStanning Electron Microscope (SEM).

12
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1.2. Top-down approach

Lithography is the most common technique used for the creatigratterned substrates.
The technique serves to write patterns onto a gtbstising a mask (optical or electronic), an
energy source (photons, electrons...) and a sensésist. Depending on the energy source, the
resists are either sensitive to electrons (eleatrasist) or to photons (optical resist). The main
lithography technique used in silicon industry omlithography (using UV withh=365 nm)
and electron beam lithography (EBL). As shown igufe 1.1 (a), the resist is first deposited on
the substrate by spin-coating, followed by bakitgps. Then, an energy beam passes through an
optical mask (photolithography) or is used to widlieectly patterns (from an electronic file
containing the patterns). This allows the transfepatterns from the mask to the resist, leading
to a latent image (Figure 1.1(a)). The resist i@aganic polymer and is divided into two types:
positive or negative. In the case of a positivastesvhen the resist is irradiated by the energy
beam (electrons or photons), the irradiated zoeesrne more soluble in the developer solution
(organic solvent) due to breaking of the chemicalds inside the resist, and are easily removed
by the developer. In contrast to the negative tesig irradiated zones become insoluble in the
developer solution and are not removed by the dgeelwhen a negative resist is used. The
choice of the resist depends on the desired patteerand the type of malk 8 ") (8

In EBL, the minimum size of pattern which can badeed is about 5 nm depending on
the instrumental accuracy. However, EBL is not e@syandle, not suitable for large-scale
production, and is time consuming and expensivac€ming the photolithography, it is more
dedicated to mass-production but suffers from rgswi limitations (100 nm). This limitation
can be overcome by using a smaller wavelength, lwlsicnore energetic such as: Deep UV
(DUV lithography) and Extreme-UV (EUV) notably bysing excimer lasers. However, their

illumination sources are expensivé %,

In practice, the lithography techniques only sefoethe creation of patterns on the
substrates. Thus, in order to obtain structuradaosilsurfaces, this technique must be combined
with other techniques such as: dry or wet etchitap-own), film deposition or growth
techniques (bottom-up) (which will be presentethis next section). For example, Figure 1.1 (b)
illustrates the steps for structured silicon fa#timn: After resist patterning by lithography
technique, the patterned substrate is either et@hed or dry etching), or a deposition step is
realized. Then, the resist layers are removed & dbvelopment solution, leading to the

formation of textured surfaces.

13
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Wafer

Resist deposited
Etching \ Deposition
Beam of light (Top-Down) (Bottom-up)

e[ ]]]]]]
- Resist
T T Mask
_ Remove the resist
Development of resist

For the case of positive resist For the case of negative resist m_u

(@) (b)

Figure 1.1: (a) Photolithography principle and (&ructured silicon fabrication by the

combination of lithography with either etching dnf deposition.

1.2.1. Etching Techniques

The etching techniques includeet and dry etching®® Y G2 Figure 1.1 (b) illustrates
the etching process carried out on the patternbdtiate: the area which is not covered by the
resist is etched away, whereas the protected sule#t intact. Here, the resist serves as a mask to
protect the desired layer which should not be etcfibe mask can be any other material which
is resistant to the etchant. Usually, the etchaulphique is estimated by various parameters: etch
rate, selectivity, bias and the aspect ratio. Tiel eate depends on various etching parameters
such as: nature of desired material to be etchiedaet concentration, and temperature.

Wet etching

Wet etching uses liquid-phase (“wet”) etchantsislteasy to handle and has a high
material selectivity. Furthermore, it does not rieguhighly-prized specific equipment (as we
will see after concerning the dry etching). Howewilis method has some disadvantages:
difficult to control, very sensitive to temperatuend difficult to achieve well-defined features

(aspect ratio).

For crystalline materials like silicon, the wet letgy can be isotropic or anisotropic:

When the etch rate is the same in all directiois, étching process is called isotropic (Figure

14
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1.2 (a)). On the contrary, when the etch rate istin®@ same in all the directions, this process is
called anisotropic (Figure 1.2 (b)), allowing tleerhation of specific etching profiles.

(111

)
T T (100)

(a) Isotropic etching (b) Anisotropic etching

Figure 1.2: (a) Isotropic and (b) anisotropic etolgiof Si(100).

Silicon anisotropic etching can be performed by e@mn solutions such as potassium
hydroxide (KOH), tetramethylammonium hydroxide (TMAor an aqueous solution of ethylene
diamine and pyrocatechol (EDP). These solutionk sticon substrate at a preferential rate
according to the various crystallographic lattitenes. The silicon is quickly etched in the (100)
and (110) directions and slowly in the (111) dimct Thus, for example, an open square
patterned Si (100) is etched by KOH, TMAH or EDRIi@ous solutions, leading to the formation
of “V-grooves” or pyramids (Figure 1.2 (b)). In $hetching process, ,8l, or SiG, are usually
used as a protective layép #2) 33 39 @) GOy example, Figure 1.3 displays SEM images of a
silicon grid, which is realized by KOH etching o6&(100) wafer using @\, as a mask”.

Figure 1.3: SEM image of a silicon grid obtainedK®H etching of Si (100) wafer using/$i
as a protective layef®”

15
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Dry Etching

Dry etching techniques are essentially based asnmaetching processes, which occur in
specific equipments. Plasmas attack the matenagjube association of two components: one is
a purely physical etching and the second one isiraly chemical etching. It is possible to
promote one over the other by playing with paransesech as power, pressure in the chamber
and more importantly, the gas used. If the ion gynés higher than 20 eV, the physical effect
essentially leads to an anisotropic etching. If ¢éhergy ion is lower than 20 eV, the chemical
effect will essentially give an isotropic etchindsually, two techniques are often used in dry
etching: RIE (reactive ion etching) and DRIE (deegctive ion etching}® ¢V Y

In the case of RIE, the etching occurs by the react
plasma, which is generated under low pressure (ft6fto
10" Torr) by the application of low frequency RF or DC
field. The reactive ions are accelerated and bodhlibe

surfacevia physical and chemical effects. This attack may, or

not, be anisotropic, depending on the pressurdtantype of

the gas used (most of them are fluoride-based gasds as

Figure 1.4: SEM image of

. . SK;, CHK, and CHE). In that case, the created ionized species
silicon microstructures

prepared by RIE® react with the surface (chemical effect). Howeube etch
rate is slow (about 3um/h) and a non-controlledcittcan

lead to an under-etching, as shown in Figure 1.4.

The disadvantages of RIE can be overcome by th& D#hnique (Bosch or cryogenic).
The Bosch process is illustrated in Figure 1.%itilizes alternative pulses of two fluoride gases,
one for passivation (ffs) and the other for etching (&fr others). The passivation layer
protects the entire substrate from further chemattdck. During the etching phase of DRIE
method, the directional ions (vertical), that bambthe substrate, attack the passivation layer at
the top and at the bottom of the trench (but nobglthe sides). They collide with it and sputter
it off, exposing the substrate to the chemical @¢hThus, the obtained feature shapes depend
on parameters such as: time between each pulseaf8F GFg), gas flow, pressure in the
chamber, power (RF), and temperature inside thenbba It is often observed that the sidewall
of texture presents rippling or cyclic forms. Thifect is called “scalloping” (Figure 1.5 (b) (c)
and (d)) and controlled through the etching paramsetThe typical etch rate is about 3-
10pm/min.
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mask :
scalloping

@ O (
- .
(0) “ e

Figure 1.5: Schematic diagram of cyclic Bosh preaesDRIE: (a) the patterned silicon surface

with a photoresist mask, (b) &tch with anisotropic bombardment, (c) polymer deoan
using GFs, (d) Sk etch and polymer deposition is repeated accortinpe total number of
etch cycle&Y.

For example, by playing on the etching parametér®RIE, Choiceet al. obtained
various sidewall profiles of NanoSi as shown inufey 1.6: (a) a sharp-tip profile, (b) a re-

entrant profile, (c) a positively tapered proféad (d) a nanopost structuf&’

O o

\
aﬂ* !"‘;\- \\" \"“ o
v, \

\Qﬁé

\ N
-!n.s Q!

Figure 1.6: SEM images of silicon nanostructurethwlifferent shapes: a sharp tip
profile (a), re-entrant sidewall profiles (b), ptisely tapered sidewall profiles (c), and nanopost

structure (d). All the surfaces are obtained by ¢batrol of the scalloping effeét
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The fabrication of micro and nanostructured silicubstrates can be obtained by wet or
dry etching methods or by a combination of bothudlly, these techniques require the use of a
mask in order to define the desired patterns. Nwless, it leads to a complex process due to the
important number of technological steps: necedsitgontrol the mask transfer on the silicon
surface, the etching process ... The duration andctst of fabrication can thus be quite
important. As described below, other techniquesrothe possibility to prepare nanoscale

structures in a more straightforward way and lostco

1.2.2. Electrochemical etching

Electrochemical etching is a simple method usedanofabrication. The substrate does
not need to be patterned before the etching prodésanwhile, it is possible to combine this
techniqgue with photolithography for selecting thehed areas. The electrochemical etching
routes occur in fluoride-based solutions such as NHJF...; its mechanism has not been
satisfactorily explained yet. However, the most elyd accepted model was proposed by

Allongueet al. as depicted in Figure 1.6 (@3 (39 (40) (41) (42)

First, it needs to recognize that the chemical amsnin of fluoride solutions is complex
and not entirely well elucidated. There are differBuoride states such as: HF, HF (aq),.HF
and HF;3, etc... Secondly, it is known that the Si surfechighly reactive, thus it will rapidly
oxidize and form a native oxide layer with a thieka of several angstroms. When the native
oxide surface is dipped into a fluoride solutidre bxide layer is rapidly etched according to the
following equations (1.1) and (1.2) and leaves drbgen terminated surface (Si-HHtép 1)

SiO, + BHF > SiF® + 2H,0 + 2H' (1.1)
SiO, + 3HR —SiRs® + HO + OH (1.2)

Then, the weak Si-H bond is oxidized to form Si-Bbhd by accepting holes from the
source such as applied bias or oxidant agent,.lag8tep 2) In the next step, Rons replace
OH groups, forming Si-F bond$tep 3) These bonds are very polar, leading to the paE#tan
of the adjacent Si-Si bonds. Therefore, Si-Si bamdeasily broken by the attack of HF
molecules. A Si atom from the bulk is etched awagt Eaves the remaining Si atoms bound to
H atoms. The process then continues from the baggnmtil it is interrupted.
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Figure 1.7: Etching of silicon in fluoride solutisrifadapted from referené®)

It is evident that the availability of holes plagscrucial role in the dissolution process of bulk
silicon (step 1 in Figure 1.7). Therefore, the &iplcurrent density, illumination, and doping
level of the substrate have a great influence a@nr#sulting structure, on the properties of

nanostructured silicon, and on the etching ratslmon.

Depending on the sources providing holes in theosiloxidization step (step 1 in Figure
1.7), the electrochemical etching is termed diffiése If holes are generated by an applied bias,
the etching process is called anodic etching. le$anjection is done by an oxidant, or by
photon absorption, the etching is named electroless photoelectrochemical etching,
respectively. The mechanism of these methods det sjmilar and in practice, it is difficult to
distinguish then¥> “3) Among of these techniques, the anodic and eless@tching routes are

the most widely used for nanostructured silicorrittion.

In the anodic etching technique, silicon is etchmdtuning the voltage or current
between two electrodes (silicon working electrodd mert metal, respectively), resulting in the
formation of silicon nanostructures, usually, ipaous form. Their size depends on the applied
voltage, time, type of substrate (crystallograpirientation, doping type and level), electrolytic
solution (its composition, concentration, etc.)d azurrent density'? 18 @4 (#3) @4) (49) pop

example, Figure 1.8 shows three types of porousosilsurface morphologies prepared by
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anodic etching of different silicon wafers in HFf@hol aqueous solutions. The porous Si layer
consists of well separated straight cylindricalgsoof different sizes: mesopores (pore diameter
~ 50 nm) etched in p-type (0.01 Ohm/cm) silicon wasenall macropores (pore diametei 00
nm) etched in n-type (0.01 Ohm/cm), and finally no@ores obtained from p-type (10 Ohm/cm)
(pore diameter: 100 nm, the distance between two pores is latger in the previous casé))

Figure 1.8: SEM images of three types of porousasil surfaces (Top and cross views). First:
mesopores etched from p-type 0.01 Ohm/cm silicdernsecond: small macropores etched

from n-type 0.01 Ohm/cm and finally: macroporesaotid from p-type 10 Ohm/cfid)

Concerning the electroless etching process, naratgted silicon substrates are formed without
the intervention of a power supply. An electrocheahistep implies that there are anode and
cathode sites on the surface with local currenwifig between them. At the anodic site, the
silicon is oxidized, while the oxidant is reducetdtlae cathode site. The electroless etching
techniques are sub-divided into three types: thm gtching, chemical vapor etching and metal-

assisted etching? ® (¢®8) (49)

* In the stain etching technique, the etching sotuttontains both fluoride ions
(HF, HBF;, HSbF, NH4F...) and an oxidizing agent (HNONaNG, KMnQ,,
KBrQOs...). The silicon wafer is dipped in this solution.

* In the case of chemical vapor etching, the soluisomade up from concentrated
HF and concentrated HNOHowever, the Si wafer is not immersed in the
solution, but kept above the solution. The etche@r8cess occurs in the vapor
phase.
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* In the metal-assisted etching method, depositea@lmperticles or films (Au, Ag,
Pt, Pd...) are involved; the metal serves as a madlaa catalyst for the chemical
etching of silicon. During this work, | focused dhe fabrication of silicon
nanostructures by metal-assisted etching methods, TWwe will describe in more

details this method in the next section.

1.2.3. Metal-assisted etching using fluoride solutions

The metal-assisted etching method requires thaéalmarticles or films to be deposited

(Ag, Au, Pt, Ni, Cu...) directly on the silicon sutzte. The metallization can be performed by
various methods such as sputtering, thermal evaporar electrochemical deposition. Then, the
silicon substrate coated with metal particles lon fis etched in a fluoride solution containing an
oxidant agent such as»6h, K,Cr,07, (NH4),S,05 or KMnO, ® (28) (39) (40) (49) (50) (31) 33y gy
case, we used fluoride (HF or NapFand AgNQ aqueous solutions for the synthesis of
nanostructured silicon substrates. Finally, the almgarticles or films are removed using
HNOs/HCI/H,O (1/1/1) solution or by directly dipping in puréNid; aqueous solution.

The origin of the silicon etching by metal-assistadthod is the galvanic displacement
reaction, in which two simultaneous processes oatuhe silicon/metal interface (Figure 1.9):
the cathodic reaction i.e. the reduction of metaki(Ad) and H ions according to equations

(1.3) and (1.4), and the anodic reaction (oxidatibisilicon) according to equation (1.5):®%
(54)

0 00l 0 a0

Metal assisted
—
Silicon substrate etching ,
I
Silicon substrate

[FH +2¢ — H,|

" 1Ox +ne — Rex

v
J.- \.\ Ag‘-_’_ e — Ago

) \
Hale injection ( | ) pnods resction —
Si+6HF+4h™— SiFs"+6H"

"

Sllicon substrate

Figure 1.9: Mechanism of metal-assisted etchinsjlafon using fluoride solution§®
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Cathodic: 2H" +26 > H, E°= 0.00 (V/SHE) (1.3)
Ox +ne — Rex E’redox (V/SHE) (1.4)
Ag"+e > Ad

En, = 079(V/SHE)

Anodic : Si+6HF+4H — SiR"+ 6H" E%; (V/SHE) (1.5)

The electrochemical potential of electrons in aorecklectrolyte is given by the Nernst

expression
Cathodic: 1.6
athodic E, :o.oo+R?T|n[H+] (1.6)
0 RT, ,[OA a.7)
= +—1In
Eredox Eredox nF ([Raj])
E, = o.79+R?T|n[Ag+]
Anodic : = 18 1.8
ESi=E§i+RTIn([S|F6 ]><[6H ] ) (1.8)
4F [HF]
In which:

+ SHE is the standard hydrogen electrolyte
+ E is the equilibrium potential

+ R s the ideal-gas constant (8.314Hor%)
+ F is the Faraday constant (96500 Cpl
4+ T is the absolute temperature

The silicon dissolution spontaneously occurs iroffide solution if the cathodic potential is

higher than the anodic one:

Ecathodic: EH + Eredox > Eanodic = ESi (19)
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[OX RT [SIFZ]x[H*]°
N 1 Bt iG> £+ BT (SR LU .19
RT i RT 1A > £ [SIFZTx[HT°
For the Ag case, = In[H*]+ 079+ = In[Ag'] > E2 + I n( (HEP )(1.11)

From equation (1.10), the silicon dissolution (e tmorphology of the nanostructured silicon
substrate) is directly connected to the temperatxielant agent type and solution concentration.
On the other hand, it is known that fluoride iongse under various forms in the fluoride
solution such as HF, HF etc... Additionally, the value of°g depends on the doping type and
level of the silicon substrate. While the redoxctem, for the case of silicon, is hardly

determined, it is sure that the real influencehef étching solution composition is not pro¥&Y
(50)

Holes are generated from the oxidant agent andferered into the silicon valence band
through the metal particles or film. This explamisy the etching is confined near the metal film
or particles. Thus the size of the pits or thecsili nanostructure morphology depends on the
form and size of metal particles or film. Finalthe metal particle is always found at the bottom
of pits at the end of the etching process as shiowfigure 1.10" 9 G &% |n the metal-
assisted etching, the formation of metal dendatesys appears. It is explained by the fact that
metal is more conductive than silicon. Thus, théatens are attracted by the metal particles for
capturing electrons from Si or giving holes to Biefal ions are formed from the metal film
dissolution or initially present in the etching wibn). For example, Figure 1.10 displays SEM
images (cross-sectional views) of p-type (111) &fens etched in 4.6M HF/0.02M AgNO
aqueous solution for 30 min at 50¥¢ One clearly sees the formation of silver dendrie the
top of the silicon nanostructures (Figure 1.10 BJf also Ag particles sinking into the pits
(Figure 1.10 B).
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Figure 1.10: SEM images showing cross-sectionalsief p-type (111) Si wafer etched in 4.6M
HF/0.02 M AgN@solution for 30 min at 50°€.

In our study, we have synthesized nanostructurézbsi(NanoSi) substratega metal
(Ag)-assisted etching using either HF/AgN@ NaBFR/AgNO; aqueous solutions. The resulting
NanoSi substrates were further exploited for d#ferapplications: fabrication of omniphobic
surfaces (chapter 2), matrix-free laser desorpbtaization interfaces for mass spectrometry
analysis of small biomolecules (chapter 3), and barsensing (chapter 4). For controlling
NanoSi surface morphology, we have varied the etchparameters (temperature, time,
concentration, composition, silicon type). Befortee tformation of NanoSi by Ag-assisted
etching, the silicon wafer is cleaned successiusliyng organic solvents (acetone, alcohol and
water) and piranha @D./H,SO, = 1/1 (v/v)) (Appendix 1). The resulting NanoSifsices are
characterized by Scanning Electron Microscopy (SEM)

In this work, we used a SEM (Zeiss Ultra 55) eqagbpvith a thermal field emission
emitter and a high-efficiency In-lens SE detecliois maintained at a base pressure 6t frbar.
The acceleration voltage is 200 eV-30 KeV and #s®lution is 1 nm at 15 eV

1.2.4. Fabrication of NanoSi using HF/AgNQ aqueous solutions

The NanoSi fabrication using HF/AgN@queous solution was first described by Peing
al. and was widely detailed in various repdft$'® ©% &4 |n our group, we have optimized this
NanoSi fabrication process for various applicatjionsluding biomolecules’ analysis using mass

spectrometry”® ©® %) selective adhesion &acillus cereussSpores™), and lab-on-chip devices
(13) (14)
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Generally, it is shown that the morphology of Nans&@bstrates prepared by chemical
etching in HF/AgNQ varies according to the etching time (Figure l.df)to the solution

concentration (Figure 1.12), while it is not depemidon the silicon wafer type:

v' Figure 1.11 displays SEM images (top and crossicsett views) of NanoSi
surfaces fabricated from two types of wafers (n priglpe, orientation (100)) at
55 °C using 5.25 M HF/0.02 M AgNQaqueous solution for various etching
times (5, 10, 30, 60 and 120 min).

v' Figure 1.12 shows SEM images of NanoSi surfaceshegized from p-type
Si(100) using different HF concentrations ([HF]) ileh keeping AgNQ
concentration constant (0.04 M) at 55 °C for 1@.mi
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Top view Cross sectional vie\
n-type p-type n-type p-type
5 min
10 mir
30 min
60 min
120 min

Figure 1.11: SEM imagesaop and cross sectior views) of NanoSiubstratessynthesized using
5.25 M HF/0.02 M AgN@aqueoussolution from two types of silicon wafen and p-type,
orientation (100)) at 5 °C for various etching times (5, 10,30 and 120 min
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Top view Cross sectional view

HF/AgNO;
2,62M/0.04M

HF/AgNO;
5,25M/0.04M

HF/AgNO;
13,12M/0.04M

Figure 1.12: SEM images (top and cross sectioralvg) of NanoSi surfaces synthesized
using various [HF]/0.04 M AgN@at 55 °C for 10 min.

From SEM top and cross sectional view images imifeig 1.11 and 1.12, we can notice
that the shape of the resulting NanoSi surfacesmdichange during the etching process and for
different concentrations of etchant:

< The nanostructures consist of vertically-alignedafdaments and form bundles upon
drying, due most likely to electrostatic interaoso Their morphology is independent
on the silicon characteristics (neither on the dgpevel nor on the orientation of the
silicon crystal "

= The height varies from 0.5 to 20 pum as a functibthe solution concentration ([HF]
and [AgNQ]) and the etching time (Figure 1.13).

4+ The diameter of the nanostructures varies fronp1100 nm.

#% The distance between two bundles of NanoSi is ptmpl to the etching time and
concentration of [HF].
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+ The nanostructures are homogenous on the substnatehe obtained results are
identical for etching either a small surface oreatire wafer.

Height (um)

14

LS

0 20 40 60 80 100 120 140

Time (min)

Figure 1.13: Variation of the height (um) of Nang@nthesized using 5.25 M HF/0.04 M AgNO
at 55°C as a function of etching time. This cussbased on SEM measurements in Figure 1.11

1.2.5. Fabrication of NanoSi using NaBR/AgNOs; aqueous solutions

In this section, we will present the fabricationNzdnoSivia an original electroless metal-
assisted etching method using Na¥§NO3; aqueous solution that we have developed during
this work. Here, we used NaBstead of HF because it is less hazardous thafAgpendix
2). Sodium tetrafluoroborate (NaBHs another type of fluoride-based reagent, witah etch
silicon oxide. In water, NaBfdissolves to give Bfions which continuously hydrolyze forming
species like: BEOH', BR(OH),, BF(OH), F, etc. They are metastable and are in equilibrium
with BF, 8 (9
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NaBF, —> Na + BF,

BF, + OH, =—= BF,OH + H' + F’

BF,OH +OH, =——= BF,0H + H" + F’

In fact, NaBR powder has a limited solubility in water with aigattion around 6 M.

v The pH of NaBEk aqueous solution is 2.14 for 1 M < [Na< 5M at room
temperature

v' At NaBF, concentrations of 0.5 M and 6 M, the pH is 3.15 ar&dl, respectively.

We have also investigated the etching capacityilafos oxide by NaBE at room
temperature during 24 h. Figure 1.14 shows the etthof SiQ as a function of [NaBf. One
piece of 1 crhof Si wafer coated with 200 nm thick of Si@yer deposited (Si +200nm S)O
by thermal oxidation technique (Appendix 3), waptka 2 mL NaBRk aqueous solution for 24 h
at room temperature. In order to determine pregidet etching rate of SiQthe thickness of

SiO;, is measured before and after etching using apseltheter. The ratio of the SiBickness
and the etching time gives the etch rate.

E-4 7o Etch rate (A°/s)

[ ]
60 b
e
[ ]
50
40 + b
30
20
®
10 +
0 r
0 1 2 3 4 5 6 7
[NaBF,](M)

Figure 1.14: Etch rate of SiCas a function of [NaBJf (M) at room temperature, t=24 h.
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From Figure 1.14, the etch rate of ZifDcreases rapidly for 1.0 M < [NaBF<4.0 M, and
decreases slowly for 4.0 M < [Nag 6.0 M. The maximum etch rate obtained is 6x£0s or
24 A/h for 4.0 M NaBE. It's clear that the etch rate of SiBy NaBFR, solution is very slow in
comparison to HF (the etch rate of $iy 2.5 M HF solution is about 420 A/K}V

As mentioned above, NanoSi etched in HF/AgNdQueous solutions are obtained in
form of bundles of vertically-aligned nanofilamenks the contrary, NanoSi surfaces obtained
from NaBR/AgNQO; solutions:

+ The structure has the form of isosceles triangligls & the apex, b- a base length and
h- height: 0.06 pm <a < 0.27 um, 0.1 pm < b <0r§ Q.5 < h <2.5um (Figures 1.15
(c) and (d)). In the case of a base value smdil@n the height value, the obtained
NanoSi has needle shapes (Figure 1.15 (d)). Weaalsanobserve the serrated leaves
shape on each nanostructure (Figures 1.15 (d)eghd (

+ From Figures (a) and (c), one can see the formatigilver dendrites on the top of
the silicon nanostructures but also Ag particlekisg into the pits, as shown in the

literature.

+ As seen from the top surface of NanoSi (Figures 1(d)), there is an ‘“island”

formation, the distance between two islands vdras 0.15 to 0.8 um.
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Figure 1.15: SEM images (top (a, l@)d cross sectionéd, d, e)) views of NanoSi surfaces
prepared by chemical etching in 2M NaB8B.02M AgNQ aqueous solution for (a,b,c and d)
and 2M NaBE/0.01M AgNQ@ aqueous solution for (e), at 80°C for 2h; (fixhsmatic
representation of the isosceles triangle shapels aliapex, b- base length, and h -height; (a)

and (c) SEM images of NanoSi surface before remgavie Ag particles.

1.2.5.1. Influence of reagent concentration
We have developed a new method of NanoSi fabricaiging NaBE#AgNO; aqueous
solution. Therefore, we must consider all the etghparameters such as: etching time,
concentration of the reagents, temperature and ¢ypeafer to get a better understanding on
how these parameters influence the morphology obSasurfaces.

Herein, the etching was performed on a silicon $arapl cnf in size. The total volume
of solution (NaBk and AgNQ) used is 4 mL for each experiment.

A. Variation of [AgNO;]

For this study, NanoSi is prepared from Si wabetype, orientation (100) and resistivity
0.009-0.01 ohm.cm. The concentration of NaB$ maintained constant at 2.0 M while the
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[AgNO3] was varied from 0.005 to 0.05 M. SEM images @& thsulting surfaces are shown in
Figures 1.16 and 1.17, respectively. From theseerghions one can draw the following

conclusions:

+ The shape of the nanostructures is always isostikéedriangles or needles and
doesn’t depend on [AgN{p

+ The height varies from 0.42 to 2.5 um: it decreaapglly for 0< [AgNQ] < 0.03 M
and very slowly for [AgNG] > 0.03 M (Figure 1.17). It seems that a highegIO;]
leads to reduced height of NanoSi. It can be empthiby the fact that higher
[AgNOg] result in more Ag particles and dendrites witlydar sizes. Hence, it is
difficult for the etchant solution to diffuse unddre Ag particles and dendrites,
leading to the diminution of the etching rate.

+ It is also observed that the isosceles trianglpshof NanoSi at higher [AgND
(>0.01 M) has smaller base length and higher heilois, presenting a nozzle-like
form.

+ When [AgNQ] < 0.03 M, the distance between two “islands” @ases with
decreasing [AgNg).

+ When [AgNQ] > 0.03 M, the distance between two “islands” seembe identical.
However, the appearance of a square pores is @wsenv each island with higher
[AgNOg].

32

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Cross sectional view Top view

NaBF4/AgNO;
2.0 M/0.01M

NaBF4/AgNO;
2.0 M/0.02 M

NaBF4/AgNO;
2 M/0.03 M

NaBF4/AgNO;
2.0 M/0.04 M

Figure 1.16: SEM images of NanoSi surfaces prepagechemical etching of Si(100) in
AgNGyY/NaBF, aqueous solution using various [Agj@nd 2.0 M NaBE at 80 °C for 2h.

33

© 2012 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Height (nm
3000 ght (um)

®
2500

2000

1500 - ®

1000

500

0 0,01 0,02 0,03 0,04 0,05
[AgNO,I(M)

Figure 1.17: Height of the NanoSi as a functiofANGO;]. This curve is based on SEM

measurements in Figure 1.16.

B. Variation of [NaBF,]

Concerning the variation of [NaBf we kept the same experimental conditions as
mentioned in the previous paragraph except for [@¢gNor which we used a concentration of

0.02 M corresponding to NanoSi with average headfthined with various [AgNg).

The morphologies and height values of the NanaBstsates are displayed in Figures 1.18

and 1.19, respectively. We observe that:

+ The resulting nanostructures are similar to tholswined by varying [AgNeg) i.e.
isosceles triangular shape.

4+ Their heights vary from 0.6 to 1.2 um as a functid the [NaBE]: the height of the
structures increases quickly when the [NgB#as increased from O to 1 M and seems
to stabilize from 1 to 3 M of [NaBj (Figure 1.19).

Consequently, the shape of the NanoSi synthesigied) NaBR/AgNO; aqueous solutions does
not change following the concentration of the dolut The Si dissolution is rapid both with
higher [NaBR] and lower [AgNQ)].
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Cross sectional view Top view

NaBF4/AgNO;
0.5 M/0.02 M

NaBF4/AgNO;
1.0 M/0.02 M

NaBF/AgNO;
1.5 M/0.02 M

NaBF4/AgNO;
2.5 M/0.02 M

o A s
A= Lo Sl = 1 000 WO 6D e
e T T

Figure 1.18: SEM images of NanoSi substrates pregdy chemical etching of Si(100) using
0.02M AgNQ and various [NaBE at 80 °C for 2h.
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Figure 1.19: Height of NanoSi as a function of [Nl&PB This curve is based on measurements

from SEM images in Figure 1.18.

1.2.5.2. Influence of temperature and etching time
We have also investigated the influence of tentpegaand time on the morphology of
NanoSi surfaces. For this study, we used the sgpeedf silicon as mentioned in the previous
paragraph (single crystal Si, p-type, orientatib®d) and resistivity 0.009—0.01 Ohm/cm) and an
etchant solution consists of 2.0 M NagZFF02 M AgNQG..

A. Variation of etching temperature

For different etching temperatures (50, 60, TaBd 90°C), the morphologies of NanoSi
surfaces and the values of their heights are diedlan Figures 1.20 (for 80°C in Figure 1.16 )

and 1.21, respectively. It shows that:

+ The height increases linearly with the etching terafure.
+ High temperatures lead to more heterogeneous ndodéon: the triangle base seems

to be larger while the density decreases at higipésatures.
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Top view
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Figure 1.20: SEM images of NanoSi substrates obthirsing 0.02 M AgN¢».0 M NaBR

© 2012 Tous droits réservés.

agueous solution for 2h at different temperatufg 60, 70, and 90°C).

37

http://doc.univ-lille1.fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

1600 Height (nm)

1400 *
1200 e
(]
1000
(]
800
600
400
200 &
0 ‘ r - -
50 60 70 80 90 100
Temperature (°)

Figure 1.21: Height of NanoSi substrates obtainsthg 0.02 M AgNgi2.0 M NaBFR aqueous
solution for 2h at different temperatures(50, 60, 80, and 90°C). This curve is based on

measurements from SEM images in Figure 1.20.

B. Variation of etching time

SEM images of the silicon nanostructures obtaingdhemical etching of Si(100) in
0.02 M AgNGyY/2.0 M NaBHFR for 2h for different etching times (30, 60, 90, and 120 mire a
displayed in Figure 1.22. The results show that:

+ No formation of NanoSi is observed during the f88tmin.
+ The height of NanoSi increases from 60 to 90 miatohing, and then it seems that there

is a saturation of the etching step after this tae®bserved for 120 min.
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60min 90min 120min

Figure 1.22: SEM images of NanoSi surfaces prepagechemical etching of Si(100) in 0.02 M
AgNGy/2.0 M NaBFR for 2h for different etching times.

1.2.5.3. Influence of silicon type
In this section, we report the influence of thikcen substrate characteristics (doping
type, orientation, doping level) on the morpholagistructure of NanoSi surfaces. Figure 1.23
displays SEM images of NanoSi surfaces synthesiz€d0 M NaBR/0.02 M AgNQ; aqueous
solution at 80 °C for 2 h using four different tgpef single crystal silicon wafers:

+ Sy p-type (100) resistivity 5-10 Ohm/cm

+ S;: n-type (100) resistivity 5-10 Ohm/cm

4 S, n-type (111) resistivity 0.03-0.05 Ohm/cm
+ S;: p-type (100) resistivity 0.009-0.01 Ohm/cm

39

© 2012 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Influence of doping type

Sy and $surfaces present the same orientation (100) anichgldgvel, but are of different
doping types,p- type (Ssurface) and n-type {5 The obtained structures are different as
compared to those prepared from highly doped satiestr(3): for both surfaces (Sand 3) the
structures are straight like needle or tips momntisosceles triangle forms. The height of
NanoSi on p-type Si substratey (8urface) is 1.3 times larger than those obtaimea-type Si
substrate (Ssubstrate) (Figure 1.23 8nd S surfaces).

Nowadays, the explanation of the influence of dgpiype of the Si substrate on the
formation of NanoSi is still under debate. Inde&slpreviously mentioned, it was shown that the
etching process depends on various parameters, iflitwe parameters are changed at the same
time, it is difficult to accurately conclude thdliurence of the doping type of the Si wafer on the
formation of NanoSi. For example, NanoSi formedngsHF/AgNQ; solutions under similar
experimental conditions display identical heiglunfrboth p-type and n-type Si substratés®®
®8 G |n contrary, Zhangt al. showed that NanoSi obtained using HF/AgQO, etchant of
p-type Si wafers have reduced height than thatgsegpon n-type Si substratéd ¢ However,
our results indicate that the n-type Si subststtched more slowly than the p-type wafer.

Influence of doping level

S and $ wafers present the same orientation (100) andpmdotype, but display
different doping levels: 0.009-0.01 ohm:¢ror S and 5-10 ohm.cthfor . After the etching
step in NaBE/AgNO; solutions, $ surface displays NanoSi in a form of tips whilesBrface
shows NanoSi in a form of isosceles triangles. Addally, the height of NanoSi ony Surface
(lower doping) is 2.8 times larger than the oneawt®d on $ surface (higher doping). Hence,
highly-doped silicon substrates are etched more/lglthan low-doped Si in NaBFAgNO3
aqueous solutions (Figure 1.2g&hd S surfaces).

On the other hand, no accurate conclusion can bBemdiconcerning the relationship
between etching rate and doping level of the Sewdfor example, no clear dependence of the
doping level was evidenced for Si etching in HF/AgNaqueous solutiof’ 2 9 In contrast
to silicon etching in HF/BD, aqueous solutions, it was demonstrated that Siteatbs of low
doping levels are etched more quickly than higtdpet! Si substraté¥’ ¢ This observation is
similar to silicon etching in NaBFAgNO; aqueous solutions.
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Influence of substrate orientation

On (100) Si substrates (SS;,, and 3), the resulting nanostructures are straight he. t
etching proceeds along the vertical direction.dnteast to Si (100), the nanostructures prepared
on (111) Si substrate {Surface), display a nano-triangle shape with ramndaections (straight,

left and right slopes) (Figure 1.23; Surface).

In the literaturd” “9 9 the influence of the silicon wafer orientationtbe nanostructures’
formation was highlighted. It was demonstrated that formation of NanoSi depends on the
type of the etching solution. For example, the13il() wafer is etched vertically by HF/AgNO
solutions but not by NHF/AgNO; or HF/H,O, aqueous solutions.

Consequently, the influence of the doping typeelewr orientation of the Si substrate on
the height and morphology of NanoSi surfaces aserdgmlly determined by the type of the

etching solution used.

41

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Si wafer type Cross sectional view Top view

So

p-type (100)
resistivity 5-10
Ohm/cm

S
n-type (100)
resistivity 5-10
Ohm/cm

S
n-type(111)

resistivity 0,03-0,05
Ohm/cm

S

p-type (100)
resistivity 0,009-0,01
Ohm/cm

Figure 1.23: SEM images of NanoSi synthesizedda Pl AgNQ/2.0 M NaBFR aqueous

solution at 80 °C for 2h on different wafer typdefing level, doping type and orientation).
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1.2.6. Fabrication of double-scaled micro-nano interfaces

We also performed silicon micro-/nanostructuratibnrough the combination of deep
reactive ion etching (DRIE) and metal-assistediatcktechniques by etching silicon micropillars
(fabricated by DRIE technique) in NaBRgNO; aqueous solutions. These surfaces will be used
for studying their wetting properties (superhydrolpic/ superomniphobic) that will be detailed
in chapter 2.

Silicon micropillars fabrication (uUP)

Single side polished silicon (100) oriented p-typafers (Siltronix) (phosphorus-doped,
0.009-0.01 Ohm/cm resistivity) were used as sutestralhe surface was first degreased in
acetone and isopropanol, rinsed with Milli-Q wated then cleaned in a piranha solution (3:1
concentrated pE0O/30% HO,) for 15 min at 80°C followed by copious rinsingtliMilli-Q
water (Appendix 1). A 6 um thick negative resistmPADF 2035 (Clariant, France) is spin-
coated at 3000 rpm. A soft bake for 1 min on aplate at 110°C is necessary to reduce the
solvent content and to prevent resist adhesiomeéoekposure mask. Then, the exposure, post-
exposure bake and development are conducted fasféraing the mask patterns to the resist
(latent image). Finally, the silicon wafer was edhusing Deep Reactive lon Etching (DRIE),
(Silicon Technology System) to produce high aspatio micro-pillars (uUP) (Appendix 4).
Figure 1.24 exhibits a SEM image of a micropillé®*5*10: diameter*spacing*height (um)). A
re-entrant structure appears due to the ondulairepe occurring during Deep Reactive lon
Etching successive passivation/etching steps.

Figure 1.24: SEM image of a micropillar. Re-entratitucture appears due to the ondulating
shape occurring during DRIE successive passivattohing steps.
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Then, the pP interface was placed directly in aNABF,/0.02M AgNG; aqueous solution for 2
hours at 80°C. This treatment allows nano-strutitwmaof the pP, leading to the creation of a
double-scaled micro-nano interface (LP/NanoSi)tasve in Figure 1.25. The silicon uP is
covered by a dense layer of nanostructures witbcedes triangle shape of ~700 nm in height
and a base length ranging from 200 to 400 nm. Maedhe chemical dissolution of silicon in

NaBF/AgNO; aqueous solutions occurs not only on the micrays)Ibut also between them.

UP/NanoSi

EeT o WRE0w g b . ] L LT
SO Msdisuan seregas i ROE K

Figure 1.25: SEM images of a pP/NanoSi interface.

1.2.7. Summary

In this section, we have presented a new metadtadsetching method for NanoSi
fabrication through the use of a fluoride solutmontaining Ag ions: NaBR/AgNOs aqueous
solutions. The technique avoids the manipulationH&f acid, which is very dangerous as
compared to NaBf We compared our structures with those obtainatyudF/AgNG; aqueous
solutions. Table 1.1 summarizes advantages andwdistages of the two etching solutions.
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HF/AgNO; NaBF/AgNO;
Chemical | Hazardous ( see Appendix 2) NaBB less hazardous than HF ( see
agent Appendix 2)
Type of Si | For the same etching conditiond;or the same etching conditions, the
wafer the morphology of the NanoSs | morphology of the NanoSi surfaces|is
independent onthe silicon wafer greatly dependenton the silicon wafef
characteristics: doping type, dopingharacteristics: doping type, doping
level, and orientation. level, and orientation.
Height of | varies from0.5 to 20 pm varies from0.5 to 3 um
nanostructure
Orientation | The nanostructures are bundles Tdfe nanostructures are vertical
vertically-aligned nanowires for allisosceles triangles or nozzles and
type of Si wafers form “islands” for Si (100). For other
Si wafer orientations, random
orientation of the nanostructures was
observed
Size of NanoSi can be identically formedrhe investigation was only limited fo
NanoSi on whatever size of the silicon| small samples(1cnt)
sample wafer from 1 crito 3 inches wafer,

Table 1.1: Comparison between the two etching nasthdF/AgNQ and NaBR/AgNG.

1.3. Bottom- up approach

1.3.1.

Silicon nanowires

We have used another method to prepare differdiocbrsi nanostructures in terms of
morphology, diameter and aspect ratio. The “Bottgeh-approach consists in the fabrication or

in the synthesis of new objects or structures lmnsgneous self-assembly building blocks. It is

© 2012 Tous droits réservés.
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based on interactions between atoms or moleculggetd nano-objects or layers with new
physical or chemical properties such as: nanopestifilms, nanowires, nanotubes, etc....

1.3.1.1.  Silicon nanowires preparation methods

There are different methods for silicon nanowiralsrication among them we can find:
Chemical Vapor Deposition (CVD), Annealing in ReaetAtmosphere, evaporation of SiO,
Molecular Beam Epitaxy, Laser Ablation, and solntlmased techniques, as summarized in
Figure 1.26 (list is not exhaustive). The silicaise used can be gas, liquid or solid stAt&®
¢ (19 They mainly differ with respect to the catalysaterial used and the means by which the
silicon is supplied. Among these methods, CVD tepies seem to be the most popular methods
used in the nanowires fabrication. In this techajga gaseous silicon precursor serves as the
silicon source. Herein, we will briefly present ssrof the methods for silicon nanowires

synthesis.

Figre 1.26: Silicon nanowires growth using differéechniques: (a) Chemical vapor deposition,
(b) Annealing in reactive atmosphere, (¢) Evapanatf SiO, (d) Molecular beam epitaxy, (e)

Laser ablation, (f) Solution-based techniquéX.

4+ Chemical vapor deposition (CVD) Silicon source: Sikj SiCl, SiH,Cl, ... By heating, the
gas will be decomposed in the presence of a matalyst such as Au, Ni, Cu Al, Zn#?
on the substrate or in the furnace, resulting & fdrmation of silicon atoms (Figure 1.26

(@)). CVD permits epitaxial silicon nanowires growwith various growth velocities (from
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102 to 10" nm/min), depending on the temperature and theosilsource type used. On the
other hand, this method offers large silicon namewypes by controlling the parameters of
the growth process such as: gaseous silicon prctyge, time, temperature, pressure, and
silicon substrate type. However, by CVD method, avares grow following various
directions, particularly for the nanowires havindiameter smaller than 5 nm.

Annealing in reactive atmosphere The silicon nanowires growth occurs due to the
presence of metal impurities ailicon substrates and gases like;, B or Br, which are
injected in the furnace. Then, at high tempera{tr®00°C), the gases will react with the
bulk silicon leading to the formation of volatil@geous halogenous silicon precursors such
as: SiH, Sil,, SiBr,. The metal-droplet contamination acts as catagdtgrowth proceeds as
in conventional CVD. The main advantage of thishodtis clearly its technical simplicity as
compared to other nanowire growth methods, whicpresumably the reason why it was
used in the early works on silicon nanowire growthsome sense, this method can be seen
as the predecessor of nanowire growth by convealtiGvD. As schematically depicted in
Figure 1.26 (b), a modification of this method, disewadays, is the hot-filament CVD.
Evaporation of SiO: The silicon nanowires are generated on a largke 41y evaporation of
solid silicon mowoxide (SiO) (Figure 1.26 (c)). A small of SiO gréate is heated at a
temperature ranging from 900 to 1350°C at the hatel of the furnace. Then, SiO gas
flows with the gas stream to the cooler part, wheredergoes a disproportionate reaction
into Si and Si@ thereby forming silicon nanowires. In principleyo different growth
methods are possible: growth with and without metdalyst. Growth assisted by a metal
catalyst is relatively rapid®®

Molecular beam epitaxy (MBE). This technique requires a high purity silicon e
which is placed in front of the substrate (usuélly1) Si) as shown in Figure 1.26 (d). In the
nanowires growth, both silicon source and silicabstrate are heated in ultrahigh vacuum;
the nanowires are generated thanks to metal conédiom and growth temperature higher
than 500°C*®? and are governed by two fluxes of silicon atonasrfithe silicon source and
substrate. In MBE method, the doping and heteroira of nanowires can be controlled as
well by switching between evaporation sources. Harethe diameter of Si nanowires
prepared using this method is limited (>40 nm) #mel nanowires growth velocity is low,
about few nanometers per minute.

Laser ablation: as for MBE technique, the silicon source is ptagefront of the substrate.

However, the silicon source is the mixed Si-catalgtsget which is ablated ky high power
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pulsed laser (See Figure 1.26 (e)). Then, the befamilicon atoms and catalyst target
condense to liquid nanodroplets on the substrateobigling with inert gas molecules in the
furnace. The nanowires start growing when the tiquanodroplets are supersaturated with
silicon. In the laser ablation method, the obtaimeshowires display a large quantity of
ultrathin and high aspect ratios. Their compositican be varied by changing the
composition ofthe mixed Si-catalyst targefFurthermorethe nanowire growth velocity is
higher than that obtained using MBE method and@iamicrometers per minute. However,
the diameter of the nanowires generated dependsotin metal catalyst used and the gas
injected in the furnace (such ag, He or N).
4+ Solution-based technique This method is simple and does not require highiged

equipment as compared to the methods describecealbbe silicon source is often a liquid
silicon precursor such as diphenylsilane. Silicamowires growth occurs in both gaseous
and liquid environments in the presence of metdigdes catalysts (Figure 1.26 (f)). When
the temperature is higher than the metal-silicaedic, the nanowires are formed due to the
alloy (metal-silicon) supersaturation with silicddanowires with diameters as low as 5 nm

and several micrometers in length can be easilthegized using the solution-based method.

1.3.1.2. Gold as Catalyst
In the silicon nanowires growth, most of the casestal catalysts are required for the
decomposition or specific adsorption of siliconquesor or silicon atoms. Among the different
metal catalysts, we can find Au, Ni, Al, Zn, Cu, [Bo.... However, Au is the most commonly

metal catalyst used in the synthesis of nanowhasks to its special properties such?3s?®)
(62).

v" A standard metalsed for electrical contacts.

v A high chemical stability, thus it does not oxidieasily in air. This property is very
important for the nanowires pre-growth.

v Evaporation systems with Au are available in meshisonductor research institutes. Thus,
the deposition of a thin Au layer onto a waferas @ major obstacle.

v' The eutectic point with Si occurs at low temperat{®63°C) with high Si solubility (19%) as
illustrated in Au-Si binary phase diagram (Figur27). As compared to the melting points of

pure Au or pure Si, there is a strong reductiothef eutectic point, leading to a significant
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decrease of the temperature budget. Indeed, sitieopwires growth can be achieved at any

temperature higher than the eutectic temperat@&°3).

1687 K

LIQUID ALLOY

LIQUID ALLOY + SOLID Si

LiQuip
800 | ALLOY +

SOLID Au
636 K

600 18.6 %
+(Au) SOLUBILITY GAP (Si) —+

Au 10 20 30 40 50 60 70 80 80 Si
atomic % Si———»

Figure 1.27: Schematic illustration of Au-Si bingfyase diagran{?®

1.3.1.3.  Vapor-Liquid-Solid Growth Mechanism
Depending on the phases involved in the reactieveral concepts of growth mechanism
appeared such as: Vapor-Liquid-Solid (VLS), Vapoti&Solid (VSS) and Solid-Liquid-Solid
(SLS), among which the VLS growth is the most comipaised mechanisrt? ¢ 61) (63) (64 (65

VLS growth mechanism suggests that silicon fromptrexursor is dissolved in metal to
form a liquid droplet (eutectic liquid, M-Si). Theucleation/growth occurs when the liquid
droplet is saturated with silicon. For example, #anoparticles are deposited on a silicon wafer
(Figure 1.28); when heated at a temperature hitjtear 363°C in the presence of jld Au-Si
liquid alloy droplet is formed on the substrate.eTkilane molecules will be decomposed
preferentially on the Au-Si eutectic droplet, allog the incorporation of Si. When the Si
supersaturation of the eutectic droplet (Au-Si)ré&ached, formation of a crystal occurs
(nucleation step) at the solid-liquid interface.emh additional supply of silicon will allow the
elongation of the Si crystal leading to the formatof the Si nanowire with the gold catalyst on
top.
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Figure 1.28: Schematic illustration of nanowire gith via VLS growth mechanisf?.

In practice, the size of the nanowires dependatlyr®n the size of the metal catalyst.
Thus for controlling the size of the nanowiressitnandatory to control the size of the catalyst
particles. Moreover, the length, density and odgah of the wires can be controlled by the
pressure, time and orientation of the substratel fisethe growth. For example, Figure 1.29
depicts some examples of silicon nanowires prepiaredr laboratorywia the VLS mechanism
under different conditions such as: substrate tatean, temperature, time, pressure and density
of gold catalysts. In this figure, the silicon name@s were grown on silicon substrate (111)
coated either by 40 (Figure 1.29 (A)) or 20 A-th{€kgure 1.29 (B)) gold film. The time process
was 60 and 15 minutes at a total pressure of 1dr ifgH.= 0.08 mbar) at 550°C. The resulting
surfaces display straight vertical nanowires (eqptiagrowth) with lengths around 3 pm and 1.3
pum and diameters varying between 100 to 180 nml&ddto 130 nm for 60 and 15 minutes,
respectively. By varying the thickness of the gltalger, we have obtained different nanowire
densities. Indeed, by the dewetting of gold filmdifferent thicknesses, different densities of
gold particles were obtained.
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Si (111) with 40 A-thick Au layer, Si (111) with 20 A-thick Au layer,
T=550°C, 60 min, 1.1 mbar. T=550°C, 15 min, 1.1 mbar.

Figure 1.29: SEM images of silicon nanowires grdwrCVD via the VLS mechanism

1.3.2. Preparation of silicon nanowires (SINWS) interfaces

In our study, the silicon nanowires are synthesiaedilicon substrates using the VLS
growth mechanism. The process was described in oheal in refs™® ©® ) Briefly, a 300
nm-thick SiQ layer is deposited thermally on the silicon sudistr(p-type, (100), 0.009-0.01
Ohm/cm), coated with a 40 A-thick Au layer, andrtfpaced in an oven. The substrate is heated
to 500°C, leading to the formation of Au nanopdescacting as catalyst for silicon nanowires
growth. Their size varies from 10 to 100 nm as shawFigure 1.30. Then, silane gas (9ik$
injected; the nanowires growth takes place as exgadan the previous section.

Although the orientation of the nanowires is inflaed by the pressure prescribed during
the VLS process as previously described, hereinyseel 300 nm-thick SiQayers which ensure
relative disorder in the diagonal direction of tienowires growth. The orientation varies from
about 30 to 90° with respect to the horizontal: tasger the pressure, the straighter the
nanowires grow (also with a narrower orientatiostritbution) (Figure 1.31).
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Figure 1.30: SEM image showing Au nanoparticlesaivtatd after dewetting of 40A-thick
gold film on a Si wafer at 500°C.

Surface Time (min) Pressure (T) Length (um)
VLS1 10 0,4 7
VLS2 60 0,4 45
VLS3 60 0,1 7

Table 1.2: Nanowires growth parameters on silicabhstrates at 500°C under a silane flow

of 40 sccm.

EHT= 100

» K¢ SgralA=inlens WP faget= 40Pa  WO= 26mm .
Mag = 2000 K e = Hgh Vatuum

% Vacuum Mads = Hgh smgamT= 04’ SEHHH—

VLS3

Figure 1.31: SEM images of the silicon nanowiredames: VLS1, VLS2, VLS3 corresponding
to the growth parameters in Table 1.2.
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In our study, three types of silicon nanowires (MLSVLS2 and VLS3) are used
corresponding to different growth conditions asicated in Table 1.2; their SEM images are
shown in Figure 1.31. The silicon nanowires havamditers ranging from 80 to 150 nm.
Compared to the size of the initial Au particlesabgst, it is to be noted that several nanowires

have larger size due to a change of the size cAthparticles during the growth process.

* VLS1: The process has growth duration of 10 minates pressure of 0.4 Torr (T). The
nanotexture is shown in Figure 1.31- VLS1 (a). dhsists of one-layered texture of
nanowires of 7um in length. Most of the nanowires are straight hade an orientation
ranging from 30 to 80° with respect to the horiabpiane. The smaller orientation angle
of few nanowires at the forward plan is due tofte that they have been broken during
the cutting of the surface prior to SEM imaging.

» VLS2: The process has growth duration of 60 minuwes pressure of 0.4 T. The
morphology is shown in Figure 1.31- VLS2 (b). Itngarises a dense lower layer of
tangled nanowires of 25 um in length and a toprlayestraight nanowires of 20 um in
length with the orientation of about 80°.

* VLS3: The process has growth duration of 60 minates pressure of 0.1 T. The nano-
texture is shown in Figure 1.31- VLS3 (c). It comsps a dense lower layer made of 2
um short entangled nanowires with few straight woég pm in length. In this case, the
orientation is more irregular and the average anglih the horizontal is smaller
compared to VLS1.

1.3.3.  Nanowires growth on silicon micropillars

We also performed silicon micro-/nanostructuratigrthe combination of Top-down and
Bottom-up approaches, by growing silicon nanowwesthe top of silicon pillars. All micro-
pillar surfaces are covered by a 300 nm-thick ,Si&yer and a 40 A-thick Au layer. The
nanowires growth on the pP surfaces is performetyusame conditions as on flat Si wafer as
described above. Figure 1.32 displays SEM imagesgesectional and top views) of VSL1 and
VLS2 nanowires grown on different uP surfaces.al to be noted that the apparent VLS2 and
uP+VLS2 surface morphologies are the same becaubat case, the silicon nanowires (45um
of total thickness) have completely covered thdcail micropillars, leading to their

disappearance under this thick layer of wires.Ha bpposite, VLS1 nanowires (7 um) are
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shorter than VLS2 nanowires (45um) and the lendtithe pillars (10pm). They do not
completely cover the pillars and the space betvweempillars can be easily observed.

The wetting properties of these surfaces will begtigated in chapter 2.

VLS1 on uP surfaces VLS2 on uP surfaces

P (4*2*10)

P (10%2*10

P (10*5*10)

P (10%7*10)

Figure 1.32: SEM images (cross-sectional and tapvg) of silicon nanowires grown on puP

surfaces.
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In this section, we have disussed the synthesissilafon nanowires of different

morphologies on both flat and micro-pillar surfaces the VLS mechanism by varying the

growth parameters. As compared to NanoSi surfabtsnedvia metal-assisted etching in the

previous section, Table 1.3 summarizes advantagdsdsadvantages of the two fabrication

techniques:

Vapor-Solid-Liquid

Metal-Assisted Etching

Chemical agent

Gaseous silicon precursdg

r

Aqueous solutions (HF/AgN©r

(SiHy) NaBFR/AgNQ)
Equipment Complicated, expensive Simple and cheap
Budget Expensive Low cost
process Complicated Simple
Form Straight cylindrical wires or Bundles of vertically aligned
tangled wires nanofilaments, isosceles triangles or
needles
Diameter Heterogenous 80-150 nm Difficult totcol
Doping Yes, but difficult to control Same as tlatstg material
Reproducibility Good Good
Substrates Whatever Silicon wafer
Orientation Various Various
Height Not limited Limited (<20um)

Table 1.3: Comparison between the silicon nanostines fabrication techniques:

Vapor-Solid-Liquid and Metal-Assisted Etching.
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1.4. Conclusion

In this chapter, we have discussed the differeahriiques used for the preparation of
nanostructured silicon substrates. Particularly,feeised on two methods: the metal-assisted
etching and the vapor-liquid-solid growth technigjue

By metal-assisted etching, we used two differemhiag solutions (HF/AgN®© or
NaBF/AgNO3) for the NanoSi fabrication process. SEM analysisowed that the
nanostructures’ morphology depends strongly oretbking parameters (duration, temperature,

composition, silicon wafer type).

Among the two Ag-assisted etching methods, the hggis of NanoSi by chemical
etching in NaBE#AgNO; aqueous solutions is original and investigatedterfirst time in this
work. Furthermore, we have demonstrated that Na®kition can etch Si0as HF does, but at
lower etching rates. Additionally, this solution lsss dangerous than HF solution. Unlike
HF/AgNO; method, the morphology of NanoSi substrates pegparsing NaBFAgNO3

aqueous solutions depends strongly on the typeeoiitial Si wafer.

By vapor-liquid-solid growth mechanism, we perfodnm@anowires growth on both flat
silicon and silicon micro-pillars surfaces undeffatent growth conditions. We obtained
different morphologies of silicon nanowires (simpled double texture, short and long wires)

which also are characterized by SEM technique.

We finally discussed the advantage and disadvantdgeach technique used in the
micro/nanofabrication of our substrates. The SiN&vsl NanoSi substrates fabricated in this
chapter will be used for some applications suclthasdevelopment of superhydrophobic and
superoleophobic surfaces (chapter 2), as new auesf for Surface-Assisted Laser
Desorption/lonization (SALDI) and mass spectrometnyalysis (chapter3), and biosensor

interfaces (chapter 4).
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2.1. Introduction

In nature, there are plenty of surfaces such @ Ieaf, duck feather, fish scales, and
butterfly wings, etc. that repel effectively watehanks to theirmicro & nano-structured
surfaces. For example, Figure 2.1 illustrates gldtaof water beading up on superhydrophobic
butterfly’s wings and lotus leaf surfaces. SEM imsglisplayed in the right side of the Figure
2.1 clearly show the multiple scale roughness efdbrresponding surfaces. When a water drop
IS put in contact with these surfaces, it rolls with almost no friction, collecting at the same
time dust particles eventually deposited on theirfaxze, leading to a self-cleaning effect
(“rolling ball” effect). These surfaces display apsrhydrophobic (SH) character with high
contact angle (CA), higher than 156 ©¢9) (/0 (71

Figure 2.1: A droplet of water beading up on a singedrophobic butterfly’s wings and lotus
leaf surfaces (left images). The corresponding iplalscale roughness is displayed in the SEM

images on the right side.

Nowadays, artificial SH surfaces fabrication ismeoonly achieved using different
micro/nanofabrication techniques, as depicted énfifst chapter. It is admitted that a micro or a
nano-structured surface with appropriate low s@faoergy coating is able to repel water.
However, most of the liquid-repellent surfaces affective only for high-surface tensiom) (
liquids such as watery = 72.2 mN/m). The current challenge in their agadbility in lab-on-a-

chip microfluidics or in high-performance clothesto design surfaces that repel liquids of low
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surface tension. These surfaces are named “supgroofnc” surfaces (SO surfaces). Recent

achievements by Tutejet al. "» " employ surfaces with overhanging roughness elements

denoted as “re-entrant”, with a regular array ofshroom-shaped posts. These interfaces are
able to repel liquids of low surface tension. Thare also other kinds of substrates with less
regular structures, leading to a high repellencdonfy liquids ®® "® for example, alumina

nanowire forest&>.

In this chapter, we will first present the genettadory of wetting properties of such
interfaces. Then, we will discuss the required pextars for the fabrication of superomniphobic
(SO) surfaces, and how to characterize their wgepnoperties. Secondly, we will show that our
SO surfaces, fabricated using the methods detarlethe first chapter, display different
characteristics: from a simple structure to a detdaaled structure, exhibiting contact angles
(CA) ranging from 80° to 160°, depending on thedgddiquids. These surfaces are characterized
by contact angle measurements (static, advanceagding, and hysteres#;). The surface
presenting the best properties (i.e. largest CA lamebst 6y for liquids with a wide range of
surface tensions) will be dynamically characterizsd measuring the impalement pressure

threshold RPwith liquids of varioug.
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2.2. Theory of wetting and non-wetting solid surface

The wetting properties of a surface are determinethe contact angle (CA) between the
liquid and the solid surface. It depends on théasernature (composition, chemical termination,
roughness ...) and the nature of interfacial serfa@msion (solid-liquid-vapor§® @ 4 (75)
When a liquid droplet is placed on perfectly smoatid chemically homogeneous surface, the
CA is described by the Young’s relation and isemlthe Young’s contact anglé, “* ®) This
CA supports the influence of the interfacial sueféension (liquid-solid, liquid-vapor and vapor-

solid).

YLy

Vapor

Y sv

Solid S

Figure 2.2: A schematic illustration of a liquidaplet on a flat surface.

Figure 2.2 represents an illustration of a droptet flat surface with the triple contact line. In

the equilibrium stateg, is written as following:

Cosé, = Ysv T Vst (2.1)

LV
Where:

VsviS the solid-vapour surface tension
Vs, isthe solid-liquid surface tension

¥,y is the liquid-vapour surface tension

In practice, a surface always displays structdedécts or roughness as well as chemical
heterogeneities. In this case, the CA between ithedl and the surface is described by the

apparent contact anglé,* . While &, is selected by thermodynamics at microscopic scéle
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is relevant at macroscopic scales larger than ypheedl structure length-scale, and can differ
from &, " This roughness can be designed on purpose imtotled fashion, in order to

dramatically modify the wettability behaviour. Tkeare a lot of examples of surfaces for which
a micro or a sub-microscale structure leads to bigface tension liquid repellen&p (1 (74 (69

(") This property can be relying on two extreme kfbehaviours:

v’ Either by achieving a high effective contact areaneen the liquid and the surface, hence
leading to a high surface energy cost, as detaifed, if the solid is treated with a low
surface energy coating. This corresponds to atgituavhere the liquid has been impaled
by the structure as shown in Figure 2.3 (a). Th@ach has historically been proposed by
Wenzel and it is denoted as Wenzel state (W), #fiene®®

v’ Either the entrapment of micro pockets of air bemvéhe liquid and the surface, ensuring
that the liquid below the drop is mostly in contadth air as shown in Figure 2.3 (b). This
is denoted as the Cassie-Baxter (CB) state, theré&¥. This situation offers a very low
liquid-solid friction, and this feature is partiawly interesting for versatile droplet motion,
for instance using electrowettirfg) " (®)

In practice, it is possible to obtain intermedidbgbrid” states between the Wenzel and the
Cassie-Baxter states (meta-stable Cassie-Baxtey),stehere the liquid is in partial impalement

in the structure, as shown in Figure 2.3 {&.

(c)

L[] []

Figure 2.3: A schematic illustration of the fornwet of composite interfaces. In (a) is
represented a liquid droplet in the Wenzel stdigjr( the Cassie-Baxter state and (c) in a meta-

stable Cassie-Baxter staf®.
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2.2.1. Wenzel state (1936)

In the Wenzel state, the liquid follows the topgry of the solid surface leading to a
fully wetted structure. The apparent contact aigie can thus be determined by surface-energy

minimization, in relation with the surface propesti

Figure 2.4: A schematic representation of a ligdidplet on a surface structure in the Wenzel

state (diameter: a, spacing: b, height: h).

Figure 2.4 shows a liquid droplet on a structuradage in the Wenzel state (diameter: a,
spacing: b, height: h) with an apparent contactesfty, . If the droplet is displaced a distance

dA=a+b by following the contact line, it leads to an irigmial energy modification of a
guantity dE (here, we assume that the feature size of thetated surface is much smaller than

the size of the liquid droplet):

dE=y_ (a+b+2h)- g (a+b+2h)+y, (a+b)Cosb*, (2.2)

Where r corresponds to the surface roughness defined aactbal surface area divided by the

projected surface area as shown in equation (2.3):

a+b+2h
r=————21 2.3
2+Db (2.3)

At the equilibrium:dE = 0, the value ofd*,, is determined by equation (2.4):
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Cog, =r(ftsy (24

Lv

From equations (2.1) to (2.4), C8%, can be rewritten as Young contact anéle (contact

angle on a smooth surface possessing identica@dhemistry as the structured surface) as:

Cog*,, =rCo¥, (2.5)

Therefore, following the Wenzel model, if we knofandr, we can determing*,, if the

liquid is completely impaled in the structure dwaface.

Asr>1, thus if 8, >90° (hydrophobic surface}» 8%, >8&,, while &, <90° (hydrophilic
surface)— 8*,, <8,

We can note that, even with a high contact angiethe Wenzel state, the liquid droplet is
strongly stuck to the surface. Furthermore in tieigtion, there is no conditions enthus it
implies that both theoretical states, correspondlingon wetted surface (contact angle equal to
180°) or totally wetted one (contact angle of @3n be obtained. In practice, these states can't
be obtained, thus there must be a limitation of wakie ofr. For high roughnesses, another

model is required.

2.2.2. Cassie-Baxter state (1944)

In the Cassie-Baxter state, the liquid is onlycontact with the top of each surface

structure whereas air pockets remain trapped irnbigestructure leading to enhancement of the
repellent effect of the liquid. The apparent contangle 8*.; in this case can also be

determined by the relation to geometrical propsrtiethe substrate when the surface energy is

minimal.
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;|

Figure 2.5: A schematic representation of a ligdidplet on a structured surface in the Cassie-

b

Baxter state (diameter: a, spacing: b, height: lithwhe contact anglé€* .,

Figure 2.5 shows a schematic illustration of auitiqdroplet on a structured surface
(diameter: a, spacing: b, height: h, an apparentacd angleé* ;) in the Cassie-Baxter state. If

the droplet is displaced of a distand&=a+b (following the contact line), it leads to a
modification of the interfacial energy of a quaptde (here, we assume that the feature size of

the structured surface is much smaller than theeaizhe liquid droplet):

dE =y, a-ysa+ b+ y, (@+b)Cost*; = (v, ~Ve)a+ y[b+(a+b)Cosh* ] (2.6)

At the equilibriundE = 0, the value ofd*;is determined by equation (2.7):

Cof* ., = (Vsv —¥sDa-pb _YsvTVa o & b 2.7)
yLV(a+b) VLV a+b a+b

e a b .
We can simplify it with f, =m andf, :ﬁ leading tof, + f, =1

Where f, is defined by the total area of the solid-liquiderface divided by the projected area
and f, is the total area of the liquid-vapor interfaceidéd by the projected area. Equation (2.7)

can thus be rewritten as:
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Cog*, =t Vst — 1 (28)

LV
Co*,=1Co, -f, (2.9

Independently, Marmuf® ®”has proposed that if we writé, =r,@ and f, =1-¢ it
appears that there is some advantage for the supis@senting more than one structure layer.

Here r, is the roughness of the wetted area ghd the fraction of the projected area of the

solid surface that is wet by the liquid. Wherebisievident that, =1 and ¢ <1 and equation

(2.9) can be re-written as:

Cosf* g =r1,¢.C0, +¢, -1 (2.10)
From equations (2.5) and (2.10), it is clear that Cassie-Baxter state is reduced to the Wenzel

state: if@g -~ 1andr,g, - r.

In the literaturd® ©7) 6 69 B the yalue off*,is determined by equation (2.11),
which is only valid ifr, =1 i.e. the top structure of a surface must be p#yfernooth and

chemically homogeneous. However, if the surfacegnts a double structure as shown in Figure

(2.6) wherer, #1, thus equation (2.11) is not valid.

Cod*; =@Co, +@ -1 (2.11)

Figure 2.6: A Schematic illustration of a liquidagpiet on a double structured surface with

rq,;tl.
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Thus, for the Cassie-Baxter model, the apparemtact angle @* ;) is a function of the

solid fraction for a given surface with Young’s tact angle &, ). The “rolling ball effect” of a
liquid droplet on the surface is favoured, becanfsa low retention force with the surface. To
obtain a superhydrophobic surfad*(;>150°), the contribution of the solid part shouls s

small as possible or a solid material with a veghttontact angl&® (%)

Thermodynamic considerations can be used to determhether a particular textured
surface will exist in the Wenzel or the Cassie-Bastate’? % ®2) The situation is somewhat
complicated by the presence of multiple local freeergy minima, leading to so-called

“metastable” configuration (Figuren 2.3 (c)). Thansition from the Wenzel to the Cassie-
Baxter state can be determined by a critical vafuke equilibrium contact angl@ by equation
(2.12).

Cosd, :% (2.12)

As we have the following inequalities: 21> @ leading to 8. 29C. If & =64. the

Cassie-Baxter state has a lower surface energydrb@et stays on top of the structure and
equation (2.10) is verified. On the contrary, tiggild fills the pores of the structure and equation

(2.5) is verified. More recently, it has been shawat the Cassie-Baxter state can be obtained
with 8* . >90 everf, <90>.(71) (72)

In this section, we have described two extremestat water droplet on a rough surface.
Even if these rough surfaces exhibit a high cordagle, their liquid repellent properties (i.e. the

liquid droplet is either stuck on or rolls off tearface) are linked to their roughness.

From an applicative view point, the Cassie-Baxtateshas to be promoted in order to
reach roll-off properties. We have also seen thatanly measurement of contact angle does not
permit to define the liquid state on a surface.réfare, the characterization of the contact angle
hysteresis and the transition from one state tah&nare required. This point will be discussed

in more detail in the next section.
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2.3. Which parameters define the quality of a liquid-regellent surface?

2.3.1. Low contact angle hysteresis

On a surface, the characterization of a liquidpdoan be either static or dynamic,
corresponding to the stati@)(or dynamic CA. In the dynamic case, the dynamici€a non-
equilibrium one and is measured during the growtlvdncing contact anglé,) and shrinkage
(receding contact angl) of a liquid drop (Figures 2.7 and 2.8). The difiece betweefiy and
Or is the contact angle hysteres#s)( which is related to the retention force of thegdon the
substrate. Thus, a highéy leads to a stronger interaction between the liglrmplet and the
surface. In practice, the origin @f is attributed to the presence of chemical hetereigies and
physical defects (non-perfect surfaces) or contants from air on the surfac® ©® (79 (77
There are two methods for measuréhgas illustrated in Figures 2.7 and 2.8:

« The *“tilted surface” (Figure 2.7) method: a liqudoplet is deposited on the surface
and then tilted6, and 6r are measured just before contact lines depiningnglu
tilting.

s The “receding/advancing” method (Figure 2@y):is measured just before the wetting
line starts to advance while the volume of the thbps increasing, andr is

determined just before the wetting line is receding

Figure 2.7: A Schematic illustration of the Figure 2.8: A Schematic illustration of the

“tilted surface” method. “receding/advancing” method.

From both methods afy measurement, it is to be noted that the value efcibntact
angle depends strongly on the way the droplet posieed on the surface. It is important to

mention the value ofy in the characterization of the surface wettingperties. Moreover, the
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liquid droplet in the Wenzel state presents highgthan in the Cassie-Baxter stategf<10°, it
is sure that a liquid droplet on SH or SO surfac@ithe Cassie-Baxter state. The droplet can
roll off from the surface by simply tilting the sstbate by a few degrees. This effect is called

“rolling-ball” effect. ¢4 €7 &4

In the field of digital microfluidics, to insure splacement of a liquid droplet, various systems
require SH or SO surfaces exhibiting Iéw. Therefore, the surface which displays large tati

CA and low8y enhances the performance of digital microfluidigstems* @4

What defines a good liquid-repellent surface, lsrge apparent contact angle as possible
and a lowdy (typically 6o — 6r < 10°), but also its ability to retain a state oivl64 when large

external forces are applied to the liquid - therFaive denote “robustness” this property.

2.3.2. High robustness of a surface

As mentioned above (section 2.2.2), & = 6., the Cassie-Baxter state has a lower
surface energy than the Wenzel state: the dropdgs on top of the structure. However, it is
possible to keep a liquid-vapour interface in a kligampaled state even whéh= .. This is

related to the meta-stable character of the C&axéer state as shown in Figure 2.3 (c): in a
free-energy landscape, this state can be situatadbaal minimum whereas the free-energy is
often at aglobal minimumin the Wenzel's state. Therefore, a perturbatibfinite strength is
required to jump over the energy barrier betweessi@aBaxter and Wenzel stat&d (" (/®) €0)
(82) 85) (86) 87) Thys, high robustness of a surface leads toehighility to retain a Cassie-Baxter

state when large external forces are applied tdiqbel.

The robustness of a surface is characterized throlg value of liquid pressure threshéig
before impalement of a liquid into the structutecdn be estimated by different techniques such
as: evaporation, EWOD, droplet squeezed betweenstwiaces, drop impact.©&” 9 €0
Among which, we chose the drop impact method instudy because this method is easy, fast
and does not require specific surfaces compardedWw®D or droplet squeezed between two
surfaces methods. It does not require a long ton@fmeasurement (less than 1 min) compared

to the evaporation method, which necessitatesgtiare for one measurement.

The measurement of pressure threshold allows #termdination of the ability of a

surface to prevent the water droplet to transiinfrine Cassie-Baxter state to the Wenzel state.
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These assertions have been made only with respélae twater as liquid, with a surface tension
of 72.2 mN/m. But if we aim to realize biosensorgl ebiochemical interactions on rough
surfaces, water is not sufficient and talking ofaege variety of liquids in terms of surface

tension, and more specifically those of lower oaggears to be necessary.

2.4. From superhydrophobic to superomniphobic surfaces

The wetting/non-wetting properties of a solid agd are usually determined by the
contact angle (CA) between the liquid and the sfaccording to the value of the contact
angle, the surface is called hydrophilic, hydropbplomniphilic or superomniphobic ... The
term *hydro” is linked to high surface tension such as waidiije the term bmni” is connected
with low surface tension liquids such as oil. FgW.9 presents different definitions of the

wetted/non-wetted surface:

* When 0<CA<90°: The surface is hydrophilic (for high-liquids as water) or
omniphilic (for low+ liquids as oil and hexadecane...)

* When 90° < CA<140°: The surface is hydrophobic (for highliquids as water) or
omniphobic surface (for low-iquids as oil and hexadecane...)

*  When CA=140°: The surface is superhydrophobic (SH) (for higlquids as water) or
superomniphobic (for low-liquids as oil and hexadecane...) (SO surface).

| High-y surface tentions as Water |

Hydrophilic Hydrophobic Superhydrophobic (SH)
gy — Sicak n caf)
Omniphilic Omniphobic Superomniphobic (SO)

| Low-y surface tensions as oil |

Figure 2.9: Classification of surfaces as a funotaf their wetting properties for high-and

low- y liquid droplets.

In practice, SH biosurfaces can repel water thaakifieir micro/nano-structured surface. The
most famous examples found in nature is the Iaa$ Which presents a contact angle (CA) of
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161° for water and 2° CA hysteresis (Figure 2.1drajact, the lotus leaf consists of microscale
mounds and nanoscale hair-like structures as shiowre inset of Figure 2.10 (& 2 ©3) ¢4
However, the lotus leaf cannot repel liquids of lpwuch as hexadecaneX 27.4 mN/m); it is

completely wetted by this liquid (see Figure 2.1@&lhexadecane drop spreads on the lotus leaf)
(71) (72)

Figure 2.10: Photo of a water droplet (colored wittethylene blue) (a) and a droplet of
hexadecane spreading on the lotus leaf surfaceindst shows a SEM image of the lotus leaf

surface ™ 72

However, coating the lotus leaf with electrospiloerfs (bead-on-strings morphology) of
PMMA (polymethyl methacrylate) + 44wt% fluorodecy?OSS (polyhedral oligomeric
silsesquioxane molecules) confers a SO charactretsurfacé’” 2 |n fact, the electrospun
fibers exhibit lower surface tension than epicdacuwax crystalloid of lotus (the natural
coating). Figure 2.11 displays a photo of dropl#tslifferent liquids on the lotus leaf; it can
repel all liquids withy >21.6 mN/m as water (72.2 mN/m), methylene iodig@.0 mN/m),
methanol (22.7 mN/m) and octane (21.6 mN/m). Tkhes surface chemistry plays a crucial role

for creating SO surfaces.

Moreover, it is known that a flat surface with@uy roughness displays a maximum CA
around 125°. For obtainingA>125°, the surface must to be structuf€d ©> 9 However if
the structured surfaces are fabricated from hydroemniphilic material, in the absence of a
coating layer with low surface energy moleculegythre superhydrophilic or superomniphilic
(07) (%8) (99) (100) Therefore, a surface presents SH or SO propeiftiis satisfies these two

conditions:
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1. Being structured, this condition is called a sudageometry factor.
2. Being coated with a low surface energy overlaydrisTcondition is named a

chemical surface factor.

Methylens -
lodide

#

"
Octane

Methanol 2 mm

Figure 2.11: Photos of water (colored blue with hyé¢ne blue) (72.2 mN/m), methylene iodide
(50.0 mN/m), methanol (colored green) (22.7 mN/ma) @actane droplets (colored red with oil
red O) (21.6 mN/m) on a lotus leaf surface covevel electrospun fibers (beads-on-strings

morphology) of PMMA (polymethyl methacrylate) + 4%wfluorodecyl POSS (polyhedral

oligomeric silsesquioxane moleculg$).("?

From these two conditions, it is also necessarguantify the liquid repellency of the

surface (SH or SO surfaces) by three parameters:

I.  Large contact angle
ii.  Low contact angle hysteresis
iii.  High robustness

Therefore, what is required for the fabricatiortlodse surfaces? This question will be discussed

in the next section.

2.4.1. Chemical surface factor

2.4.1.1.  Surface energy
At the contact line (liquid-solid-vapour), thereea lot of intermolecular forces such as:
Van der Waals forces, hydrogen bonding, and dipgglele interactions..., thus the chemical
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composition or termination of a surface is crud@a these interactions and influences the

surface wetting propertig’®) (% (100) (101)

For example, Table 2.1 displays the water and deoane contact angles as a function of
various chemical terminations that we have reali@ed flat silicon surface. The non-wetting
capacity of these surfaces is ranked in ascendrdgro-OH termination < -(ChH;(COOH
termination (COOH termination) < -H termination (€H,)16CHs termination (CH termination)
< -(CH,)2(CR,)7CF; termination (CE termination). It is clear that the highest quabfyliquid

repellency is obtained on the £Ermination.

Following the Langmuir’s theory (intermolecular ¢es), the surface wetting properties can be

explained®®:

% In the case of aqueous liquidsfor example, the water molecule is polar: higpiylar
groups of a surface will lead to higher wetting lower non-wetting properties. This
hypothesis is applied for the explanation of theules presented in Table 1:

v" The OH-terminated Si surface has a lower water 6@ntthe H-terminated one,
because Si-OH bond is more polar than Si-H.

v' The same phenomenon can be observed for the -COQkb,gwhich is more polar
than -CH group. As a result the GHerminated Si surface presents a higher water
contact angle than the COOH-terminated one.

v' However, this hypothesis is not verified in theeca$ -CR termination. Indeed, the
C-F bond is more polar than the C-H one becauger s more electronegative than
H atom, while the -Cfterminated surface is more hydrophobic than thels-C
terminated one.

% In the case of non-aqueous liquidsThe molecules mostly contain -Gkroups in their
formula. The major mechanism of wetting is the lestithe ability of the non-polar group
of the liquid to be adsorbed by its hydrocarborl™@n the hydrocarbon tail of surfaces. For
example, the hydrocarbon “tail” of -(GH(CF,);CFs-terminated surface (-GRermination)
is very different from the hydrocarbon one of n-fueedecane [CHCH,):14-CH3)] as
compared to the -(ChisCHs-terminated surface (-GHermination). Hence, GHerminated

surface displays higher omniphobicity thanerminated surface.
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Termination | -OH -H -(CH2)10COOH -(CH)16CH3 -(CH,)2(CF,):Cks
surface
Water contact | 10 84 58 102 120
angle (°)
Hexadecane 0 0 0 0 69

contact angle (°

Table 2.1: Static contact angles of watgr{2.2 mN/m) and hexadecan&27.4 mN/m) on a

flat silicon surface as a function of its chemitaimination.

In order to overcome the limitations of the Langntheory for aqueous liquids, Zisman

et al. proposed another explanation about the abilitg stirface to be wetted by using the value

of the critical surface tension or surface enéfgy®® ©9 (10D (192) This approach assumes that a

surface with a lower surface energy leads to higtaer-wetting properties. In Table 2.2 are

summarized some values of surface energies a function of chemical terminatidirom this

Table 2.2, there are some important observations:

» CRs-terminated surface presents the lowest energy fevad. The replacement of a

single fluorine atom by a hydrogen atom in the ieah-CF; group creates a terminal

-CHFR, moiety; its yg value is two times higher than that of <Ctermination.

Moreover, ye regularly increases with progressive replacementflworine by

hydrogen atoms in the surfaces of bulk polymers.

> In the case of a hydrocarbon-terminated surfaeesthiface of a close-packed -CH

groups is more hydrophobic than -Eigroups.

» In the case of chlorocarbon-terminated surfacesptilsence of more chloride atoms

in the hydrocarbon chain leads to an increaseeof#tiue ofyg.

© 2012 Tous droits réservés.
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Surface termination ve (MN/m)
-Ck 6.0
-CRH 15.0
1/ Fluorocarbon surfaces -CK and -Ck- 17.0
-Ch- 18.0
-CHx-CHRs 20.0
-CF,-CFH- 22.0
-CR-CHy- 25.0
-CFH-CH,- 28.0
-CHs (Crystal) 22.0
- CH; (monolayer) 24.0
2/ Hydrocarbon surfaces -GH 31.0
-CHy- and -CH- 33.0
-CH-(phenyl ring edge) 35.0
-CCIH-CH; 39.0
3/ Chlorocarbon surfaces -CCl-CH; 40.0
=CCl, 43.0

Table 2.2: Critical surface energies given by Zisneaal ®®
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2.4.1.2.  Surface treatment methods
There are two main methods for surface treatnmmd:is the deposition of hydrophobic
materials yia physisorption) such as: fluorocarbon polymer, die® or Cytop® by spin-
coating, plasma, Langmuir-Blodgett techniques....TBecond way is the covalent
immobilization of low surface energy moleculeg& chemisorption: silanization for oxide
surfaces (TiQ SiQ, Al»Os...), thioalkylation for noble metal surfaces (Au, ,At) or
hydrosilylation on hydrogenated silicon surfaces.

As mentioned above, the surface with fluorocartewmination exhibits the highest non-
wetting properties. Thus, during this work, we hawed two different approaches for the

chemical surface treatment with fluorocarbon chains

» Deposition of CFg, a gaseous fluoropolymewia plasma: the surfaces were placed
onto a holder and then directly transferred in fhlasma chamber (Silicon
Technology System) to deposiiiglayers (Si-GFs surfaces) (Appendix 5).

» Silanization using 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (PFTS): the
surfaces were cleaned and activated using Wwddring 30 minutes at room
temperature. This treatment removes all organidatpimants and generates silanol
groups on the surface. Then the activated surfea® modified with PFTS giving
CFRs-terminated (Si-C¥) surfaces (Appendix 6).

Table 2.3 displays water and hexadecane CAsabisilsurfaces chemically treated with
C4Fs and PFTS: Si-gFs and Si-Ck. We found that both surfaces display similar watantact
angles, while Si-Cf surface exhibits a higher hexadecane CA than th€,/S surface.
Concerning the contact angle hysteresis, both sesfahow similar values of 28° for the two

liquids: water and hexadecane.

It is evident that the surface modified with PFgi8es slightly higher CA values for
hexadecane. Thus, in our investigation later, weakibose the silanization method with PFTS
for the chemical treatment of the surfaces.
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Surfaces Si-GFs Si-CR;
Water CA (°) 120 120
Hexadecane CA (°) 53 67

Table 2.3: Static contact angles (CA) for waterq2.2 mN/m) and hexadecane27.4 mN/m)
on flat Si surfaces modified with 15 nm-thickglayer and PFTS.

2.4.2. Surface geometry factor

As previously mentioned, surface geometry factrone of the two main factors
determining the SH and/or SO character of a surfébe surface geometry is widely achieved
by micro & nanofabrication methods (cf. chapterhyith different materials like:

polydimethylsiloxane (PDMS), silicon, silicon oxicgumina, diamond. &4 (/2 (73) (84) (85) (103)

For the preparation of SH surfaces as depicted before, a rough surface covered by a
hydrophobic coating and presenting various formshsas: porous, nanowires, micro-pillars,
straight or random nanostructures is sufficienmetach superhydrophobicity with various contact
angle hysteresid®) and robustness. For example, porous or nanostacssilicon interfaces,
fabricated by electrochemical etching technique, enulcally modified  with
octadecyltrichlorosilane (Citermination) are superhydrophobic with I@y (=1°) 2 @4) 55)
Similarly silicon nanowires, grownia the VLS mechanism, coated withyKg polymer are
superhydrophobic (CA > 160°) with lowy (=1°) ©® © Another example of artificial
superhydrophobic surface is ZnO nanowire substrateified with fatty acids. It displays a

maximum water contact angle of 167° and k(=1°) %%,

If a surface is hydrophobic such as PDMS or Teftbe chemical surface treatment may
be not required in order to achieve superhydroptitybiFor example, Khorasaet al. *° have
demonstrated that superhydrophobic PDMS surfacath (water CA about 175°) can be
prepared using a GQulsed-laser (Fluency: 0.5-5 J/grvavelength: 9.1-10.6 um). However, a
careful characterization of the contact angle hgsie and robustness of these non-wetting

surfaces was rarely indicated.

The problem is more complicated for hydrophilictemels. In that casethe substrates

require a more complex geometry compared to ‘atafsEH surfaces. In recent years, many
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authors have demonstrated that a structure witleriteant” angles is required. Indeed, thanks to
the overhanged micro or nanostructures even wity@ophilic material and without any
hydrophobic coating, the surfaces are able to remekr droplets™ ©4) (98) (108) (107) Thig
geometrical criteria can also be theoretically edesl to all type of liquids (i.e. whatever their
surface tension): to obtain a surface exhibitindnigh contact angle (>150°), a re-entrant
structure is required whatever the tested liquichsdhovskyet al. ®? has theoretically
investigated several surfaces with nano-scale noegh superimposed over larger micro-scale
pillars, and considered the effect of concave am/ex nano-roughness upon the stability of a

composite interface as shown in Figure 2.12. Timgidel indicated that:
* The bumps may pin the triple line because an adwgnrimjuid-air interface. It leads

to a contact angle decread® € &) and making the equilibrium stable.

* The grooves provide equilibrium positions corresping to the Young equation, but

the equilibrium is unstable, because an advanciggidair interface results in

contact angle increasé(>8&,).

Unstable
" equilibrium
\n’

-

- X

Figure 2.12: Schematic illustration of the expedigdid-air interfaces on two dimensional

pillars with semicircular bumps/grooves walls bysdnovsky®?

From an experimental view point, it was suggeskted & high contact angle is not the unique
goal to reach, but a surface with high robustndss.obtain a low hysteresis and a high
robustness, it is preferable to coat the re-entstntcture with an omniphobic layer. Thus,
Tuteja’s and Ahuja’s groupé? (/@ ©8) %8)gayeloped Nosonovsky's study for creating alkane-
liquid repellent surfaces with a re-entrant curvatprofiles such as: a micro-hoodoo surface

(Figure 2.13a, Tuteja), and a nano-nail surfacguife@l3b, Ahuja). These surfaces were then
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coated with a hydrophobic layer usiriH,1H,2H,2Hperfluorodecyltrichlorosilangor the
micro-hoodoo surface and 20 nm-thick fluoropolynfefC ratio of 1.55)for the nano-nail
surface. The resulting surfaces display a contagteafor organic liquidsy(> 21.8 mN/m)
greater than 150° with low contact angle hyster@digy also indicated that their surfaces could
be SH and SO, even though the Young contact anagenell below 90°.

Figure 2.13: SEM images of (a) micro-hood&d and (b) silicon nanonails surfacé¥®®

To explain why the “re-entrant” surface can imprabe non wetting ability Tutejat al.
suggested a relation between the local angle oftitueture ¥) and the Young's CA8{) (see
Figure 2.14):

4+ If 0y <¥ as shown in Figure 2.14 (a), the net tractionhenliguid-vapour interface is
downward, thereby facilitating the imbibitions dfet liquid into the solid structure,
leading to a fully wetted interface.

# If Oy > ¥ as shown in Figure 2.14 (b), the net tractioniieaied upward, thereby

supporting the formation of a composite interface.
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Figure 2.14: Schematic illustration of the expedigdid-air interfaces on two idealized
surfaces by Tuteja et a1 ("2®®)

In summary, for both SH and SO surface fabricatibe, surface must be structured. For the
preparation of SH surfaces, a chemical treatmenhas mandatory. However to reach a
superomniphobic character, coating the rough (&trad) surface with extremely low surface

energy molecules is necessary. For both SH andti8&0Ohigh non-wetting properties with a

contact angle larger than 140° can be reached #harmgh the Young's contact angle is well

below 90°.

In the next section, we will report on the fabtica of SH and SO surfaces. For this
purpose, silicon interfaces with different surfaverphologies were prepared using different
methods described in chapter 1. These texturedcsfwere chemically treated with, 1H,
2H, 2Hperfluorodecyltrichlorosilane, a low surface energglecule. The morphology of the
resulting surfaces were characterized using scgnalactron microscopy (SEM), and their
wetting properties were evaluated using contacteafgjatic, advancing, receding, hysteresis)

measurements.
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2.5. Fabrication of Superhydrophobic and Superomniphobicsurfaces

In this work, we have investigated different stgags for the synthesis of rough surfaces,
consisting in simple or double-scale structurech@ignicro & nanofabrication techniques. The
high surface roughness combined with chemical nwatibn with 1H, 1H, 2H, 2H
perfluorodecyltrichlorosilane (PFTS), a low surfa@meergy molecule, led to the formation of

superhydrophobic and/or superomniphobic surfaces.

+ Simple structured surfaces:
* Nanostructured silicon (NanoSi) obtained via mets$isted etching method using
NaBF/AgNQ; aqueous solution.
* Micropillars (uP) achieved by lithography and reetion etching (dry etching).
» Silicon nanowires synthesized by chemical vapoposiéon (CVD) via the Vapor-
Liquid-Solid (VLS) growth mechanism.
+ Double-scale structured surfaces:
* Micropillars + nanostructures (uP/NanoSi): etchintpe pP in NaBEFAgNG
aqueous solution.
* Micropillars + silicon nanowires (LP/SINW): nanows growth on the pP surface.
* Deposition of Ag particles on the nanostructuredfaees and subsequent coating
with SiQ, overlayers (NanoSi/Ag NPs/Siénd pP/NanoSi/Ag NPs/SiO

* Double layer of silicon nanowires.

All the processes used to realize these surfaaes lbeen already described in the chapter
1. The double-scale structured surfaces have begpag@d through a combination of these
processes. They were then chemically modified withH, 1H, 2H, 2H
perfluorodecyltrichlorosilane (PFTS). The resultsgfaces were characterized using scanning

electron microscopy (SEM).

Their wetting properties were evaluated using adnéangle measurements (static, advancing,
receding and hysteresis) with various liquids (2.6< 72.2 mN/m) as shown in Table 2.4,
using a Drop Shape Analysis System (DSA100, Kris®k Germany) (Appendix7). During
the sliding experiments of the liquid droplet oe $ubstrate, we assume that we are in a quasi-
static state. Static contact angles are measustdifter the liquid droplet deposition. While the
advancing and receding angles are measured wheligthe droplet starts to move with the
changing of wetting line. An error of + 2° is assdnon contact angle computation and each
measurement is operated 3 times. Furthermore, e smases, when setting the tilting angle at
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60°, no sliding has been observed, the droplekstia the surface. In that case the contact angle
hysteresigly is noted higher than 60°. Thus the maximégpresented in the next section is
voluntary set to 60°. It has to be noted that thtation axis of the tilting table and the optical
axis (corresponding to CDD camera) are the samas Tm the images and video taken, the
surface appears horizontal while the droplet siepeformed. In this work, single side polished
Si (100) P-type wafer (boron-doped, 0.009-0.01 Qimmfsesistivity, (Siltronix, France) were

used as substrates.

Liquids vy (MN/m)
Water 72.2
Glycerol 63.4
Methylene lodide 50.0
BMIM BFs* 42.0
BMIM NTf ,* 32.0
Hexadecane 27.4
n-decane 23.8
n-octane 21.6

Table 2.4: Different liquids tested.

*BMIM BF,4: 1-butyl-3 methylimidazolium tetrafluoroborate, BWANT®: 1 -butyl-3

methylimidazolium Bis (trifluoromethanesulfonylydey which are ionic liquids.

2.5.1. NanoSi, NanoSi/Ag and Nano/Ag/SiQinterfaces

This section deals with the wetting propertiessoffaces based on NanoSi substrates
prepared by metal-assisted etching method using=MABNO; aqueous solutions. The surfaces

are characterized using CA afAgmeasurements.

2.5.1.1. Preparation and wetting properties of NanoSi interbces
The fabrication of NanoSi interfaces was alreaglycdbed in chapter [1.3.2]. Briefly, the
NanoSi substrates were prepangd metal-assisted etching method using NAB§NO; (2
M/0.02 M) aqueous solution at 80°C for 120 min. Ttesulting NanoSi interfaces were
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functionalized with PFTS (Nanc-CF;). The static CA for water and hexadecane was med
on these surfaces (Table 2.5). In comparison tlataSi surface furtionalized with the samr
molecule (PFTS) (water CA=120°, hexadecane CA=8YanoS-CF; surface presents a higr
non-wetting property with a higher CA for both liquiflsater CA=160°, hexadecane CA=11(
The Ck-terminated NanoSi surface is superhydrddic with low contact angle hysteresédy
~1°) and omniphobic with high contact angle hysteref, >60°)

Contact angl Flat Si NanoSi
Water 120° 160°
Hexadecar 67° 110°

Table 2.5 Static CA for water and hexadecane on Si and NanoiSsurfaces functionalize
with PFTS.

2.5.1.2. Preparation and wetting properties of NanoSi/Ac
NPs/SIC, interfaces

The deposition of silver nanoparticles (Ag NPs)ootfite NanoSi substrate will allow t
introduction of “reentrant” angles at the moscopic scale. To do that, a freshly prep:
NanoSi surface was dipped in an HF/Agz aqueous solution. Figure 2.15 indicates that
NanoSi substrate is totally covered by Ag NPs afteincubation in a 0.5 M HF/0.01 M Aghs
aqueous solution for 60 sends. It is to be noted that the biggest nanapestiabout 200 n in
diamete) are located at the top of each nanostructure easethe smallest ones (about 50

are located on the walls.

EHT=1000kv  SignalA=Inlens Signal=06974 WD=90mm .
Mag=10000KX SignalB=SE2  Miing=Off StageatT= 29.7 * MIGHII—

Figure 2.15 SEM image of Ag NFdeposited onto a NanoSi surface using 0.5 M HF/Q(
AgNG; aqueous solution for 1 min.
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However, it is difficult to perform the direct ailization of the NanoSi/Ag NPs surface
compared to the flat silicon or other nanostruatsicon substrates. In fact due to the presence
of Ag NPs, there are not enough hydroxyl groupsilabi® on the surface, required for the
silanization reaction. To overcome this limitatiowe deposited SiQ overlayers on the
NanoSi/Ag NPs interface usinglasma-enhanced chemical vapour deposition (PECVD)
(Appendix 8). This leads to the formation of Nand8iNPs/SiQ interfaces. The SiQoverlayer
totally coats the NanoSi/Ag NPs interface. By imgiag the thickness of the SiOverlayer, the
roughness is “hidden”, leading to a “smoother” aoe.

To control the size of the “re-entrant” structyrese have performed several Ag NPs
depositions by varying [AgN$p (0.1, 0.05, 0.01 and 0.005 M) for a 60 secongs A4i 30 nm-
thick SiQ; layer was then deposited on the NanoSi/Ag NPsasest The resulting NanoSi/Ag
NPs/SiQ interfaces were subsequently chemically modifieh \WFTS. Their SEM images are
displayed in Figure 2.16. One can clearly sees Algatlendrites appeared at 0.05 M AgihO
whereas big balls were observed for 0.1 M AgNEbr lower [AgNQ] (<0.01 M), Ag NPs are
formed on the top of the NanoSi substrate whereasaller ones are localized on the walls.
Subsequent coating with a Sityer led to the formation of micro-scale mounddotus leaf
like, as shown in the inset of Figure 2.9 (a)

The wetting properties of these surfaces are cteraed by CA measurements for water
and hexadecane as indicated in Table 2.6. All therfaces are superhydrophobic (CA=160°)
and present high omniphobic (114°<CA<125°) characfbe best interface was obtained for
0.01 M AgNQ with water and hexadecane CA values of 160 and, X2Spectively.

Concerning the measurement of the contact angleefesis, all surfaces present a law

for water @ ~1) and highty for hexadecane (>60°).
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_ Mag= 1303KX  SignalB=Inlens Miing=Off StageatT = 29.0° MIGHEH—

s Signal= 1.000 WD = 57 mm

Mixing = Off  Stage at T = 29.9 ° MPESHI—

EHT = 10.00 kV Signal A = InLen:

Mag = 1208 KX  Signal B = InLens Signal= 1.000 WD=37mm .

Mixing = Off  Stage at T = 30.4 ° MFGHEH—

EHT = 5.00 kv Signal A = InLens
Mag = 12.14 KX Signal B = InLens

Figure 2.16 SEM images of NanoSi/Ag NPs interfaces coatdd 3@tnn-thick SiQ layer. The
following conditions were used for Ag NPs formatiah 0.005M AgN(,(B) 0.01 M AgN¢, (C)
0.05 M AgNG, and (D) 0.1M AgN@

[AgNO;3] (mol/L) Water CA (°) Hexadecane CA (
0.005 160 114
0.01 160 125
0.05 160 118
0.1 160 118

Table 2.6 Water and hexadecane CAs on NanoSi/Ag NPs (fawua[AgNGC3])/30 nm SiQ

surfaces.

Based on this result, the influence of the layer thickness has been studied. layer
of 10, 30, 50, 100 and 200 nm in thickness wereosiégpd on the NanoSi/Ag NPs interfa
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(obtained with 0.01 M AgNg). Their SEM images are shown in Figure 2.17 ardGA values

for water and hexadecane are summarized in 12.7

30 nm (B)

EHT=10.00kV SignalA=Inlens VP Target= 31Pa WD=28mm .«

EHT=10.00kV_ Signal A= InLens
Mag = 50.00 KX Vacuum Mode = High Vacuum StageatT= 20.1° SPOHIH—

VPTarget= 31Pa WD=32mm -
Mag = 50.00 KX Vacuum Mode = Hi

ligh Vacuum StageatT=203° PSHIE—

100 nm (D)

200 nm EHT=1000kV SignalA=InLens VP Target= 31Pa WD=26mm 200 nm EHT=1000kV SignalA=InLens VP Target= 31Pa WD=32mm =«
— Mag = 50.00 KX Vacuum Mode = High Vacuum StageatT=203° MEGHH— | | — Mag = 50.00 KX Vacuum Mode = High Vacuom Stageat T= 202° SPOHI—

200 nm (E

200 nm EHT=10.00kV SignalA=InLens VP Target= 31Pa WD=34mm -
—

g
Mag= 50.00 KX Vacuum Mode = High Vacuum StageatT= 203° MPSHIH—

Figure 2.17 SEM images of NanoSi/Ag NPs surfaces coatedSu, layers of different
thicknesses(A) 10 nm, (B) 30 nm, (C) 50 nm, (D) 100 nm, and2@ nm
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SiO (nm) Water CA (°) Hexadecane CA (°)
10 140 104
30 160 125
50 160 118
100 160 118
200 160 113

Table 2.7: Water and hexadecane CA on NanoSi/AgsNPaces coated with Sidayers of

different thicknesses, from Figure 2.17.

When the NanoSi/Ag NPs interface is coated withnfi®thick SiQ layer, CA values
measured for water and hexadecane are 140 andwili@dhigh 6y (>60°), respectively. Its
liquid repellency ability is lower than that of Na®i surface (water CA=160° and hexadecance
CA=110°). We suggest that the 10 nm-thick Sl@yer may not be sufficient to cover all the
interface of NanoSi/Ag NPs. Thus, the silanizatioth PFTS was not homogeneous, explaining
the lower values of CA obtained on this interface.

For a 200 nm-thick SiQoverlayer, the ability of non-wettability of tharface decreased.
While the interface is still superhydrophobic (waB®=160°), it has to be noted that the CA for
hexadecane decreased to 113°. On the SEM imageréF2gl7 (E)), we can easily observe that
the NanoSi morphology has changed. Indeed, thestrarmmtured silicon surface was totally
covered by the SiQoverlayer. In that case, a “smoothing effect” tqukce, i. e. the space
between the nanostructures have been filled up®y, ading to the smoothing of the interface
roughness. The roughness which has been introduaetlg NPs deposition (re-entrant angles

on top) is cancelled.

Concerning the NanoSi/Ag NPs coated with 50 ar@l Afd-thick SiQ overlayers, their
morphologies are quasi-similar to those coated B&@mm-thick SiQ overlayer. Of course, the
size of the nanostructures becomes larger whepasurg the SiQlayer thickness (Figure 2.17
(B, C, D)). The interfaces display comparable valoé CA for water (160°) and hexadecane
(118°), as compared to the 30 nm Sterlayer (water CA=160°, hexadecane CA=125°).
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2.5.1.3. Comparison of the wetting properties between flat
NanoSi and NanoSi/Ag NPs/SiQsurfaces

To compare the wettability behaviour of three iifatees: flat Si, NanoSi and NanoSi/Ag
NPs/SiQ surfaces (the latter was prepared using 0.01 M @gldnd 30 nm-thick SiQ
overlayer), we have performed CA measurements|sughces for various liquids with 216
vy <72.2 mN/m. Their static contact angles are disglayeFigure 2.18 and their contact angle
hysteresis is summarized in Table 2.8 (the nantkeeoliquids are presented in Table 2.4).

CA(®)
170
‘7:,-4—l
150 - . e
’-’ ,’A\\ N . - J"
. ’ ALY L
130 1 S L7
o X
;o e
o4 7/ e
,l,-‘
/ PAISRPPRTE -
90 |4 .
] ..m. FlatSi
e
20 .:' -4~ NanoSi
> '] - @ NanoSi/Ag NPs/SiO,
50 : : " - -
20 30 40 50 60 70 80

Y (mN/m)

Figure 2.18: CA values as function of the surfamestony on three surfaces: flat Si (red points),

NanoSi (pink triangles) and NanoSi/Ag NPs(Si@ack squares).
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Y Contact angle hysteresig-(°)
(mN/m)
Flat Si NanoSi NanoSi/Ag NPs/SIiO

72.2 28 1 1
64 27 9
50 35 34
42 22 > 60 44
32 20 >60
274 28
23.8 47
21.6 45

Table 2.8: Contact angle hysteresig ) for different liquids of 21.6 y <72.2 mN/m on flat Si,
NanoSi, and NanoSi/Ag NPs/Si€urfaces.

From Figure 2.18, it is clear that both NanoSi &ahoSi/Ag NPs/SiQinterfaces are
superhydrophobic and display higher liquid repeallethan the flat Si surface: (iNanoSi
surfaceis superomniphobic for liquids gf> 42.0 mN/m with CA> 140°, except for CH, (y =
50.0 mN/m) with CA = 123° (maybe due to high densit CH;l,), (i) NanoSi/Ag NPs/SiQ
surfacerepel all liquids ofy>34.0 mN/m. Among théhree tested surfaces, NanoSi/Ag NPs{SiO
has the highest CA, except with octane for whigh@A is10° lower than on NanoSi surface.

It is to be noticed that the NanoSi and NanoSiM@s/SiQ surfaces are non-wetting
even though their Young contact angle is smallant®0°. This phenomenon was also observed
in various examples as mentioned ab&&(?) €4 @) (8)

Onthe other hand, we have measured the contact hygleresig? via the tilting angle
experiment as shown in Table 2.8. The flat Si sgrfaxhibits9y ranging from 20 to 50° even for
water while the NanoSi surface displays a quadi#ufor water and an important contact angle
hysteresis for other liquidgy{ > 60°). Finally for the NanoSi/Ag NPs/SiGurface, the value of
0y is far much lower than those measured on the Nasw$®ice. Rolling ball effect occurred for

liquids ofy > 64.0 mN/m andy is also higher than 34° for liquids p&k64.0 mN/m.

88

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

25.1.4. Summary
From the nanostructured surfaces presented intehapthe coating with Ag particles
and SiQ overlayers resulted in the formation of “re-enttdeatures and improved the ability of
non-wetting properties. Thus both NanoSi and NaWa@SiNPs/SiQ surfaces showed a
superhydrophobic character with a quasi-null hgsisr However, superomniphobicity was only
obtained for some liquids: ()>42.0 mN/m for NanoSi surface with high (> 60°), and (ii)y >
34 mN/m for NanoSi/Ag NPs/SiGsurface (two roughness levels) with higgh(> 34°) showing

the interest to introduce re-entrant features @h $lanoSi interfaces.

To further enhance the repellence ability of sunfaces, we will introduce a second level
of structuration using micropillar silicon surfac@sP), leading to double scale structured

surfaces with micro- and nano-features

2.5.2. pP, pP+ NanoSi and pP/NanoSi/Ag NPs/SjGnterfaces

In previous studies of our group, we have shovat i surfaces have a low impalement
threshold for water droplet, whereas a double &ired surface (micro-nano) can achieve a very
high resistance to impalement including low contgle hysteresi® ©® ©7) Therefore, we
have chosen pP with the same dimensions (10*5*i@meter*spacing*height (um)) in this
study. Then, we introduced a second nanostructayed (NanoSi and NanoSi/Ag NPs/S)@n
the uP surface, resulting in double micro-nanocstined interfaces (LP/NanoSi, pP/NanoSi/Ag
NPs/SiQ). Their wettability is characterized below.
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2.5.2.1.  Preparation of uP, uP/NanoSi, and pP/NanoSi/Ag
NPs/SIQ, interfaces

The process for pP and pP/NanoSi surfaces falomicatere described in chapter 1
(1.2.6). Then, the uP+NanoSi surface was coatdd AgtNPs by dipping in a 0.5 M HF/0.01 M
AgNO; aqueous solution for 60 seconds at room temperanadhen covered with 30 nm §jO
as described above for the synthesis of NanoSi/Rg/8iQ interfaces. This interface is called

pP+NanoSi/Ag NPs/Sitand its SEM image is shown in Figure 2.19.

uP/NanoSi/ Ag NPs/SiO,

™ 5 e It e B gt | | S )
- = i W T

Figure 2.19: SEM images of uP/NanoSi/Ag NPs/$i@rface.
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Figure 2.20: (A) Static contact angle (CA) as adtion of the surface tensign(mN/m) on four
surfaces: flat Si (red points), WP (green triangJesP/NanoSi (blue cubes), and uP/NanoSi/Ag
NPs/SiQ (black squares) and (B) the zoom of A in 216<32.0 mN/m.

Y Contact angle hysteresig-(°)
(mN/m)
uP uP/NanoSi/Ag NPs/SiO nP/Nano§Si

72.2 42 37 1
64.0 42 53 1
50.0 40 > 60 49
42.0 39 45
32.0 >60 51
274 53
23.8 > 60
21.6

Table 2.9: Contact angle hysteresig)for different liquids of 21.6 y <72.2 mN/m on surfaces:
MP, uP/NanoSi and pP/NanoSi/Ag NPs{SiO

© 2012 Tous droits réservés.
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2.5.2.2.  Wetting properties of uP, puP/NanoSi, and pP/Nano3\W
NPs/SIQ, interfaces

The wetting properties of the three different aaels (UP, uP/NanoSi and uP/NanoSi/Ag
NPs/SiQ) have been evaluated using static CA measuren(Eigisre 2.20) andy (Table 2.9)
for different liquids of (21.6< y < 72.2 mN/m). The results are compared to the wiitiab

behaviour of a flat Si surface.

Figure 2.20 displays the static CA of the followisurfaces: flat Si (red points), uP
(green triangles), pP/NanoSi (blue cubes), and pRdSI/Ag NPs/SiQ (black squares). Their
contact angle hysteresis valuég)(are displayed in Table 2.9. It is clear that thi three

surfaces are more liquid repellent than a flatusiese.

» First, uP exhibits surprisingly a superomniphobim@aracter: the apparent CA reaches
140° for Young contact angles below 90°. Howevhis property is not achieved for
liquids ofy < 27.5 mN/m (hexadecane) (Figure 2.20, greenglés). This phenomenon
may not exist starting with a Young contact angieslthan 90° if we assume a perfect
and smooth pillar surface. Indeed in that casesthecture would not enable contact line
pining and should result in total wetting. HoweweeGloser look at these structures points
out a non perfect edge but rather ondulations dwara re-entrant structure (Figure 1.24
in chapter 1). This can be explained by the suocegsassivation/etching steps when
using DRIE technique. Lardk, is observed, which in the case of pillars canxydagned
by contact line pining and deformation at the nscade. This effect should be
theoretically lowered by the addition of a nanoteation on the pillars. It has to be
mentioned that for decane and octane, wils low as 23.8 and 21.6 mN/m, respectively,
square shape droplet is observed proving the totphlement of the liquid inside the

microstructuration with a hudk, (Figure 2.21).

» Following electroless etching, the CA increaseddibtiquids. Compared to uP surface,
the pP/NanoSi surface showed a superomniphobi@ctear(CA: 140°) for liquids ofy
> 21.6 mN/m (Figure 2.20, blue cubes). Furthermp@NanoSi interface displays a low
0y (=1°) for water and glycerol (Table 2.9), which isnsstent with theoretical
predictions. Indeed, the energy barrier during ldisgment of the contact line on pillars

is lowered by the nanostructrures. However for jote0dy is high (40° <Oy < 60°).

» After coating with Ag nanoparticles, the surfacesikit both lower CA and higheiy
than on pP/NanoSi and pPSi surfaces. This is plplihe to the introduction of too
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much defects that increase the pinning of liquidptets even for water. We also can
ascribe these limitations to a probable role playsdthe vertical profile of the
micropillars. While it is clear that the nanosturettion can be seen both on the top and
on the side of the micropillars, the Ag NPs may lm@distributed in the same manner on
the top and on the side, leading to droplet pinningre easily on the side of the

micropillars.

Figure 2.21 shows SEM images of a polydimethylsilex (PDMS) droplet deposited on uP,
pnP/NanoSi, and pP/NanoSi/Ag NPs/giterfaces. PDMS is an organic polymer wjtt27.0
mN/m. The SEM images suggest a Wenzel state ofPID&S droplet on pP/NanoSi/Ag
NPs/SiQ and WP interfaces, whereas a Cassie-Baxter statesesved on pP/NanoSi interface.
This confirms that puP/NanoSi displays higher nontaimlity behaviour than others and a
superomniphobic interface in a Cassie-Baxter statedisplay a higly for low surface tension

liquids.

T BT . SowAsilen vPTagus S4Ps WOEdSmm . |
!!—1 Mo TE0RK Vecmen e - gt i Sgmer e dnr G —

Figure 2.21: Optical and SEM images of a PDMS debpin different surfaces: a) and b) square
shape and total impregnation on uP, illustratingV@nzel state, c) uP/NanoSi, and d)
nP/NanoSi/Ag NPs/SjO
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2.5.2.3. Summary
Our previous studies suggest that a micro or ateaturated silicon surface always leads
to a higher CA whatever the tested liquid, as caexgbéo a flat silicon surface.

The combination of NanoSi and puP (uP/NanoSi) impdathe non-wettability behaviour
by increasing the CA for all liquids tested partaely, preventing the CA decrease for liquids of
low surface tension. Additionally, pP/NanoSi dig@d a quasi null hysteresis for liquidsyot
64.0 mN/m, but for lowey, the value oby is still high.

Unfortunately, the combination of NanoSi/Ag NP€)Sand uP surfaces deteriorated the
non-wetting properties, as compared to pP/Nano&ieaen UP interfaces (lower static CA and

higher6y). This unexpected result is perhaps due to theepiee of too much defects.

Consequently, the integration of a second straeatnuto the structured surface leads to an
increase of the roughness that can improve thdityabf liquid repellency, if the addition of the
structure creates a “re-entrant” geometry. Howetrer presence of re-entrant curvature is not a
sufficient condition to develop a high liquid-relegit surface. If the creation of a double
structured surface is accompanied with so manycteféhe repellent property of the surface is

reduced.

The inherent limitation of the employed technolagyet attack) is the length of the
realized nanostructures to about few micrometeesary, even if this rapid, low cost and simple
process gives high contact angle and low hystefesikigh surface tension liquids, it is quite

limited for low surface tension liquids.

In the next section, we will report in more detail the fabrication of SH and SO surfaces
based on silicon nanowires (SINWSs) growia the VLS growth mechanism. Different surface
morphologies were developed by changing the grgatlameters such as pressure, temperature
and time. Each nanowire has smaller dimensionsniglier ranging from 80 to 150 nm) than the
silicon nanostructured (NanoSi) substrate presemtiedve. Their wetting properties were
investigated using previous molecules with 2%.¢ <72.2 mN/m through static CA arg}
measurementsAll data were compared to uP/NanoSi interface {ikst non-wetting surface

obtained in this section).
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2.5.3. Silicon nanowires interfaces

2.5.3.1.  Preparation of Silicon nanowires interfaces

Silicon nanowires-VLS have been synthesized anaftel P silicon surfaces as already

described in chapter 1 (section 2.2). In this sectfive types of silicon nanowires (VLS1,
uP+VLS1, VLS2, uP+VLS2, and VLS3) are investigated the preparation of SH and SO
surfaces. Their morphologies have been charactebg&SEM (Figure 2.22):

v

v
v

VLS1: It consists of one-layered texture of nanesiof 7um in length. Most of the
nanowires are straight and have an orientation raggfrom 30 to 80° with respect to the
horizontal plane.

VLS2: It comprises a dense lower layer of tangladowires of 25 pum in length and a top
layer of nanowires of straight wires of 20 um ingéh with the orientation about of 80°
with respect to the horizontal plane.

VLS3: It comprises a dense lower layer made @m2short entangled nanowires with few
straight wires with 7um in length. In this case, the orientation is maregular and the
average angle with the horizontal is smaller conguairo VLS1.

nP+VLS1:Silicon micro pillars (uP) (10* 5 * 10) covered MLS1 nanowires.

MP+VLS2: Silicon micro pillars (uP) (10* 5 * 10) eered by VLS2 nanowires.

It has to be noted that the apparent VLS2 and uFs&/kurface morphologies are the same

because in that case, the silicon nanowires (45ftatal thickness) have completely covered

the silicon micropillars, leading to their disappeae under this thick layer of wires.

© 2012 Tous droits réservés.

95

http://doc.univ-lille1.fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

1m EHT=1000kV  SignalA=Inlens Signal=02303 WD= 48mm - EHT=1000kv  SignalA=SE2  Signal=03882 WD=56.1mm -
— Mag= 829KX  SignalB=Inlens Mixing=Off StageatT= 02° MFGHEH— — Mag= 100KX  SignalB=Inlens Miing=On StageatT= 0.0° MpEHIE—

1um EHT= 100kV  SignalA=Inlens VP Target= 40Pa WD=26mm
—

Mag = 20.00 KX Vacuum Mode = High Vacuum StageatT= 00° GHIH—

UP+VLS]

UP+VLS:

EHT =10.00 kV/ Signal A= InLens  Signal = 1.000 WD = 3.3 mm

EHT =10.00 kv Signal A =InLens  Signal = 1.000 WD= 3.6 mm Grand.= 747X  Signal B=InLens Mixage=On Platine:|= 0.0°

Grand.= 155KX SignalB=Inlens Mixage=0On Platine:1= 0.0°

iemn—

“lemn—

Figure 2.22 SEM images cthe silicon nanowires surfaces: VLS1, VLS2, VLEFHYLS1 anc
uP+VLS2.
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Wetting properties of the silicon nanowires interices

After PFTS modification, the SINWs surfaces weharacterized by static CA (Figure

2.23) and contact angle hysteregis(Table 2.10) measurements and compared to pP/NanoS

surface.

Static contact angle (CA)

squares), VLS3 (black triangles), and pP/NanoSicfelwhite points). It is clear that:

Figure 2.23 displays the static CA values measwredhe flat Si (red points), VLS1
(yellow-white cubes), uP+VLS1 (green points), VLE2d-white triangles), uP+VLS2 (blue

All of these surfaces show a CA decrease from 16@40° until a surface tension of 27.4
mN/m. However, it has to be noted that pP+VLS1 shawlightly higher CA than VLS1.

For lower surface tension liquids, the CA decreakegn to 98°, 110°, 125°, 126°, 96° and
135° for VLS1, pP+VLS1, VLS2, uP+VLS2, VLS3 and pNBnoSi fory = 21.6 mN/m

(octane), respectively.

To summarize, the best results, in terms of stiittact angle, were obtained for the puP-

NanoSi interface followed by those corresponding/tés2 and pP+VLS2, which display

similar CA due to their identical surface morphoésy as already mentioned above.

Concerning the VLS1 and uP+VLS1, we can see thatptiesence of micropillars have

slightly improved the static contact angle valumsdil the tested liquids.

170 A
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Figure 2.23:(A) Static CA for different liquids (216y <72.2 mN/m): Flat Si (red points), VLS1
(yellow-white cubes), uP+VLS1 (green points), V®a-white triangles), uP+VLS2 (blue
squares), VLS3 (black triangles), and pP/Nano%idlkiwhite points), an(B) the zoom of A in
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Y Contact angle hysteresi®y (°)
(mN/m)
VLS1 | pP+VLS1 | VLS2 | pP+VLS2| VLS3 | pP/NanoS
72.2 =1 ~1 ~1 ~1 =1 ~1
64.0
50.0 49
42.0 45
32.0 38 29 15 14 51
274 >60 49 18 17 8 53
23.8 >60 >60 >60 >60 >60
21.6

Table 2.10: Contact angle hysteredig)(for different liquids with 21.6& y <72.2 mN/m on
surfaces: VLS1, uP+VLS1, VLS2, uP+VLS2, VLS3, &itlanoSi.

Contact angle hysteresiséy

Interestingly, Table 2.10 displays tHg values corresponding to the surfaces shown in

Figure 2.23. We observe that:

» All silicon nanowires-based interfaces exhibit lowg than the pP-NanoSi, which has high
6w (> 45°) for most liquids, except for water andagiyol withgy = 1°.

* Thedy of puP+NanoSi increased brutallyyat50.0 mN/m to a value of 49° and then, slowly
increases unty >60° (¢ =23.8 mN/m).

* For the silicon nanowires-based interfaces, vewy #p values are calculated fgr> 42.0
mN/m.

* However fory < 42.0 mN/m, some differences, in termg)givalues, have appeared and are
related to the difference in surface morphologiedeed, the)y increases brutally to 38 and
29° for VLS1 and pP+VLS1, respectively fpe=32.0 mN/m whereas th#; values are still
lower with 15 and 14° for VLS2 and uP+VLS2, respesdy. For VLS3 surface, théy are

still quasi-null Oy = 1°).
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e Then, thedy of VLS1 increases to a value >60° fpr27.4 mN/m whereas the uP+VLS1
displayed &y value >60° only foly =23.8 mN/m with &y = 49° for 27.4 mN/m. Here, the
micropillars seem to slightly improve ti#g for liquids ofy < 32.0 mN/m. However, thé,
values of VLS2 and pP+VLS2 are 18 and 17°, respagtifory =27.4 mN/m and increased
for decane and octane to values >60°. While VL8Bdsplays a lowdy of 8° fory =27.4

mN/m; this value also increases to values >60%f0£23.8 mN/m.

A comparison between the different surfaces suggesme clues towards toetimal
strategy to reach both a high CA and a wfor most liquids, including those of low surface
tension. Herein, we suggest that the thresholdidése tensionyc below which theédy sharply
increases and higher than 10°, is a relevant itidicaf the quality of the super-omniphobicity

of a surface: it has to be as small as possibla fwtter omniphobic character:

e uP/NanoSi surfacés0.0<c<64.0 mN/m.

e VLS, pP+VLS1, VLS2, and pP+VLS2 surfa@%0<%c<42.0 mN/m.Becaus&y of VLS2
(or uP+VLS2) is smaller than that of VLS1 and pP$\ILfor these liquids of 32.9<42.0
mN/m, thus it can be sure that thevalue for VLS2 is lower than for VLS1 or uP+VLS1
surfaces.

e VLS3 surface23.8 gc< 27.4 mN/m.

2.5.3.2. Summary
We have successfully prepared SH and SO surfasisg udifferent micro or
nanostructures or their combination. Their wettprgperties (CA andy) depend strongly on
the morphology of the micro- and nano-texturatidihe ones with the best repellency
performance with most of the liquids have a doudblgered structure: nanoscale-nanoscale -
VLS2 and VLS3. We will use these surfaces for penfag droplet impact experiment in the
next section. Whereby measuring the pressure thicsh allows evaluating the value of surface

tension thresholdy€) and quantifying the non-wettability behaviour.

2.5.4. Measurement of pressure threshold

We used a dripping faucet that releases a drop lajuid (water, hexadecane, mix of
water and ethanol...) from a sub-millimetric nozZl&e drop is released from the nozzle under

the action of gravity, which overcomes the capylleetention forces. Hence, the diameter of the
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drop is determined by the capillary diameter andall reproducible at d=2.6 mm. The spee

the droplet corresponds to the law ole fall:

V =,/2gh (2.13)

Whereh is the height of fall ed g is the acceleration due to the gravity, then thresthold

pressure is determined by this equatiP. = pv? (pis the density of the liquid, arVis the

speed of drop in accaomdce with Equation 2.13

Using backlighting together with a hi-speed camera (at a maximal rate of 4700 fra
with a resolution of 576x576), the shape of therface during the spreading and bounc
processes can be determined. The magnificationval®d resolution of 15um per pixel. T
height of fallh was largemby increasing the distance between the nozzle lamcurface. Thi
displacement is performed ui the drop impalement threshold, i.e. the drop bodrnuatially
with a small impalement. As an example, Figure4 displays successive snapshots showing
impact of drop (water+ethanol (70/30)) on the siicnanowires surface with the impalem
thredold. On images 7 and 8, we can see a partial etoph is stuck after bouncing on t

surface.

Figure2.24 Successive snapshots showing the impact anaboiingcing of a droj

(Water+ethanol 70/30) over the silicon nanowsurfaces followed by impaleme
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In practice, it is important to notice that theoasity of the liquid ¢) has a great influence on the
dynamics of spreading and bouncing phases, whidaugie of non-viscous liquids such as water
leads in most of the cases, to a droplet atomizatioe. the main drop is divided into many
smaller droplets during the spreading phase (ealbecit high impact velocity). In the section
above, among the liquids used for measuring the €0#ge of them are so viscous (glycerol,
ionic liquids: BMIM-BF4 and BMIM-NTf) that their drops haven't bounced on the surface
although they haven’t been impaled. Thus, it ifidift to observe the threshold impalement for
such liquids. It is the reason why we choose mddbraiscous liquids of the order of a few
mn¥/s, to avoid the undesirable mentioned effectslératll shows the list of the investigated

liquids with their physical properties (densjtyviscosityy and surface tension}.

Liquids Density Viscosity Surface tension
(p glcm?) (v mm?/s) (y mN/m)

Water 1.00 1.00 72.2
Water+Glycerol (50/50) 1.126 4.93 67.4
Water + Ethanol (95/05) 0.988 1.42 59.6

CHal, 3.32 2.26 50.0
Water + Ethanol (85/15) 0.973 2.23 45.2
Water + Ethanol (70/30) 0.951 2.47 33.0
Water + Ethanol (50/50) 0.910 2.20 27.9
Water + Ethanol (38/62) 0.882 1.98 26.0
Water + Ethanol (35/65) 0.871 1.89 25.6

Table 2.11: Physical properties of the investigdtqdids.
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Figure 2.25: Pressure threshold for liquid impalerheersus the Young’s contact an¢fe) for

VLS2 (blue cubes) and VLS3 surfaces (red squares).

Figure 2.25 shows that the critical pressure tiolesPc versus Young’s contact angle
(6y) for VLS2 (blue cubes) and VLS3 (red squares) ag$. Whatever the liquid used, the
pressure threshold is always higher for the VLS3ases. This plot is the confirmation of the
high robustness of SINWs surface against liquidalament, even for liquids of low surface
tensions withdy <90°. Although the phenomena are indicated beirtgooesible by the Wenzel
and Cassie-Baxter theories. However, this robustimesds to deteriorate for highly wetting
liquids. The influence of the nanowires orientatmmthe robustness can seemingly be counter
intuitive. In practice, the nanowires on the top\ifS2 layer are straight vertical while the
nanowires of VLS3 grow diagonally, leading to aoddered structure as mentioned above
(Figure 2.22). Here, we suggest that straight e&rthanowires do not offer the best robustness.
Therefore, VLS3 surface is more robust than VLS2ase.

On the other ones, each surface has a limit fiasaitension (as discussed above), which
is called the surface tension thresholgt.- In our case, the values @f are about 33 and 25.6
mN/m for VLS2 and VLS3 surfaces, respectively. Hetliquid has a surface tension being

smaller thany, this liquid drop spontaneously gets impaled ihi® structures. It means that the
2
capillary pressure itself is large enough to overedhe pressure thresholl; <Ey (wherey is

the surface tension of liquid arelis the radius of liquid drop§?. We suggest if the surface

tension threshold yac of the surface A is smaller thagc of the surface Byac < ysc. Their
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repellence ability of liquid - depends on the natwf liquid i.e. the surface tensiom-as

following:

* If yac <7y <yac the surface A is more robust than surface B he.quality of liquid-
repellency of surface A is better than surface B

* If y<vyac <7vgc, the liquid is impaled into the structures of bethifaces A and B with
a different rate. The liquid goes more quickly itie structures of the surface A than
the surface B. It implies that the static CA of thaface B is larger than that of
surface A. Hence, it can explain why the VLS3 stef§ac =26) is more robust than
VLS2 surface ¥ gc =33) while VLS3 surface presented lower CA for lagiofy
<26.0 mN/m than VLS2 interface, for example, theecaf n-decaney (=23.8 mN/m)
and n-octaney(=21.6 mN/m) (see Figure 2.23).

2.6. Conclusion

In this chapter, we prepared SH and SO surfacessisting of simple or double
structured surfaces using different techniqueshogitaphy, electroless-etching, growth of
nanowires using the VLS (vapour-liquid-solid) grbwinechanism... The wettability of the
resulting surfaces is characterized by measurireg dilatic contact angle and contact angle
hysteresis. Furthermore, their robustness was figated by carrying out drop impact
experiments. Their wetting properties depend sisog the morphology of the micro- and

nano-texturation. A part of this work was publisted.angmuir in 2010 (see réf).

To summarise the CA artgh measurements on various surfaces, Table 2.12agsplvo
values of surface tension thresholds: one apphie€A>140°, the other one applies fir<10°.
It is noted that:

+ Concerning the static CA: The value of surface tension threshold for CA>1d8treases
from microscale to nanoscale structure. The dosbigctured surfaces show always better
liquid repellency than simple structured surfacBse best repellent surface consists of a
double micro-nanoscale structured substrate.

+ Concerning the0y: The value of surface tension thresholdéier10° is lower for structures
of small sizes. The nanowire-based interfaces stiaive highest non-wetting properties,
particularly the nanowires surface comprising aldedayer. Compared to the first reported
super-omniphobic surfaces by Tutejaal. "™ "?we demonstrated that surfaces with a robust
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character can be obtained without a re-entrant esteygh as VLS1, VLS2, and VLS3

surfaces. The challenge is now to understand thsore of this robustness, given the

geometrical complexity of the nanowire carpet.

+ All the tested surfaces with double structuresand based on silicon nanowires can be

considered as omiphobic due to their high contagleaand robustness even for very low

surface tension liquids. However, it is not yetaclevhether it is the average orientation or

the relative disorder of the SiNWs that contribtdea better robustness. Future studies will

be focused on elucidating these points.

Surfaces

Surface tension
threshold for CA>140°

Surface tension threshold

for 64 <10

Microstructure

32.0 $<42.0 mN/m

64.6y<72.2 mN/m

Nanostructure

27.4 %< 32.0 mN/m

Micro & nanostructure

21.3%<23.8 mN/m

50.6y <64.0 mMN/m

Nanowire

27.4 9<32mN/m

Micro & Nanowire

Nanowire double layer

23.8 y<27.4 mN/m

32.0 MN/ng y

238y<27.4

Table 2.12: The value of surface tension thresfmCA>140° and¥y <10.

On the other hand, concerning the evaluation ofasartension threshold by droplet impact

experiment fc), we presented the first quantitative measuremehtrobustness of a

superomniphobic surface, for various liquids ofafiént surface tension. The most significant

result of our study is that the meaningful paramé&iethe robustness is the cosine of Young's

contact angle that a liquid drop adopts on a smasatface of the same hydrophobic coating

layer.
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3.New Surface-Assisted Laser Desorption/lonization
Mass Spectrometry interfaces based on silicon

nanostructures
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3.1. Introduction

Mass spectrometry is a powerful tool used in bimalgresearch and organic synthesis
owing to its very high sensitivity and resolutidndeed, it has become a key technology in the
area of proteomics. Mass spectrometry allows detengn the presence of analytes, the exact
mass of unknown analytes, structural information tio¢ analytes, the presence of post-
transductional modifications (PTM) such as phosplation, methylation, acetylation, detection

of explosive and forensic..?¥

In this analytical method, the analytes should st fionized prior to their mass
spectrometry analysis. To perform such ionizatidifferent mechanisms exist and involve
electron ejection, electron capture, cationizatiprgtonation, and deprotonation. Then, these
ions are electrostatically directed into a masdyaea where they are separated as a function of
their mass-to-charge ratio (m/z), and finally detdc The obtained results give the molecular

mass and structural informati@ (109 (110) (111) (112)

The development of mass spectrometry is stronditee to the evolution of the ionization
source. The first ionization source was Electramation (El) discovered in 1921 by Dempster.
In this method, fast-moving electrons remove acted@ from the neutral molecule resulting in
molecular ion M. El method is suitable for the analysis of smaiifophobic and thermally
stable molecules (<400 Da). There is another comimoization method which is the chemical
ionization (CI). In this method, a reactive ion lsums CH" or NH," transfers a proton to the
sample molecule (M), leading to the creation of fiJ*ion. In both ElI and Cl methods, the
sample molecule is originally in the gas ph&2&. Thus, these methods are restricted to the
analysis of non-volatile sample molecules leadinglimited applications in the field of
biological chemistry. To overcome these restritiothere are other ionization sources or
methods which have been developed such as fastlaiorhardment (FAB), secondary ion mass
spectrometry (SIMS), laser desorption/ionizatiorDIL. and electrospray ionization (ESI).
Among these methods, the most commonly used metloodsomoleculars mass spectrometry
analysis are LDI and ESI, which produce chargeacinbiomolecules (they are called the softest
lonization methods). In comparison to other ion@atsources, LDl and ESI allow mass
spectrometry analysis of a wide range of compouwth high sensitivity from pico to

femtomole levelst? 13

In ESI method, a certain volume of the liquid sample containing molecule of interest is

introduced into the mass spectrometer by a metatlapwhich is maintained at a potential

106

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

between 700 and 5000V. Thus, the sample dropltgtasged and heated until evaporation of the
solvent. Then, the ions are formed at atmosphegssure and are electrostatically directed into
the mass analyzer. The advantage of ESI methdahistican detect sample molecules having a
mass ranging from 10 000 to 70 000 Da. This metb@dsily adapted to liquid chromatography
technique (LC) and numerous laboratories are egdippith LC-MS instruments with ESI as
ionization method. However, ESI technique also gmessome disadvantages. Firstly, it requires
a sample of high purity. Secondly, ESI method i$ very sensitive for analysis of complex
mixtures. Finally, the sensitivity of ESI method rsduced in the presence of salts and thus

requiring a desalting step.

In the LDI method, the sample containing the molecules of intereshiroduced into
the mass spectrometer by the sample plate. Theg,ate desorbed and ionized thanks to the
presence of an organic matrix or surface-assigtiegting the role of an absorbing material, and
to the irradiation of a laser beam, correspondmghte two mains techniques: matrix-assisted
laser desorption/ionizatiofMALDI) and surface-assisted laser desorption/ioniza8éwi.DlI) .

MALDI-MS technique always requires an organic matrix, whhmixed with the
analytes and provides energy for desorption/ioropabf analytes after laser irradiation. This
technique is suitable for the analysis of samplefigh molecular weights (<300.000 m/z).
However, it is difficult to identify analytes hagrdow molecular weights (<700 m/z) due to the
strong background signal from the matrix itseff) > (16 17 (118 U%rq gyercome this
drawback, SALDI-MS method has been developed. &ustef using an organic matrix, this
method employs an inorganic material to performlbé step. Thus, SALDI-MS technique can
be used for analysis of small molecules (<700 mE@sorption/lonisation on Silicon-MS
(DIOS-MS) technique is a type of SALDI-MS basedsilicon material. In practice, SALDI-MS
or DIOS-MS techniques are complementary to MALDI-M®wus, prior to the presentation of
the principle of SALDI-MS and DIOS-MS methods, stnecessary to describe more precisely
the MALDI-MS techniqué®?® (21 (122) (123)

This chapter will first focus on general aspectsnass spectrometry with a short description
of the instrument, followed by a description of thALDI-MS technique. Issues of interest
include a SALDI review method and the desorptiam4ation mechanism. Finally, we will
detail DIOS method, which is a special case of SAWBIng silicon micro/nanostructured

surfaces.
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In this work, all the DIOS-MS analysis have beerfgrened at IBL (Institute of Biology of
Lille, UMR-8161) in the “Groupe Chimie des Biomolées” led by Oleg Melnyk (DR-CNRS).

108

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

3.2. Mass spectrometry

Generally, the basic components of a mass speetesninclude a sample inlet, an

ionization source, a mass analyzer and an ion tetas shown in Figure 34919

Source Analyzer Detector
Sample
inlet I .
= + +++ - 4+ >—
L ]
Quadrupoles Electron
or time- of- flight multiplier
| | | |
‘ i ‘ Vacuum ‘ ‘ Vacuum
pumps pumps

Figure 3.1: Schematic illustration of a mass specteter set-up**®

3.2.1. Sample inlet and ionization source

Sample inletis a way for introducing a sample into the mascgpmeter. There are two
main techniques: one is a direct insertion by usangrobe or plate containing the sample
molecule whereas the other one is a direct infusibthe sample molecule using a simple
capillary or a capillary column. Normally, the methof sample inlet must be suitable with the

ionization sources.

lonization source There are different ionization sources which banclassified in two
main types: one is hard ionization source generating fragment ions from the initial sample
molecules such as: electro ionization-El, chemicalization-Cl. The other one is soft
ionization source generating charged intact sample molecules suchFast Atom lon
Bombardment-FAB, Electrospray lonization-ESI, Atiplsric Pressure Chemical lonization-
APCI, Matrix-assisted Laser Desorption/lonizatio®MDI, Surface-assisted Laser
Desorption/lonization-SALDI. Their advantages ansadvantages are compared in Table 3.1

adapted from Siuzdadt al
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lonization Event Mass Matrix Degradation| Complex | Sensitivit
source (Da) interference Mixtures y
ESI Evaporation of | 70,000 None None Limited| > fmol
charged droplets

Comments: Excellent coupling with liquid chromatgany technique (LC/MS tool); low salt tolerance
(millimolar); multiple charging usefull, but sigiitint suppression with mixture occurs; low tolerant
of mixtures; soft ionization (little fragmentatiobserved)

APCI 1,200 Somewhat >fmol

amenable

Thermal
degradation

Corona discharge None

and proton transfer

Comments: Excellent LC/MS tool; low salt tolerafmdlimolar); uselful for hydrophobic material

Photo Good <fmol

degradation

MALDI Photon absorption/| 300,000 Yes

proton transfer

Comments: Possible LC/MS tool; low salt toleranexcellent sensitivity; soft ionization (litt
fragmentation observed); photo degradation; suiafdr complex mixtures; matrix background gan
be a problem for low mass ions.

Photo
degradation

SALDI Photon absorption| 3,000 None Good < fmol

proton transfer

Comments:Possible LC/MS tool; low salt tolerancecedlent sensitivity; soft ionization (littl
fragmentation observed); photo degradation; suigaloir complex mixtures and small molecules

[¢)

FAB lon desorption/ 7,000 yes Thermal | Somewha| nmol
proton transfer degradation ¢
amenable
Comments: Relatively insensitive; little fragmeratiat soft ionization; solubility with matrix requed
El Electron beam/ 500 None Thermal Very pmole
electron transfer limited

Comments: Good sensitivity; unique fragmentatiotadgenerated; thermal decomposition a major
problem for biomolecules; limited mass range duth&wmal desorption requirement

Cl Proton transfer 500 None Thermal Limited

11

pmol

Comments: Offers a softer ionization approach dekeyet still requires thermal desorption; negative
Cl particularly sensitive for perflourinated deritreges; a limited but powerful approach for certgin
derivatized molecule such steroids

Table 3.1: Different ionization sources (adapteshirref.*'?, pp35).
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3.2.2. Analyzer and detector

a) Analyzer

The first analyzer which has been developed usexgnetic field for the separation of
ions. Then, the evolution of technologies has tethé development of new analyzers increasing
the resolution of detection. There are differerdlgrers such as: quadrupole, ion-trap, time-of-
flight, magnetic sector, and Fourier-transform mytlotron resonance mass analysis (FTMS),
Time-of-Flight reflectron, Quadrupole-ToF. Tabl& Jjives a general comparison of the main

mass analyzer type$®
Quadrupole

A Quadrupole is a mass analyzer that uses an electric fieldeparate ions. The
Quadrupole consists of 4 parallel rods/poles, wiaeljacent rods have opposite voltage polarity
applied to them. The voltage is applied to each fdw ion moves in a very complex motion
that is directly proportional to the mass of the,ioltage on the quadrupole, and the radio

frequency.
lon Trap

This analyzer employs similar principles as thedyupole, it uses an electric field for the
separation of the ions by mass to charge ratidhie analyzer is made with a ring electrode of a
specific voltage and grounded end cap electrodes.idns enter the area between the electrodes
through one of the end caps. After entry, the aledield in the cavity due to the electrodes
causes the ions of certain m/z values to orbithe $pace. As the radio frequency voltage
increases, heavier mass ion orbits become mordiztaband the light mass ions become less
stabilized, causing them to collide with the walhd eliminating the possibility of traveling to

and being detected by the detector.

"http://chemwiki.ucdavis.edu/Analytical Chemistrgtrumental Analysis/Mass Spectrometry/Mass AnabyZér

28Mass_Spectrometry%29
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Time-of-flight

The most commonly used analyzer is the time-ohflid oF) one, which is often coupled
to MALDI-MS technique. Figure 3.2 shows the prifdeipf time of flight analyzer. When ions
(M™) are formed after laser irradiation in electrieldi, they acquire an energy E= z.e.V and are
accelerated. Then, they fly toward the detectooubh a tube where E=0 at a speed of v=
(2.z.e.V/Im§’? (where z is the charge of ion, m is the mass iof &is the electric charge (1.6 10
6°C), and V is the electric potential). Because ¢tectrical field inside the tube is zero, the
speed of ions is essentially determined by ther allbwing their separation. It is clear that the
ions having the smallest m/z values will be firstestted.

Time-of-Flight reflectron”

Similar to time of flight analyzer, however then&tic energy distribution in the direction
of ion flight can be corrected by a reflectron. Th#ectron uses a constant electrostatic field to
reflect the ion beam toward the detector. The nerergetic ions penetrate deeper into the
reflectron, and take a slightly longer path to die¢ector. Less energetic ions of the same charge-
to-mass ratio penetrate a shorter distance intoetectron and, correspondingly, take a shorter
path to the detector. The flat surface of the ietector (typically a microchannel plate, MCP) is
placed at the point where ions with different eresgeflected by the reflectron hit a surface of
the detector at the same time counted with redpeitte onset of the extraction pulse in the ion
source. A point of simultaneous arrival of ionstioé same mass and charge but with different
energies is often referred as ToF focus. An adtili@dvantage to the re-ToF arrangement is

that twice the flight path is achieved in a givendth of instrument.
Magnetic sector

Similar to time of flight analyzer, in magneticcsar analyzers, ions are accelerated
through a flight tube, where the ions are separéateadharge to mass ratios. The difference
between magnetic sector and ToF is that a maghelticis used to separate the ions. As moving
charges enter a magnetic field, the charge is cteflieto a circular motion of a unique radius in a
direction perpendicular to the applied magnetitdfidons in the magnetic field experience two

equal forces: a force due to the magnetic field@aodntripetal force.

T http://en.wikipedia.org/wiki/Time-of-flight_masgestrometry
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Fourier-transform ion cyclotron resonance mass angbis'

lon cyclotron resonance is an ion trap that usesgnetic field in order to trap ions into
an orbit inside of it. In this analyzer, there  separation that occurs; rather all the ions of a
particular range are trapped inside, and an apmidrnal electric field helps to generate a
signal. In a Fourier Transform ICR, all of the ionghin the cell are excited simultaneously so
that the current image is coupled with the imagealbfof the individual ion frequencies. A

Fourier transform is used to differentiate the swdrsignals to produce the desired results.
Quadrupole-ToF

Quadrupole-ToF is an association between quadeugont time of flight methods. It offers
significantly higher sensitivity and accuracy. hentmore, quadrupole-ToF mass analyzers are
relatively new and have been designed to be coutdeélectrospay ionization sources and
recently to MALDI.*?

Quadrupole lon | Time-of- | Time-of- | Magnetic| FTMS | Quadrupole-
Trap Flight Flight sector ToF
reflectron
Accuracy 0.01% 0.01% 0.02tg 0.001% | <0.0005| <0.0005| 0.001 %
0.2% % %
Resolution 4,000 4,00( 8,000 15,000 30,000  100/00010,000
m/z range 4,000 4,000/ >300,000 10,000 10,000 10,000 10,00
(Da)
General Low cost Low Good High High High High
comments cost | accuracy | resolution| resolution| resoluti | sensitivity
and on
resolution

Table 3.2: A general comparison of mass analyzsegy(ref*'% pp:58).

¥ http://chemwiki.ucdavis.edu/@api/deki/pages/878/pd
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Laser pulse Detector
Analyte

o o3 } :

+V ; d

fAcceIerationE h Zone of free ions flight >
zone
EZ0 | E=0

Figure 3.2: Principle of time of flight analyzer.

Normally, each mass spectrometer has one analymrever, in the tandem mass
spectrometry (MS/MS) its mass spectrometer has more than one analiyzpractice usually
two. The two analysers are separated by a collisglhinto which an inert gas (e.g. argon,
xenon) is admitted to collide with the selected glEmons and causes their fragmentation. The
analysers can be of the same or of different typges,most common combinations being: 1)
guadrupole-quadrupole, (2) magnetic sector-quadeyd8) magnetic sector- magnetic sector,
(4) quadrupole-time-of-flight. Tandem mass specetsgn(MS-MS) gives structural information
about a compound by fragmenting specific samples ioiside the mass spectrometer and
identifying the resulting fragment ions. This infuation can then be pieced together to generate
structural information regarding the intact moleculandem mass spectrometry also enables
specific compounds to be detected in complex meduon account of their specific and

characteristic fragmentation patterns.

b) lon detector

There are different ion detectors in mass spedtonsuch as: Faraday cup, scintillation
counting, electron multiplier, high energy dynodegh electron multiplier, array, and charge
detection. Table 3.3 displays their advantages disddvantages. Among them, electron

multiplier is commonly used*'”

$ http://www.astbury.leeds.ac.uk/facil/MStut/mstiahhtm
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Detectors Advantages Disadvantages
Faraday Cup Good for checking ion Low amplification (around 10)
transmission and low sensitivity
measurements
Scintillation counter Robust Cannot be exposed to light

(photomultiplier) while in operation

Long lifetime (>5 years)

Sensitive (gains of around %0

Electron Multiplier Robust Shorter lifetimes than
Fast response scintillation counter (around 2
years)

Sensitive (gains of around %0

High energy dynodes with | Increases high mass sensitivity May shorten lifetirhelectron

electron multiplier multiplier
Array Fast and sensitive Reduces resolution
Expensive
Charge detectors Detect ions independent of mass  Limited sensitivity
and velocity

Table 3.3: A general comparison of ion detectoes. (', pp:64).

3.3. Matrix-assisted laser desorption/ionization mass sctrometry
(MALDI-MS)

The matrix-assisted laser desorption/ionizatiorssngpectrometry was introduced and
developed in the mid-1980s. It is largely usedhe @analysis of biomolecules and synthetic

macromolecules thanks to its advantages as showabie 3.1:
4 It can analyze sample molecules of masses ranging 700 to 300000 Da.
+ It has a high sensitivity on the order of fmol.
+ It is a soft ionization process with almost no frentation of the sample molecule.
+ It can be used in the presence of salt in millimalancentrations.
+ It is suitable for the analysis of complex mixtures

+ Multiple samples can be prepared at the same time¢he sample plate containing one

hundred positions, as shown in Figure 3.3.

115

http://doc.univ-lille1.fr

© 2012 Tous droits réservés.



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Figure 3.3 illustrates a component of MALDI masseapmeter: one droplet of mati
and one droplet of sample are deposited on thelsgntaie (often stainless steel). Then, they
mixed together by drawing the coined droplet in and out of the pipette. Once th&tume is
dried, the plate is inserted into the mass spedtem Then, the laser irradiates this mixi
leading to the desorption and ionization of thelgea. The formed ions are then separ:
according to their mass-tdiarge ratio (m/z) thanks to the analyzer. Finahgy directly hit the
detector, resulting is a mass spectrum with signiahsities as a function of m/z ratio of the .
The efficiency of MALDIMS method depends essentially he laser type and on the orga

matrix used 10 (115) (116) (1190124; (125) (126) (127)

Laser pulse

17427

detector

+ + + + + + + +
=--:"
.
Analyzer m/z
(A) Sample & matrix (B)

Figure 3.3: Schematitlustration of a MALD*plate with spots of the exrystallized organic
matrix-analytes (A) and MALDI-MS principle (B).

3.3.1. Laser type

The choice of the laser is important in MAL-MS technique to reach a high sensiti\
and high resolution. The wavelengththe laser dictatethe choice of the matrix molecule a
nature of analytes. In most cases, lasers havingleagths in thenea-ultraviolet (UV) are
widely used in MALDIMS technique (U-MALDI-MS technique), particularly, , laser
(A=337 nm) and frequendyipled Nd:YAG laser Xx=355nm) with a pulse duration ranging fr

0.5 to 10 ns. The use of these kinds of laser ayspsime advantage&)*19 (120) (113) (128)

» It prevents the direct photoexcitation of anal.

> There is a low dgree of photochemical produ. %"
Beside neatdV lasers, pulsed infrared (IR) lasers are alsauseVIALDI-MS technique (IR-
MALDI- MS technique), for example, erbium s-state lasers Er:-YAGAE2.94 um) or Er
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YSGG (=2.79 um). The advantages of IR MALDI-MS technigure multiple: 1) softer (less
fragmentation); it can be used for ionization ofigafragmented molecules, 2) greater material
removal that can be useful for direct gel or celll dissue ionization, 3) high efficiency for the
analysis of large proteins and nucleotides, 4) mgiss resolution, 5) compatibility with solvent
matrix or surface-assisted laser desorption masstiggmetry. However, the reproducibility from

shot to shot in the IR-MALDI-MS is inferior to that the UV-MALDI-MS technique!® 09 (19)
(127) (129)

3.3.2. Matrix molecules

In MALDI-MS technique, the organic matrix molecuias important functions:

1) It allows formation of a co-crystal with the samptelecule for reducing molecular
interactions between the sample molecules.

2) It absorbs photons from the laser and transfert® isample-matrix mixture in LDI
process.

3) It can protect (in certain cases) the sample mdesurom direct UV laser
excitation if the sample molecules are sensitiii¢daser light.

4) 1t acts as a proton Hsource for enhancing the ionization of the sampideed,
most of the organic matrices used bear an acid gregGOOH).

Typically, the best MALDI performance is obtainetiem the absorption maxima of the matrix
is near the wavelength of the used laser. On ther dtand, the ratio of the matrix to the sample
Is also an important parameter for successful MABD&lysis; it is often in the range between
1000/1 and 5000/1 (matrix/analytes).

The choice of the matrix depends on the naturdi®fsemple molecule to be analyzed and the
laser type. Normally, matrices are low-mass orgamitecules having an aromatic ring and acid

moieties, as shown in Figure 3.4.
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Name of organic matrices Wavelength Application
absorption
maxima (nm)

a-cyano-4-hydroxycinnamic 337,335 Peptides
acid
0. OH
E/ :CN
OH

2,5-dihydroxy benzoic acid 337, 355, 266 Peptides, nucleotides,
O on oligosaccharides, polar

polymers
OH
HO
3,5-dimethoxy-4- 337, 355, 266 Proteins
hydroxycinnamic acid
(o]
OH
H,CO |
HO
OCH;
2-Picolinic acid 266 Oligonucleotides

(j\"/
X | OH
N

o)

Figure 3.4: The common organic matrices used in MIAMS technique: structure,

chemical name, wavelength of absorption maxima,taen applications.

However, the use of organic matrices introducesesprablems for MALDI-MS analysis:

© 2012 Tous droits réservés.

» The analytes should be miscible with the organidrimand should be well co-

crystallized avoiding the creation of “hot spotsThese “hot spots” lead to non

uniform localisation of analytes and thus to bagnsils in the mass spectra. This

leads to a difficult selection of the appropriatatnix.
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» MALDI-MS is not very suitable for MS analysis oimompounds below < 700 Da,

because of a strong background due to the presaingarasitic ions from the matrix.

» Matrix molecules can also be degraded into sma#gments increasing the

background signal and thus the sensitivity.

To overcome these hurdles of MALDI-MS due to thigamic matrix, surface-assisted
laser desorption/ionisation mass spectrometry (SIAMB) method has been developed; it will

be discussed in more details in the following secti

3.4. Surface-assisted laser desorption/ionization maspextrometry
(SALDI-MS)

Surface-assisted laser desorption/ionization rspsstrometry (SALDI-MS) technique,
also called matrix-free laser desorption/ionizatinass spectrometry method, uses an inorganic
surface (smooth or rough) instead of an organicrimmatlence, SALDI-MS overcomes the
limitation of MALDI-MS © (119) (116) (130) (131) (132) Actyally, to perform SALDI-MS analysis, the
same mass spectrometer is used as for MALDI-MS. dilg adjustment to perform is the
change of the sample plate to accommodate the SAitBiface in the mass spectrometer. For
example, Figure 3.5 shows an example of a SALDdrfate glued on modified stainless steel
platevia a “conductive adhesive”. Then, a droplet of th@sle is simply deposited and let it dry
prior to its insertion into the mass spectrome&iIbsequently, the analytes are desorbed and
ionized, separated by the ToF analyser and thesctet, as already described for MALDI-MS.

Laser pulse

=

+ + + 4+ + + + +
—

—

detector

Analyzer
m/z

Sample

Nanostructure

Figure 3.5: SALDI surface (silicon nanostructurgf)ed on stainless modified sample plate.
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As in MALDI-MS technique, the exact desorption/ipation mechanism in SALDI-MS
method is still under debate. The most reportedkwiorthis area suggests that the inorganic
surface is able to absorb photons from the laskepThen, the absorbed energy is transferred
through a thermal mechanism (non-radiative disgpatia phonons) to the adsorbed analytes
for their subsequent desorption/ionizatit¥. As compared to MALDI-MS method, SALDI-MS

process represents a technique of particular isttevith various advantages such“gs*22) (3D
(133) (134) (135)

1) The use of same mass spectrometer instrument &8AbbDI-MS analysis, no additional

investment is needed.
2) No organic matrix is needed:

» Simple sample deposition/preparation. The sampjasisdeposited onto the interface
and let it dry. The only required step is dissajvithe sample molecules in a proper
solvent.

» Can detect small molecules (<700 m/z) due to logkgeound signal.

» High sensitivity of detection (ymol).
» High salt tolerance than MALDI.

3) High yield of analyte detection thanks to analyiedfic interaction in the case of SALDI
functionalized substrates.

4) Existence of large variety of SALDI surfaces (vasionorphologies and materials).

Beside the advantages discussed above, SALDI-M$adetlso presents some drawbacks
such as a limited mass range of detection (>30Q). iHbwever, some examples have shown the
detection of proteins of high molecular weightso(ard m/z=17000). Also, despite that there is
no matrix used, background ions of unidentifiedrees can be detected mainly caused by

hydrocarbon adsorbed from air or some contamirleathed from storagé® (33 (136)

In practice, SALDI surfaces may be flat, micro- mano-structured inorganic materials
presenting different forms and shapes (micropillanenotubes, nanocolumns, nanorods,
nanowires, nanoparticles, nanoflowers,...) of défe chemical nature (Si, ZnO, SiOTiO,,
carbon with different alloy-types such as DLC, éuéine, nanotubes,....). Among them, we can
find crystalline silicort*?” ®?® porous silicor*?? 3¢ 37 sjlicon nanowires prepared by metal-
assisted chemical etchiftd, carbon nanotubé$™), silicon nanowires preparata VLS growth
mechanisn™®¥, ZnO nanowire§® 38 titania nanotube$®?, gold nanoparticle$*®, platinum
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nanoflowers®*"), etc. These SALDI surfaces showed high sensitifidtythe detection of small

molecules by MS analysis, as indicated in Table 3.4

Surface SALDI surface Analyte or application Sensitity
ZnO nanowire§™® 18| Diameter: 25 to 1600 nm Clonidine (230.1 m/z) 5 pmol
Length: 250 nm Azithromycin (749.0 m/z)
Tamowifen (371.5 m/z)
Ketoconazole (513.4 m/z
Titania na(r;%)ubes Diameter: 70 to 120 nm Hexadecyltrimethylammq ~ 50 fmol
arrays ) nium bromide (CTAB)
Length: 250 nm (284 miz)
Graphite particle§? | Size: 2-150 um Bradykinin (1061 m/z) 1 pmol
Platinum(lriclsl)noﬂowers Angiotensin (1298 m/z) | 0.7 -20 fmol
Neurotensin (1349 m/z)
Human insulin (5807 m/z
Cytochrome (12360 m/z)
Porous silicorf*?? Mesoporous (2-50 nm pore sizeles-arg-bradykinin 700 amol
(904.5m/z)

Table 3.4: Some examples of SALDI surfaces witérdift morphologies from various

materials and their LDI-MS sensitivity for analywstection.

SALDI surfaces based on porous silicon (PSi) wesedufor the first time for mass spectrometry
analysis of peptides and other small molecules sschaffeine, adrenocorticotropic hormone,
antiviral drugs,...The SALDI-MS method, based oni,AS commonly called: DIOS for
Desorption/lonization on Silicofi??.

In the literature, SALDI surfaces based on sili¢oncropillars, nanowires, porous silicon...)
have been classified under the generic name of Dd@$aces. These DIOS surfaces have
become of a great attention because they can lly edsgrated with existing silicon-based
technology, allowing for example, their application miniaturized biosensors, microfluidic
chemical reactor®®. In the following section, we will present firdtet DIOS-MS method and
then the application of our silicon nanostructuaesl nanowires, fabricated in chapter 1, as

efficient DIOS interfaces for MS analysis of peptd
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3.5. Desorption/lonization on silicon mass spectrometryDIOS-MS)

As already discussed above, the DIOS-MS methodimmally associated with porous
silicon (1® (122) (125) (127) (131) (133) (143) (44 qvever, DIOS-MS has also been extensively
investigated with other structured materials such aurface scratched, nanostructures,
nanowires, nanoparticles, microcolumns, submicremstructures, nanofilaments, nanowell
arrays, nanocavity arrays, and even smooth sileariaces. These surfaces showed a high
sensitivity for the detection of small biomolecul®s DIOS-MS analysis as indicated in Table
3.5. Among them, the rough surfaces are commordg us DIOS-MS analysis. These surfaces
present a high surface area, high photon absor@iuhlow thermal conductivity (this point will

be discussed in more detail in the next section).

These investigations also demonstrated that theicttion of DIOS surfaces have been
achieved by micro/nanofabrication method suchittedraphy and dry etching, electrochemical
etching, metal-assisted etching, CVD growth... (alyeaentioned in chapter 1).
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DIOS surface§ Method of fabrication Dimensions Analytes Sensitivity
Groove arrays Lithogra{)h%/ and RIE Width: 150 nm | Angiotensin | (1296 m/z) 5 pmol
on silicon 14 :
Spacing: 150 nm
surface
Depth: 300 nm
Silicon Laser irradiation in tr)1e Radius of tip Bradykinin (756.39 m/z) 1 pmol
. 5 .
microcolumns| presence of watél curvature: 120 nm Angiotensin (1045.53
Height: 800 nm m/z)
Scratched | Sandpaper Ri400%*% Angiotension | (1296 | 25 pmol
silicon surface m/z)
Porous silicon| Electrochemical etching Diameter: 70-120 Des-arg-bradykinin 15 fmol
(129 nm (904.5 m/z)
Depth: 200 nm
Silicon Metal-as(sis;ed etching Diameter: 7-12 nm|  Des-arg-bradykinin 15 amol
. 125
nanofilaments Depth: 2.8 nm (904.5 m/z)
Silicon Electron-beam Diameter:118-558 | Angiotensin Il (931.5 | 0.1 mM
nanocavity lithography an)d RIE nm m/z)
R 123
arrays etching Depth:200-459 nm
Silicon CVD growthH*? Diameter : 10-40 | Verapamil (455 m/z) | 50 fmol
Nanowires nm Midazolam (325.8 m/z)
Length : 0.5 -10 pum
Silicon Commercially availablg Diameter: 5, 30 and Propafenone (342 m/z) 33 fmol
hanoparticles | \veEn-07, ARA-10) 50 nm Verapamil (455 m/z)
Smooth silicon Commercially available Flat Bradykinin (1061 m/z)| 300 fmol
surface (146) o
Bovine insulin £6000
(IR-DIOS- m/z)
MD) Vitamin B, (1356 m/z)
Silicon Lithography and RIE | Diameter= 93 nm | Adenosine (268.19 m/z) 1pmol
Nanowell (144) N
arravs Depth: 10-50 nm | Pro-Leu-Gly tripeptide
Y (285.19 m/z)
Des-arg-bradykinin
(904.5 m/z)

© 2012 Tous droits réservés.
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3.5.1. Factors influencing the efficiency of DIOS-MS analgis

Although the SALDI mechanism, including DIOS, haet been clarified entirely,
preliminary investigations indicate the signal emtement factors for molecular ions in the
SALDI mass spectra such as: (1) irradiation pararseflaser wavelength, pulse duration, laser
fluence, etc), (2) surface morphology, (3) chemieahination, (4) solvent types, (5) presence of
surfactants or cations, (6) sample deposition ntktfi) positive or negative mode, seem to be

crucial to prepare optimized SALDI and DIOS intedg.®® (119)(116) (122) (125) (127) (131) (133) (L4B44)

(145) (147) (148)

3.5.1.1. The role of the laser irradiation

Among these factors, thermal desorption of analgtelecules without thermal
decomposition has been widely attributed to therlasduced rapid temperature increase in the
LDI substraté®®® @28 |n such a case, the temperature peak is a funcfithe optical absorption
coefficient, reflectivity, heat capacity, and heanductivity of the substrates. In particular, the
high optical absorption coefficient of substratedances the rapid temperature increase during
the LDI process, and this helps to effectively sfan energy from the surface to analytes.
Therefore, a structured silicon semiconductor srfaith high absorption coefficient in the UV

region is expected to be an efficient materialit®S-MS. (128 131)

It is known that the best LDI-MS performance igambed when the absorption maxima
of surface-assisted is near the wavelength ofdkerlused. The increased performance is due to
efficient energy absorption by the substrate andnsfer to the analyte in the
desorption/ionization process. Typically, thereaisthreshold laser fluence above which an
analyte signal is obtained. Above this level, the signal is roughly linear with increasing the
laser fluence. The duration of the laser pulsesg @hportant in generating the signal; it must be
short to rapidly desorb the analyte although lorigser pulses have the effect of degrading the
analyte before its desorptidf.

As in MALDI-MS technique, in DIOS-MS technique,dvmain laser types are used. The
ultraviolet laser (UV-DIOS): either the nitrogerséa =337 nm) or Nd:YAG lase\E355 nm),
and the infrared laser (IR-DIOS) with Er:YAG IRs& (=2.94 um) (see Table 3.6).

124

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Wavelength  Photon energyPhoton energy Pulse width

Laser (Kcal/mol) (eV)

Nitrogen 337 nm 85 3.68 <1 ns-Few ns
Nd:YAGx3 ~ 33°m 80 3.49 typs. 5ns
Nd:YAG x4 266nm 107 4.66 typs. 5ns

Excimer (Xecl) ~ 208 M 93 4.02 typs. 25ns
Excimer (KrF) 248 nm 115 5.00 typs. 25ns
Excimer (ArF) 193 nm 148 6.42 typs. 15ns

ErYAG 2.94 um 9.7 0.42 85 ns

CO; 10.6 um 2.7 0.42 100 ns + 1 s tail

Table 3.6: Laser wavelength, pulse width and cqoesling photon energ§%®

The IR-DIOS-MS technique has some advantagesit (Joes not require surface
structuration and LDI can be realized on crystallailicon surface, (i) it allows the analysis
of biomolecules having high molecular masses (ationh of biomolecules detectionl?
kDa), for example: cytochrome £12,500 Da)!® (27 (128) (146)

In IR-DIOS-MS method, the presence of water ovesal in the sample deposit is always
required. It is suggested that the solvent or waggves as “pseudo-matrix” to isolate the
analyte and facilitate its desertion. Furthermdbhe, energy from the IR laser radiation is
most likely absorbed directly by the analyte, tlesidual solvent and water due to their
absorption in the OH stretching region near 2.94 4M®4®) Thus, IR-DIOS-MS can be
used to analyze bigger biomolecules than UV-DIOS-M8wever, the IR fluence required
for the desorption/ionization of analyte is higliean that for the UV laser (> 15 times, see
Table 3.6).

In practice, UV laser is the most applied in DIGIS- analysis because it uses a same
mass spectrometer as for MALDI-MS which most oftihee uses a UV pulsed las&p) 1
(118) (122) (19 The structured silicon surfaces must present a teflectivity and high
absorption in the UV region to maximize photon apson. It is known that bulk silicon has
an indirect band-gap energy of 1.1 eV, which isdowhan the energy of a UV laser (For
example, photons energy at 266, 337, 355 and 53zanmen.71, 3.68, 3.53 and 2.32 eV,
respectively). Thus, by UV laser radiation, siliceubstrate absorbs photons. The electron of
valence band of silicon has enough energy to juonthé conduction band, leading to the

generation of free carriers (holes and electrossyteown in Figure 3.6 (a). Whereas the
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energy of IR radiation is lower than the silicombtaap energy, so silicon is transparent to
it, but the long wavelength radiation is absorbgdHhe free carriers as shown in Figure 3.6
(b).

After photon absorption, the energy can be dissgpadesexcitation) following 4
mechanisms: lyia radiative recombination leading to photoluminesegn?) via non-
radiative recombination; the energy is dissipatatbugh heatvia phonons, 3)via a
photoelectric effect (measurement of a photocuyrant 4)via photochemical reaction. In
practice, in DIOS technique, the energy is dissigpahrough heat thanks to phonons. That
explains why the LDI process in SALDI and DIOS-MBalysis occurs essentiallja a
thermal mechanism. So, a photoluminescent struttsriécon surface won't lead to an
efficient DIOS-MS interface.

(@)

. IR laser Conduction Band
UV laser Conduction Band
R - \\\
o e NN
\\\ \\\\ \\\\ A
NN
N ) Fo=11eV
NN _ N g=1.
O Eg=1.1eV
h* \\
Valence Band Valence Band v

(b)

© 2012 Tous droits réservés.

Figure 3.6: Excitation of electron in the valenanld of silicon by UV laser radiation (a) and IR

laser radiation (b).

The influence of the laser pulse width has alsmbeeestigated, but was found to have little or
no influence on MALDI mass spectra, at least uputse lengths of tens of nanoseconds from
commonly available laser sources. This factor iags that the desorption/ionization process is
determined by the energy density supplied to thepta by the laser pulse (fluence, Jfpmather

than by the rate of energy flow (irradiance, W#m

3.5.1.2.  The role of DIOS surface morphology
It has been demonstrated that both smooth andhrsiligon surfaces (from micro to
nanoscale) can be successfully used in DIOS-MSysisalbut the structured silicon surfaces

were the most investigated.
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It has also to be noted that there was no enhantenfienass signal in case of rough
surfaces, as compared to smooth surfaces in IR-BMS&nalysis.

In contrary, rough silicon surfaces could improtlee efficiency of UV-DIOS-MS
technique, because of their high surface areaygith/ absorption and low thermal conductivity
(55) (115) (118) (122) 14Dy example, Weit al. studied LDI-MS analysis of small molecules using
porous silicon substrate fabricated by electrockhahetching method. They demonstrated that
the surface with small pore size gave a more igtéms signal with a sensitivity of 700 attmol
for Des-arg-bradykinin (904.5 m/z) analysi€? In addition, the low thermal conductivity of
porous silicon confines the heat near the surfdues increasing locally the temperature. For
example, the high porosity of porous silicon is kmnoto reduce its thermal conductivity (~1.2
W/(m-K)), as compared to that of a single-crystaliflat silicon wafer (~130 W/(m-K§}*%). In
the case of silicon nanowires, the surface temperaincreases sharply because of the 1D
guantum-confined thermal energy and the decreageimal conductivity of the nanowires. As
a result, the use of a silicon nanowires substestelts in a remarkable decrease in the minimum
laser irradiation energy required for analyte deson/ionization*?”. It was shown that SiNWs
substrates require a lower laser fluence (0.3us#puhan PSi substrates to reach sufficient
surface temperature required for desorption/ioromabf molecules. The use of such surfaces
further reduces the risk of fragmentation of thelenoles to analyze and at the same time the

background noise.

On the other hand, different surface morphologiekl various wetting behaviours. This
leads to various amounts of solvent or water caitgithe analytes located either on top or
inside of the structure of the DIOS interface, ueficing the efficiency of DIOS-MS analysis.

Thus, it is difficult to indicate a precise role thie substrate morphology on DIOS-MS analysis.
(123)

In addition to the thermal desorption/ionizatiorogess, experimental results strongly
support other contributions of non-thermal proceseethe desorption/ionization mechanism in
ion desorption enhancement in DIOS-MS. Norteéml found a correlation between the signal
of the DIOS mass spectrum and the changes in tliaceumorphology (surface restructuring
and surface melting). They suggested that the gesorprocess in DIOS-MS is driven by
surface restructuring and is not strictly a therpracess“®
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3.5.1.3.  The role of surface termination

In DIOS-MS analysis, chemical modification of tharface allows to control the precise
location of analytes and to increase its stabiityer time, leading to a higher efficiency as
compared to the surface without chemical modifarat{*'® @22 @3)|n addition, the surface
terminal group can also serve as a source of psofon ionization such as hydrogen- or
hydroxyl-terminated silicon substraté€® 19}t is also known that, for the same DIOS surface
morphology, the chemical modification can changewettability behaviour and thus alters the
interaction between the surface and the adsorbéecmes (see chapter 2).

Therefore, different surface chemical terminaticgsult in various efficiencies of DIOS-

MS analysis. For example, Traugetr al. 3"

prepared porous silicon (PSi) surfaces modified
with various chemical terminations: -NHCH;, -CF;, -CgFs. They showed that the PSi surfaces
terminated with -NH, -CH;, and -Ck groups displayed similar S/N ratios as for hydrege
terminated PSi surface. While PSi surfaces witfFsCtermination exhibited the highest
sensitivity (800 yoctomoles for Des-arg-bradykinibhjoreover, they also demonstrated that
hydrophobic derivatized surfaces (-¢H-CF;, -CsFs terminated PSi) could detect both
hydrophilic and hydrophobic molecules, while Ntérminated PSi substrates showed selectivity

only towards hydrophilic or polar analytes.

In some cases, the derivatization of the surfacepermit the isolation and separation of
biomolecules and their subsequent detection by mpsstrometry analysi¢'® 24 (159 Thjg
point will be discussed in more details in chapferFor example, Gt al. showed that
perfluorophenyl-derivatized silicon nanowires (d&sr: 10-40 nm, length: 0.5-10 pm) grown
via the VLS technique could be used as a Thin Layero@htography (TLC)-like for the
separation and identification of molecules in th@asof chromatography, followed by DIOS-MS
analysis. The capability of SINWs to separate gorsample mixture lies in its high surface-to-
volume ratio and in the difference in analyte-scefanteractions. When combined with its
ability to support laser desorption/ionization maggctrometry, chromatographic separation
followed by MS analysis with SINWs provides a simpinexpensive, rapid, and qualitative
means to separate and analyze sample mixturesasugimoxicam: 338 m/z and piroxicam: 332

m/z at 1 mg/mL.
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3.5.1.4. Role of solvent, acid, surfactant and salt in theasnple
preparation

The presence of solvent, water, acid, surfactamtscations in the sample

preparation also plays a significant role in DIOS Efficiency*® 116/122) 131)

v Water or alcohol is used as a “pseudo-matrix”, Whigbsorbs IR irradiation for
desorption/ionization of analytes in IR-DIOS-MS bs#&s (as discussed in the previous
section [3.4.1.1]).

v' Water and acid (for example: HCI, TFA) can provjietons for increasing the protonation
process. It leads to an improvement in the DIOSé¥f8iency *°.

v Addition of a solvent (for example: alcohol) in thetial sample preparation facilitates a
part of solvent and analyte molecules to be trappiedthe structure$?? 2% The residual
solvent in the structure is vaporized by a tempeeaincrease at the surface, resulting in a
rapid heating of the substrate and improvemenhefdesorption/ionization efficiency of
analytes?® (139

v Addition of perfluorinated surfactants in the saenpteparation increases the efficiency of
DIOS-MS technique. For example, Nordstroet al. “® showed that the use of
perfluorinated surfactants enhances the mass s@n&DI-MS analysis of both small
biomolecules and peptides on thgFG-terminated porous silicon substrate. The surfdctan
interacting with the perfluoro-terminated surfadlevas the analyte and solvent molecules
to be tapped on the rough substrate. Thus, it edsatihe explosive vaporization, resulting
in the improvement of DIOS-MS efficiency. Among thested surfactants such as:
heptadecaflurooctan-sulfonic acid (PFOS), perfluodecanoic acid (PFUnA), 3-
(perfluorodecyl) paropane-1-ol (PFDOH), and sodidatdecyl sulfate (SDS), PFOS and
PFUNA present the highest quality of mass sign&8llidS-MS analysis of 100 fmol Bovine
serum albumin (with a higher value of S/N at |&a$bld compared to other surfactants).

v' Using metal cations in the sample preparation ifatéls the analysis of hydrocarbons and
lipids by DIOS-MS technique. For example, Muek al. suggested that doping SINW
arrays with lithium hydroxide yielded high S/N vakiwith low limits of detection (750 pg
tripalmitin on target with S/N=5) and efficient iaation for a range of fatty acids (FA),
mono-, di- and triglycerides and hydrocarbons (HO)e lipids interacting with lithium

ions form doped lipidic species, leading to enhamee of DIOS-MS efficiency**”
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From the same DIOS surface (morphology and chentgratination) and prior to DIOS-MS
analysis, the sample needs to be deposited. Tdpspsays a pivotal role and can be divided into

three steps:

» Choice of buffer or solvent depending on the mdietoi analyze.

» Addition of surfactants or cations in the sampl@worthe DIOS surface prior to sample
deposition 47

» Sample deposition on the DIOS surface: (1) usingipette (most used method)
followed by a drying step, (2) by dipping the DI@8rface into the sample solution
followed by a drying ste?®, (3) electrospray depositid®, (4) electrowetting to
enhance the penetration of the sample into thetsiel of the interfac€?), (5) short
contact*?? @37 (6) precise distribution of sample nanodropletspecific locations

using digital microfluidic displacemert®

In the next section, we’ll discuss the sample dejeosmethods in more details.

3.5.2. The method of peptide deposition on DIOS surface

Once the analyte droplet is deposited on the sairéand allowed to dry, evaporation of
the solvent forms either a uniform spot (homogenanslyte deposition) or a ring (non-
homogenous analyte deposition). The observed sraglied “coffee-staining” or “coffee-ring”
effect. In DIOS-MS analysis, it is evident that fieemation of a uniform spot is preferred to a
“coffee-ring” spot. Indeed, in the uniform spot,ethanalyte concentration is higher and
homogeneously distributed within the spot. A singker pulse irradiation is sufficient to realize
desorption/ionization of a higher amount of adsdraealyte on the surface in a uniform spot as
compared to the “coffee-ring” case. This spot tfeeeeresults in a higher efficiency. For this
reason, the concentration of molecules inside goumispot is crucial. In this section, we will

report different methods for creating a uniform gpéarmolecules spot on DIOS surface.

3.5.2.1.  What happens during the drying of analytes droplet?
The “coffee-ring” effect originates from the ph@amenon when a coffee drop dries on a
surface, as shown in Figure 3.7. A darker ringrsiied after water evaporation with most of the

solid particles deposited at the edge of the sgutraas very little amount is observed in the

130

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

centre of the ring. This phenomenon is explainedh@yadvection phenomenon arising during

evaporatior'® (52)

Figure 3.7: Observation of coffee-ring effect oswaface (*°?

Figure 3.8 depicts the mechanism of evaporatioa droplet on two types of surfaces
(hydrophilic (a) and hydrophobic surface (b)). Feach surface, different results have been
obtained: a ring is formed on the hydrophilic saefavhereas a uniform spot is observed on the

hydrophobic one.

In the case of a hydrophilic surfacee. when the CA<90°, the analytes are pullechéo t
edge of the spot by the advection phenomenon dtimgrop evaporation (Figure 3.8 (a)). Thus
the coffee-ring effect occurs, leading to non-hoeragus analytes deposition on the surface i.e.
most of the analyte are concentrated at the eddeoaly a small amount is localized in the
centre of the “coffee-ring**? @3 This phenomenon reduces the efficiency of DIOS-MS
analysis by lowering the signal intensity and imasiag the background due to a non-uniform
deposition of analytes. This phenomenon can be aoedpto the one observed in MALDI with
the creation of “hot spots” when the co-crystatiza of analytes and organic matrix is not
uniform. Hence, the hydrophilic surface has a latman in DIOS-MS analysis. However some
strategies have been proposed to overcome thisepnalsee below).

In the case of a hydrophobic surface e. when the CA>90°, the advection inside the
drop develops some turbulences thereby mixing wedl analytes during evaporation, as
illustrated in Figure 3.8 (b). Additionally, therace contact area with the liquid is reduced and
the evaporation rate from the perimeter (soliditiguapour interface) is very slow due to vapour
saturation (CA>90°). This results in the formatioh a uniform spot of analytes on the
hydrophobic surface. It is evident that the cof$éaning ring is greatly reduced in the case of a

hydrophobic surface and most of the analytes anesstrated inside the spot?®® Thus, we
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assume that this effect is favourable for LDI-M&ilgnis of molecules. Therefore, higher contact
angles will lead to a higher concentration of atedywithin a restricted zone.

Hydrophilic surface Hydrophobic surface

(@) (b)

After the
evaporation of

solvent l

Figure 3.8: Scheme showing droplet evaporation witarnal advection (a) on a hydrophilic

surface and (b) on a hydrophobic surfaldg?®>?

However, as discussed in chapter 2, in the casepdrhydrophobic or superomniphobic
surfaces (SH or SO surfaces), the liquid droplet ba either in a Cassie Baxter state (no
impalement) or in the Wenzel state (total impaletphesr in a semi-Cassie Baxter state (partial

impalement).

Figure 3.9 displays the distribution of analytesinlg the evaporation process on SH or
SO surfaces (rough or structured surfaces). liiii@l state of the liquid analytes droplet is in
the Cassie-Baxter state (Figure 3.9 (a), the consmgle decreases until the complete
evaporation of the liquid occurs. The radius of #malyte droplet (B is thus reduced. This
causes an increase of the Laplace pressu(@-£2y/R., wherey is the surface tension of the
liquid and Rc is the radius of the droplet).
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Wenzel state

Cassie-Baxter state

(@) (b)

Figure 3.9: Schematic illustration of liquid droplevaporation with a transition from Cassie-

Baxter state to Wenzel statg?

» If this pressure is higher than the threshold pres®f the surface, a fraction of the
droplet penetrates into the structures, and theacoiine starts to be pinned onto the
surface. We can speculate that the gradual transitom the initial Cassie-Baxter state
to the Wenzel state, during the drying procesedgdace when R R (where R is the
radius of the spot) (Figure 3.9 (b)). Then, thaiiligcontinues to evaporate under the
Wenzel state with a receding contact angle alway®it than 90°. Then, the evaporation
occurs as on a hydrophilic surface and leads tddireation of “coffee ring” like spot
almost as on the hydrophilic surface. Furthermtie, analytes can penetrate into the
structure, as shown in Figure 3.10 (2). Compareal tgdrophilic surface, during droplet
evaporation on superhydrophobic and superomniphsabi@ces with the transition from
Cassie-Baxter state to Wenzel state, the diamétdreo‘coffee ring” is smaller i.e. the

analytes are more concentrated.

» If the Laplace pressure is smaller than the thiespi@ssure of the surface, meaning that
the resistance to the transition from the Cassiadddo the Wenzel state is stronger i.e.
high robustness (see chapter 2), the droplet vatl penetrate into the structure. So,
during droplet evaporation, a uniform spot is fodwéth high analytes concentration on

the top of the structures, as shown in Figure 81)0
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Figure 3.10: Schematic illustration of the distritmn of sample molecules after droplet

evaporation: (1) with and (2) without transitiorofn Cassie-Baxter state to Wenzel state.

Consequently, different morphologies of the DIO®sitates impact their wetting properties,
leading to different analyte distribution within ethstructure during droplet evaporation.
Therefore, liquid repellent DIOS surfaces lead teesy uniform spot formation increasing the
DIOS-MS analysis efficiency. It has to be noted tihamost cases, the DIOS surfaces reported
in the literature are chemically modified with losurface tension molecules such as

perfluoroalkyl or alkyl chains, leading to superhyghobic surface$*®®2% (139 (137

3.5.2.2.  Strategies for the creation of uniform spots of angtes on
the DIOS surface

To control analyte deposition at a precise locatithe DIOS surface is chemically
modified by either silanization or hydrosilylatiomhe chemical functionalization with low
surface energy molecules often leads to a supespfidbic DIOS surface having a low contact
angle hysteresis, on which it is difficult to depaes liquid droplet because of the rolling-ball
effect. To overcome this problem and to form a amif spot of analytes after droplet deposition

on a SH surface, different methods are proposed:
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» Keeping the liquid droplet in contact with the surface Siuzdak’'s group have first

elaborated a technique consisting of keeping ddiguoplet of analytes in contact with the

superhydrophobic porous silicon surface for fewoges, and then the droplet is withdrawn

into the pipette. This procedure can be repeatei fige times to maximize analyte loading

(4%) 137 |t results in the location of analytes on the tdjthe structure, as shown in Figure

3.11. This method is very simple and allows retngvthe solvent and eventually

contaminants such as salts, leaving only analytederest on the surface.

Contact with
surface for few
seconds

o Withdraw the
g A peptide into
* Pt pipette

Figure 3.11: Schematic illustration of the maniptida of a peptide droplet by bringing it in

contact with a superhydrophobic porous silicon aoef for 30 seconds.

» Creating a superhydrophobic holethat allows analytes droplet to be maintained @n th

superhydrophobic surface without slipping off. Feeample, A. Ressinet al. fabricated

superhydrophobic porous silicon nanoarrays chip Wwiles of 350 um in diameter using an

electrochemical etching combined with lithograpay,shown in Figure 3.12. Depending on

the robustness of the surface, the analytes catiskiébuted either on the top or inside the

structure.
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100 um

200 pm

Figure 3.12: (A) Superhydrophobic porous silicomasial chip for analyte droplets deposition
providing a convenient way of liquid handling, (B&EM images of the porous nanovial array

along with several close-up viewWs?

» Superhydrophilic regions on asuperhydrophobic surface in this case, the size of the
droplet should be bigger than the size of the dumirophilic area to avoid analyte solution
to penetrate deep inside the structure. For exarijere 3.13 displays a superhydrophobic
NanoSi surface with superhydrophilic aperturessthiy NanoSi surface was fabricated by
electroless etching and coated by OTS, leading soiperhydrophobic surface. Secondly,
superhydrophilic apertures were created by removireg organic layer (OTS layer) by
oxygen plasma after an optical lithography stepttidy method, the analytes are distributed

both on the top and inside the structure afterlétagvaporation’*>
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[ Hydrophobic layer

Superhydrophobic
zone

Superhydrophibic
zone

Figure 3.13: Schematic illustration of the diffetesteps for the creation of superhydrophilic
zones on a superhydrophobic surface. NanoSi subgttais coated with a hydrophobic layer
(orange colour) (2), covered by a photoresist lafi@ack colour) for the lithography step (3),

then the hydrophobic layer is removed byplasma (4). Finally, the resist layer is removed

yielding superhydrophilic zones surrounded by thgeshydrophobic surface (5). A photo of the
patterned surface with peptide droplets (6).

» Penetration of the analytes inside the structure byapplying a voltage provoking an
electrowetting during the sample deposition on porous silicon YR8d silicon nanofilament
(nSi) surfaces®®. This technique allows homogenous deposition aflyées on top and
inside the structures. In that case, various agphieltages will cause different levels of
penetration of analytes into the structure. Tetal. showed that high applied voltages allow
more analyte to penetrate deep into the structesjlting in a better mass spectrometry
signal quality. They also reported a detectiontliafil5 fmol for Angiotensin | (898.9 m/z)
with S/N = 300 at 75 V. Furthermore when they aggbka voltage of 125 V, the quality of the
mass signal was improved by a factor of 2 with Id §/600. This technique was used for
aqueous solutions of analytes. It has to be ndtatdelectrowetting is not required when the
analytes are dissolved in an organic solvent ssdicatonitrile. Because the organic solvent
causes the reduction of surface tension, leading tiecrease of the contact angle on the

substrate and thus a penetration of analytes inlalstructures.
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> Electrospray deposition “*** This technique is similar to the electrowetting hoet
described above. Here, a potential is applied bmtwee DIOS surface and the sample,
leading to the formation of a uniform thin layerarfalytes deposited on the DIOS surface.
This method allows a quantitative analysis andesponds to a combination between liquid
chromatography and DIOS-MS analysis

» Changing the surface energy of the DIOS surfacé reach final water contact angles
ranging between 110 and 140°, and thus facilitatiegdroplet deposition. The change of the
surface energy of a DIOS surface can be realizedhleynical modification notably by the
introduction of different alkyl chain lengths suéls octyl, decyl...instead of octadecyl
chains. Alternatively, the surface energy can ls® @hanged by partial degradation of the
organic layewia UV/Ozone treatment. In that case an octadecylinclsapartially degraded
(see next section).

» Changing the surface tension of the analyte solutioby addition of a solvent such as:
ethanol, methanol or acetonitrile. The quantityhef solvent depends on the surface wetting
properties. For example, NanoSi-1tas lower surface energy than NanoSis(3¢e chapter
2 [3.2]) thus for obtaining the same final contangle, the amount of solvent added in the
analyte solution for -CHs higher than for the -CHtermination (see next section). These
methods are simple and do not require any lithdgragep or electrowetting manipulation of
the droplet. Thus, we will choose this method for DIOS-MS analysis.

3.5.2.3. Summary

The studies of DIOS-M@nalysis are very broad, but its mechanism is wtillear and
complex. The high quality of DIOS-MS analysis résdtom an interplay of various parameters
such as: laser pulses, morphology of the surfabemaal composition of the surface,
composition of the sample solution, wetting projesriof the surface, and also the method of
analyte deposition.

In our group, we have developed silicon nanosiined (NanoSi) substrates for DIOS-
MS analysis of small molecules and for lab-on-ciplications™. In the continuation of the
work of Gaélle Piret (thesis 2010), we optimizedtims thesis the performance of various
interfaces such as silicon nanostructures prepdmgdmetal-assisted etching either using
HF/AgNO; or NaBR/AgNO; aqueous solutions, or synthesized CVD growth (silicon
nanowires) for DIOS-MS analysis. In the followingction, we will first present the sample
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preparation for DIOS-MS analysis. Secondly, we wadport the results obtained by mass
spectrometry analysis using different surface molqgiies, and evaluate their sensitivities.
Finally, we will consider the influence of dopingpe, SiQ deposition and effect of the chemical
composition of the NanoSi surface on DIOS-MS edinay.

3.6. DIOS-MS analysis of peptides on nanostructured stion surfaces

3.6.1. Surface preparation

The nanostructured silicon substrates investightrd were prepareda metal-assisted
etching using NaBFAgNO; or HF/AgNG; aqueous solution (as described in chapter 1). In
DIOS experiments, the NanoSi surfaces were fitah&ied with octadecyltrichlorosilane (OTS)
conferring a superhydrophobic character to theaserfvith a water contact angle (CA) of 160°.
For an easy deposition of the droplet, the CA wasrehsed to 120° by UVil@reatment (4
mW/cnf at 220 nm) for 4 minutes, as shown in Figure 3The interfaces were attached to a

MALDI target plate using conductive double-sidebzar tape.

UVv/O3

dmWicm2 at 220 nm
for 4 min

Figure 3.14: Water contact angles of OTS-terminatethoSi surfaces before (CA=160°-left)
and after UV/Q treatment (CA=120°-right).

3.6.2. Sample preparation

The performance of the NanoSi surfaces for DIOSlysis was evaluated using a
standard peptide mixture composed of Des-argl-Biady (M= 904.5 m/z, isoelectric point pl
= 10.0), Angiotensin | (M=1296 m/z, pl= 7.4), Gl&ibrinopeptide | (M=1570 m/z, pl= 4.0) and
Neurotensin (M=1673 m/z, pl= 8.7) (Table 3.7). Tipeptides Mix1 were obtained from a
sequazyme peptide mass standard kit of Appliedsgstems (AB) (Part number P2-3143-00).
They were diluted in 1 mM ammonium citrate buff@HES.5) to 50 fmol/uL, except for
Neurotensin (10 fmol/uL). A 1 pL of the analytesusion was directly deposited on the NanoSi
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surface and allowed to dry in air before inseriitio the mass spectrometer, as shown in Figure
3.15. As the CA is 120°, the droplet of peptidegslaot spread out, remaining in a localized

area of ~ 250 um in diameter.

Figure 3.15: Schematic illustration of the peptidesture deposition on DIOS surface.

Peptides Molecular pl Charge in 1 mM ammonium
weight (Da) citrate buffer (pH=5.5)
Des-argl-Bradykinin 904.5 10 +
Angiotensin | 1296 7.4 +
Glul-Fibrinopeptide | 1570 4.0 -
Neurotensin 1673 8.7 +

Table 3.7: Physico-chemical properties of the gteptides.

3.6.3. DIOS-MS analysis

For performing the Laser Desorption/lonization amass spectrometry analysis, we used
a Voyager-DE-STR time-of-flight (ToF) mass specteden (Applied Biosystem) with delayed
extraction, operating with a pulsed Mser at 337 nm (3 ns pulse). Positive ion masstep
were acquired in a reflector mode of operationaeacelerating potential of 20 KV, and a grid
voltage at 73%. No guide wire voltage was used,thadextraction delay time was 200 ns. Each

spectrum is the result of about 50 averaged ladsep.

As the DIOS process is performed in positive iosde] we choose ammonium citrate as
a buffer to limit sodium and potassium adducts fation. Additionally, the pH of the buffer
solution also allows formation of positive ionsrranost of the peptides, increasing the MS
signal intensity™'® @) when the pl > pH, the peptide carries a net p@sitharge in
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http://doc.univ-lille1.fr

© 2012 Tous droits réservés.



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

ammonium citrate buffer solution. Here, all pepsidare positively charged (Des-argl-
Bradykinin, Angiotensine I, Neurotensin), exceptuuGFibrinopeptide | which is negatively
charged (See Table 3.7).

The following are the different steps of the DIOS-Mb analysis protocol:

1. Three droplets (1 pL each) were deposited at tHierent locations on four NanoSi
surfaces.

2. Letthemdryin air.

3. Perform DIOS-MS analysis on one spot with varicaset fluences until obtaining the
best mass spectrum as possible at certain lasesity (L).

4. Then, DIOS-MS analysis is performed on the thréeiospots using the laser intensity
I.. However, for each spot, we tried to obtain thetMS signal so the Ineed to be
tuned meaning that the applied laser intensityefiirh spot on the same surface may be
slightly different.

5. The standard deviation for each peptide was deteuinirom the results obtained from

three different spots.

To estimate the quality of the MS signal, valuessmgnal to noise (S/Njatio were
considered. The S/N ratios were calculated fromidimecounts obtained using Data Explorer
(Applied Biosystems) for each peptide. The pepsid@al value was then divided by the average

ion count for the m/z interval 1900-2000, resultingsummed” S/N values.

3.6.4. NanoSi surfaces fabricated by NaBFAgNO; aqueous solutions

For the optimization of DIOS-MS analysis, we fietsted nanostructured silicon (NanoSi)
surfaces prepared by chemical etchingHR/AgNO3; aqueous solution.This substrate was
previously optimized in our group® @4 ) G0 1) The pest quality of LDI-MS signal was
obtained with NanoSi surfaces having a high deraitg a medium height of about 2.5 pum.
Based on this result, we investigated NanoSi sadaprepared by chemical etching of
crystalline silicon inNaBF4/AgNO3 solutions (see chapter 1 [1.2.3.2]) as new substrates for
LDI-MS. Herein, we studied three NanoSi surfaceslifferent morphologies. They have been
synthesized from various types of silicon under slaene experimental conditions i. e. 2 M
NaBF/0.02 M AgNQG aqueous solution at 80°C for 2 h (Figure 3.16Sand Q). Their ability
for LDI-MS analysis are compared to NanoSi surfiateicated using.02 MHF/2.5 M AgNO3
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aqueous solutionat 53°C for 10 minutes and called $igure 3.16 9. This surface-Swill
serve as a reference in terms of DIOS-MS performaRgure 3.16 exhibits top and cross view

SEM images of these interfaces.

+ S surfacewas prepared from n-type (100) silicon wafer, sigty 5-10 Ohm-cm. The
surface displays a porous-type structure witha@ilineedlegdiameter of the tips: 50-300
nm, diameter of the pores: 250-450 nm and height um).

+ S surfacewas obtained from n-type (111) silicon wafer, sésity 0.03-0.05 Ohm-cm.
The resulting nanostructures are randomly oriersed consist of nano-triangles
(diameter of the tips: 30-400 nm and heigt.9 um).

e S3 surfacewas synthesized from p-type (100) silicon wafesistivity 0.009-0.01 Ohm-
cm. Their structures consist of isosceles triandigsmeter of the tips: 90-600 nm and
height: 1.25 pum).

» S, surface was fabricated from the same silicon wafer as jrsi8face: p-type (100),
resistivity 0.009-0.01 Ohm-cm. This surface conmgmisvertically-aligned silicon
nanofilaments(diameter of the filaments: 20-100 nm and heigh& @m). Top-view

SEM characterization showed a porous silicon-ltkecsure.

On the other hand, these surfaces present a Idectafice values (<1.5%) over a wavelength
range of 200-1300 nm, as shown in Figure 3.17, esigyy that these surfaces absorb efficiently
the energy of the UV laser pulse radiation at 337 n

To assess the DIOS-MS performance of the intesfémea standard peptide mixture at a
concentration of 50 fmol/uL, three droplets (1 phclk) were deposited at three different
locations on the four NanoSi surfaces. Figure 3i&plays mass spectra recorded on each
surface. Table 3.8 reports their average S/N vadunesstandard deviation for each peptide on
each surface.
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S
n-type (100)
resistivity 5-10
Ohm-/cm

S

n-type (111)
resistivity 0.03-
0.05 Ohm/cm

S
p-type (100)
resistivity
0.009-0.01
Ohm/cm

p-type (100)
resistivity

0.009-0.01
Ohm/cm

Figure 3.16 SEM images (tc-views and cross-viewsf NanoSi surfaces prepared us2 M
NaBF4/0.02 MAgNGO; aqueous solution at 80°C for 2 h fr¢S;: n-type (100), resistivity-10
Ohm-cmS;: ntype(111) resistivity 0.(-0.05 Ohm-cmS; and S: p-type (100), resistivit
0.009-0.01 Ohm-cn&, was synthesiz¢using2.5 M HF/0.02 M AgNQ aqueous solution at
53°C for 10 minutes.
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Surfaces S/N and (Standard deviation (SD) (%)
Des-argl- Angiotensine || Glul-Fibrinopeptide| Neurotensin
Bradykinin I
S 871 (22%) 429 (32%) 129 (56%) 32 (40%
S, 799 (8%) 388 (37%) 82 (14%) 43 (37%)
S; 1002 (25%) 769 (26%) 153 (19%) 69 (26%
Sy 1160 (17%) 731 (35%) 530 (55%) 80 (76%

Table 3.8: Average S/N ratio values and standandad®ns for each tested peptide on
different NanoSi surfaces(&, S and Q).

From these results we can see that:

1) All the tested surfaces, fabricated using N@BGNO3; aqueous solution, are able to detect
the four peptides as in the case of theefrence interface.

2) The S/N ratio for each peptide is not identical ttee same surface. This may be due to the
fact that each peptide could be adsorbed at valkemeds on the surface, due to their different
physico-chemical properties or the different intéins with the surface functional groups.
Thus, it leads to different D/I efficiencies undéwe same laser irradiation. It should be
noticed that Neurotensin and Glul-Fibrinopeptigedsent the smallest S/N values than the
other peptides. Glul-Fibrinopeptide | carries gatiee charge in ammonium citrate buffer
solution. It should be more difficult to producepasitive ion from this peptide, thus the
efficiency of detection of this peptide is lowerowever, we did not realize a test in the
negative mode. For Neurotensin, the small S/N \wataeeorded for all surfaces are related to
its concentration. Indeed, this peptide is 5 titess concentrated (10 fmol/uL) in the peptide
mixture, as compared to the other peptides.

3) The detection of each peptide is not identical achesurface:

Des-argl-Bradykinin: All surfaces allow the detection of this peptigdth high
sensitivities with S/N values o871, 799, 1002 and 1160 for surfaces &, S and S,
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respectively. The Des-argl-Bradykinin is consideasdthe base peak for the MS spectra for
each surface. The surface [Besents the best quality of peak in terms of &\.this peptide,
the SD is similar for each surface (around 20%geekfor $ which displayed a SD of 8%.

Angiotensin I: TheS; and $ surfaces show a quasi identical detection for Atagisin |,
(S/N values of 429 an@88, respectively) with an efficiency 1.5 times tawthan $ and S
surfaces (S/N values of 769 and 731, respectively).

Glul-Fibrinopeptide | is negatively charged under our experimental daon and
normally the positive mode is not favourable fag ttetection of such a peptide. Nevertheless, all
surfaces are able wetect it and $seems to be very efficient as compared {0 and S.
However, § present a SD of 55% as compared t9 $ and $ with 57, 15 and 19%,
respectively, suggesting that, & very sensitive towards this peptide but thergpot MS
analysis showed highly different values. The sw@$a§ and $ exhibited lower S/N values than
S; with a higher SD for the;Surface 57% (15% for,p

Neurotensin: The four different surfaces are able to detect Biemsin with an interspot
SD of 26, 37, 40 and 76% for surfaces $, Ss and S, respectively. Here again, the Surface

seems to be the most sensitive but shows highlgiMarvalues of S/N between each spot.

Summary

The efficiency of LDI-MS of each surface is di#et for each peptide. Nevertheless, two
groups of DIOS surfaces seem to appear by compénmd/N values for each peptide. First
group includes Sand $ surfaces and a second group composedsbgn8 S surfaces. It is
found that $ and g surfaces display similar results in terms of S&lues and higher LDI-MS
efficiency, as compared to the first group é8d ). Except for Glul-Fibrinopeptide, the results
for S and Q are similar.

The S and S surfaces were fabricated from the same silicoe,type. from boron-doped
silicon (p-type), but from different solutions3(&nd S using NaBR/AgNO; and HF/AgNQ
aqueous solutions, respectively). They showed qdasitical efficiencies for LDI-MS analysis
for the tested peptide mixture, except for the cteia of Glul-Fibrinonpeptide I. Indeed, S
surface presents a S/N value for Glul-Fibrino plptiof 530 whereas;Shows a S/N value of
153 i. e. 3.5 times lower. Concerning the surfaBgsand $, they were fabricated from
phosphorous-doped silicon wafer (n-type). A possibfluence of the silicon doping could be

the origin of the difference in the LDI-MS perforne for all the surfaces tested in this work.
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However, the most sensitive surface is théoBthe peptides we have analyzed, but with
the highest SD values. A good compromise shoulthbesurface Scombining good sensitivity
and low SD.

We suggest that SD may be caused by: (i) surfabemogeneity, (i) problem of
reproducibility of the peptide deposition, leaditagdifferent amounts of peptide, (iii) a slight
difference in the laser intensity.

We can explain the difference in terms of LDI-M&fprmance of all the DIOS surfaces
by the various morphologies obtained as a functibthe silicon wafer type (n or p-type or
dopant concentration) and from the etching solutiéi or NaBFR) used. We suggest that:

» The different morphologies can lead to a variatiothe amount of analytes deposited on
top or inside the structure due to different leva@penetration of the liquid droplet into
the structures, even for the same initial contagte

* It is known that a deeper penetration of the aealyh the structures leads to a better
LDI-MS performance'*®®. At the same time, the residual amount of watesavent
inside the structure of a DIOSterface can greatly influence the LDI-MS efficogri*®
(127)(128) |n that case, the solvent acts as a “pseudo xhatri

* Finally, the different surface morphologies obtairman cause a variation in the thermal

conductivity of the surfaces, resulting in varidd®©S-MS analysis efficiencies.

3.6.5. Influence of doping type on DIOS-MS efficiencies

To gain a better understanding and based on thaoois results, we investigated the
influence of the doping level on the LDI-MS perfante. Gaélle Piret, during her thesis, has
shown that using different silicon wafers in terrmo§ type and doping level, silicon
nanostructured surfaces of similar morphologieshmobtained. These substrates did not show
any significant difference in the LDI-MS performanc

However, in our case, it is difficult to conclude the real influence of the substrate
morphology and silicon type (n or p-type and comion of dopant) on the performance of
DIOS-MS analysis. Firstly, because we have obsettvatlelectroless etching assisted by metal
gave different NanoSi surface morphologies usinBRAgNO; solution (see chapter 1
[1.2.3.2]). We don’t know if the type and level sificon doping has a direct or an indirect
influence on LDI-MS analysis performance, i. ethié dopants play a crucial role on the etching

process by forming different morphologies, influegc the LDI-MS performance or if the
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dopants affect directly the performance of the INIB- analysis by influencing photons
absorption, reflectivity....

To investigate a real influence of such dopants,have performed DIOS-MS analysis
using silicon nanowires prepared by CVD. For thatuged the same peptide mixture as before.
The advantage of such substrates is that they $siav&ar morphologies whatever the presence
or not of dopants and whatever the type and lefglopants (Figure 3.19). They are straight
with a length of 6-7 um and diameters ranging fie®nto 100 nm. These NWs were grown at
500°C, at a total pressure of 10 mbar during 20utes partial pressure of silanes;(R) of 0.65
mbar, and B:Si (BHs) and P:Si (Ph) ratios of 10"

Table 3.9 displays the average S/N values and th&rspot standard deviation in
percentage for each peptide on different SiNWsased tested: undoped, p-doped and n-doped
silicon nanowires. We can see that the number tteadopants incorporated in the silicon
nanowires is 25 times higher for boron as comp&rseghosphorus. This is explained by the fact
that the kinetics of incorporation during the grbvprrocess is the not the same for both atoms
and so in practice, it is very difficult to predigeontrol the dopants incorporation in SINWS.
However, they are still highly doped with around®i&toms of dopants/cinThe results of mass
spectrometry analysis showed that undoped SiNWseptethe best performance than doped
SiNWSs notably with better S/N ratios for each tdgteptide. So, the important point here is that
the presence of dopants leads to a decrease &iftWs performance for LDI-MS analysis of
peptides. However, when S/N ratios and SD are cosdptor n-doped and p-doped SiNWs
substrates, we can clearly see that p-doped NWs patter results than the n-type NWs, as
already observed for the NanoSi interfaces in sedB8.6.4].

Figure 3.19: CVD silicon nanowires prepared via MeS mechanism.
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Silicon nanowires (SiINWSs)

S/N and Standard deviatio (SD) (%)

Type of Dopant level Des-argl- | Angiotensi Glul- Neurotensin

dopants (dopants/cr) Bradykinin ne | FlbrlneO|Ioept|d

Undoped None 1074 (17%) 299 (7%) 45 (29%) 37,(24%)

p-doped 100 x10° 704 (7%) | 266 (28%) 79 (SD 13%) 22 (32%)

(boron)

n-doped 4x10"° 462 (25%) | 192 (34% 28 (20%) 15 (33%)
(phosphorous)

Table 3.9: Average S/N ratio values and their SiDefich peptide tested on different

CVD-grown silicon nanowires (SiNWSs): undoped, petbpnd n-doped.

3.6.6.

*measured by electrical characterization (activepdats).

Sensitivity of DIOS-MS analysis using our DIOS inteaces

We have tested the sensitivity of detection of tklour NanoSi surfacesz §NaBF;) and

S, (HF). For that, we have prepared different coneiains of the peptide mixture (50, 5 and 1

fmol/uL). On each surface, we have deposited thpets. In Table 3.10 are summarized the S/N

ratio values after DIOS-MS analysis. Both surfaaes able to detect 1 fmol/uL of Des-argl-

Bradykinin, Angiotensine |, Glul-Fibrinopeptide hch 0.2 fmol of Neurotensin. Between the

two tested surfaces, & the most sensitive.
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S/N ratios and SD (%) for § surface fabricated using HF/AgNQ aqueous

solution
Peptide 50 fmol/pL 5 fmol/pL 1 fmol/uL
Des-argl1-Bradykinin 1160 (17%) 1120 (19%) 337%)3
Angiotensine | 731 (35%) 28 (35%) 30 (26%
Glul-Fibrinopeptide | 530 (55%) 216 (28%) 56 (149%)
Neurotensin 80 (76%)) 7 (28%) 6 (16%)

S/N ratios and SD (%) for S surface prepared using NaBE#AgNO3

agueous solution

Peptide 50 fmol/pL 5 fmol/pL 1 fmol/uL
Des-argl1-Bradykinin 1002 (25%) 919 (18% 25 (6%
Angiotensine | 769 (26%) 30 (26%) 10 (40%
Glul-Fibrinopeptide | 153 (19%) 158 (22%) 8 (50%
Neurotensin 69 (26%) 4 (25%) 4 (25%)

NanoSi surfaces, prepared using HF/AgNG surface) and NaBFAgNG; (S surfaces)

Neurotensin is 5 times lower than the other ones).
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3.6.7. Influence of SiQ, deposition over NanoSi surfaces on DIOS-MS

analysis

As discussed above, the main mechanism in DIOSeprofor the formation of ions
seems to occuvia a thermal mechanism (see section [3.5.1]. Afteotqis absorption, the
energy is dissipatedia non-radiative recombination through phonons. Thinge thermal
conductivity of the surface greatly influences #fiiciency of DIOS-MS analysis. Here, we have
tried to decrease the thermal conductivity of saeur interfaces by depositing silicon dioxide
(thermal insulator) layers of different thickness@#&e have investigated the influence of GSiO
layer thickness (10, 30 and 50 nm) on the DIOS-MiBiency for the peptide mixture analysis.
Herein, the deposition of Sidayers was realized on two surfacesa8d S (see Figure 3.16),
by plasma-enhanced chemical vapour deposition (HBCWsing an OXFORD instrument

(annex 2).

Herein, we choose the surfacesd®d $ because they have structures with triangular
shapes with vertical and sharp tips on which a lgemous SiQ deposition can be achieved.
The S surface has a random structure whiles8rface nanostructures are well-packed and
vertically aligned (Figure 3.16), thus it is diffit to obtain homogeneous depositions of S0

such surfaces.

The DIOS-MS performance was assessed using thelasthrpeptide mixture at 50
fmol/uL, and 1 pL of solution was spotted threeesmn each surface. Figure 3.20 displays
representative mass spectra obtained from eachcsurffable 3.11 reports their average S/N

values and SD.
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Figure 3.20: Mass spectra recorded on different di&irsurfaces: (right) Swithout SiQ layer
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© 2012 Tous droits réservés.

152

http://doc.univ-lille1.fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

Surface Des-argl- | Angiotensine | Glul- Neurotensin
Bradykinin Fibrinopeptide |
Ss 1002 (25%) 769 (26%) 153 (19%) 69 (26%)
Ss+10 nm | 408 (26%) | 285 (42%) 22 (36%) 32 (34%)
Ss+30 nm high background
Sz+ 50 nm
S 871 (22%) | 429 (32%) 129 (56%) 32 (40%)
S+10nm | 853 (21%) | 513 (36%) 94 (31%) 45 (27%)
S +30nm | 394 (25%) | 166 (58%) 20 (45%) 16 (56%)
S1+50 nm | 193 (37%) 72 (43%) 30 (67%) 9 (33%)

Table 3.11: Average S/N ratio values and their &Defich peptide on different surfaceg:ad
S; without SiQ layer and with various thicknesses of 5{00, 30 and 50 nm).

From Figure 3.20 and Table 3.11, we observe that:

* When the & surface is covered by 10 nm-thick {ifayer, all peptides were detected.
However, in comparison tozSurface without SiQlayer, the S/N values are reduced
significantly @ timeslower for Des-argl-Bradykinin, Angiotensine I, Netensin and
times lower for Glul-Fibrinopeptide I). Moreover, whemetS surface is coated with 30
or 50 nm-thick Si@ layer, the spectra become very noisy, so it iscdit to identify the
peptide peaks.

 When S is coated with 10 nm-thick SjQayer, the 8\ values are quasi-similar for all
peptides compared to the Surface without SiQlayer and no influence of such oxide
layer is observed. However when the Sl@yer thickness was increased to 30 and 50
nm, even though the four peptides were detectesd; 8/N values decreased: 3 and 5
times lower for $+30 and $50 nm thick SiQ, respectively compared to, Svithout
SiO layer.

From these results, it is clear that the introduciof SiQ layer over the surface influences the
DIOS-MS efficiency. Indeed, SiQayer is a thermal insulator causing the reductibthermal

conductivity of the surface. Thus, LDI-MS efficignts decreased. To detect the peptides, an
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increase of the laser fluence is required, leado@ significant increase of the background
signal (due to peptides’ fragmentation or silicdusters). However, thesSurface seems to be
more affected by the increase of the oxide layanth. Indeed, the DIOS-MS efficiency of
S3+10 nm of SiQ is comparable to that of-80nm of SiQ.

3.6.8. Chemical derivatization of DIOS surfaces

As mentioned above, the chemical derivatizatioD)S surfaces is an important factor
in DIOS-MS analysis. It permits to stabilize andhance the efficiency of DIOS-MS process. In
our work, we have also investigated the efficierafy DIOS-MS analysis of our NanoSi
substrates with various chemical terminations. Téwface $ with different surface

terminations: -Ch, -CF;, -CsFs and -COOH groups was chosen for the followingoaas

1) NanoSi-CH: -CHs; termination (OTS) was used in previous studiesun group and has
shown the highest performance in DIOS-MS anal{/si4® ©7)

2) NanoSi-Chk: -CK; termination (PFTS) was used in the fabricatioomhiphobic surfaces, as
shown in chapter 2 (2.5).

3) NanoSi-GFs: -CsFs termination was developed in DIOS-MS analysis bgngngroups; it
showed the highest sensitivity (see section [34).1.

4) NanoSi-COOH: -COOH termination can act as a prommor for improving the protonation

of the molecules of interest.

The -CH;, -CF;, -GsFs and -COOH terminations were introduced to the NRsoirface either by

silanization or through hydrosilylation reactions:

NanoSi-CH, NanoSi-Ck and NanoSi-gFs were prepared by silanization reaction. For
that, we used octadecyltricholorosilane for the;@timination (NanoSi-CkJ, 1H, 1H, 2H, 2H
perfluorodecyltrichlorosilane for the GF termination (NanoSi-Gj, and
pentafluorophenylpropyl trichlorosilane for thgFg termination (NanoSi-§Fs). The silanization
process is described in annexe 5. NanoSi;ORaNoSI-Ck and NanoSi-gFs surfaces are
superhydrophobic with a water CA of 160°. As alreddscussed above, a droplet of peptide is
very difficult to deposit on all these surfaces dese of the “rolling-ball” effect. To overcome
this problem, the hydrophobic layer was degradedUWyjO; treatment (4mW/cfy 220 nm) to
reduce the contact angle from 160 to 120°. It sthdwel noticed that a CA for water of 120° was
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obtained after 4 minutes of UVi@reatment for NanoSi-Cisurface. This leads probably to the
formation of oxidized species (called here, NanGBk-(uv/o3))-

However, NanoSi-CFand NanoSi-gFs surfaces were resistant to the UyAeatment,
making it impossible for the partial destructiontbe hydrophobic coating, because fluorine
forms the strongest bond with carbon in organiawikegy . In that case, we choose to change
the surface tension of the peptide droplet to redhe water contact angle by adding 50 and 5%
ethanol in the peptide solution, leading to a w&tArof 120° on both NanoSi-GRand NanoSi-
CsFs surfaces. We also tested NanoSisGhithout UV/O; treatment (called NanoSi-GH For
that, 5% of ethanol was added to the peptide soluti

The NanoSi-COOH surface was prepared by hydragityl reaction of undecylenic acid
with hydrogen-terminated NanoSi substrate (COOHhniteation) for 6 hours at 150°C (this
reaction will be described in detail in chapter 43[1]). NanoSi-COOH presents a strong
hydrophobic behaviour with a water CA = 120° maidlye to the long alkyl chain composing
the molecule. Thus, a droplet of analyte can bectly deposited on this surface without

additional treatment or reagent.

The DIOS-MS performance was assessed using tmelesth peptide mixture at 50
fmol/uL. 1 pL of solution was spotted three timeseach surface. In the case of NanoSi-COOH
and NanoSi-Chluvios), a peptide droplet is directly deposited on trasdaces, in the contrary
to NanoSi-CH, NanoSi-GFs and NanoSi-Cfsurfaces where ethanol at 5, and 50 % (v/v) have
been added to the peptide solution, leading taasartensions: 60.0 mN/m (5%) ané 28.0
mN/m (50%) (see Table 2.14 in chapter 2). DIOS-M3lgsis was realized on the three spots.
Figure 3.21 displays representative mass specttaingldl from each surface. Table 3.12

summarizes their average S/N values and SD.

™ http://en.wikipedia.org/wiki/Carbon%E2%80%93fluairbond
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Figure 3.21: Mass spectra of 1L (50 fmol/uL) qfegtide mixture deposited on NanoSi
surfaces of different chemical terminations: NarG8k, NanoSi-CH—uvios),_ NanoSi-COOH,
NanoSi-Ck, and NanoSi-gFs.
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Surface S/N forstandard mixture (50 fmol/uL*) and SD (%)
termination *10 fmol/puL (Neurotensin)
Des-argl- Angiotensin Glul- Neurotensin
Bradykinin el Fibrinopeptide
I
NanoSi-CH- 1002 (25%) 769 (26%) 153 (19%) 69 (26%)
(UVIGy)
NanoSi-CH 1104 (31%) 352 (46% 96 (84%) 37 (52%)
NanoSi-Ckg 632 (35%) 505 (34%) 43 (56%) 17 (41%)
NanoSi-GFs 600 (12%) 195 (26%) 22 (13%) 12 (58%)
NanoSi-COOH 134 (*) 48 (56%) 4(*) 5(*)

Table 3.12: S/N ratios for each tested peptidegisarious surfaces: NanoSi-GHNanoSi-
CHs—uvios), NanoSi-COOH, NanoSi-GFand NanoSi-gFs surfaces. (*): no reproductible

The results showed that all surfaces are able tiectéhe four peptides with high S/N values,
except for the NanoSi-COOH interface which led h® dtowest S/N values and lack of
reproducibility. Thus, it is clear that the -COOth€ttion, as a possible proton donor, did not
improve the LDI-MS efficiency for the detection sfich peptides. Moreover, the undecylenic
acid has a pKa around 5 and the pH of the ammouitnate solution is around 5.5. Thus, the
carboxylic groups are mostly under their un-protedégorms. By adding a strong acid, such as
trifluoroacetic acid (TFA), in the solution, the LProcess on such carboxylic surface should be
improved. Also, the acid layer was grafted on tledBivia Si-C bond i. e. without intervening
oxide layer, in contrast to the other surface teations achievedia silanization reaction on a

native oxide layer. Additional experiments are resktb clarify this point.

By comparing the efficiencies of DIOS-MS analysisthe NanoSi-Ck NanoSi-GFs,
and NanoSi-CH (without UV/G; treatment) surfaces, it turns that the NanoSg@Hmore
performant than NanoSi-Gand NanoSi-gFs, except for Angiotensine | for which NanoSi-CF
presents a higher S/N value. When NanoSg&ldios) andNanoSi-CH surfaces are compared,

the NanoSi-Chuvioz) gave the best resulis terms of S/N values. Therefore, NanoSi«CH
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degradation seems to yield the highest performaricanalysis, as previously observed on
NanoSi prepared using HF/AgNGolution (surface $. ) °)

It seems that the -GH-CF;, -CsFs and -COOH terminations introduced on the NanoSi
surface $ either via silanization or hydrosilylation didn’t lead to anhancement of the
efficiency of the DIOS-MS analysis, as compared the NanoSi-Chkluyvioz) surface.
Surprisingly, the fluoro-terminated surfaces arssleefficient than the -CHafter UV/G

treatment, in contrast to the literature studi€s.

Moreover, the wetting properties also play a @umle even for surfaces presenting the

same contact angle, notably on the spot formatnohaamalytes distribution.

These results clearly indicate the importance ohiphobic surfaces in DIOS-MS analysis of
hydrophobic molecules. Indeed, to analyze hydrojhob non polar biomolecules, which are
insoluble or partially soluble in water or buffeslgtions, an organic solvent (such as DMF,
acetonitrile, ethanol, DMSO...) is added in theféukolution. That leads to a lower surface
tension of the peptide solution. However, analydesplet with such a low surface tension is
difficult to deposit on surfaces with either -gHCsFs or hydrogen termination. The droplet will
spread all over the DIOS surface, leading to aumaform spot formation (“coffee stain”). The
omniphobic surfaces with —GRermination can be very useful in this case. lddes shown
above, the NanoSi-GFurface displayed a contact angle of 120° forige solution dissolved
in ethanol/water (50/50 v/v). This surface is stagdrophobic and omniphobic. These properties
lead to the formation of uniform spots and to tbhegibility to detect highly insoluble molecules

such as lipids by DIOS-MS analysis on such a sarfac

3.7. Conclusion

In the first part of this chapter, | presentedemeral review on the DIOS-MS method,
which corresponds to one type of SALDI-MS techngjbased on silicon. The SALDI or DIOS
surfaces are able to absorb photons from a puéssd Irradiation (UV) and then thanks to non-
radiative recombinations and heat confinement altbe desorption/ionization of adsorbed
analytes. For SALDI- and DIOS-MS processes, thetsate morphology, chemical termination,
even the presence of water and solvent seem to &avenportant role. A big advantage of
SALDI-MS and DIOS-MS methods is that they do najuiee organic matrices and thus can be
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used for the detection of small biomolecules (<h@@) with high quality of MS due to the

absence of matrix ions.

In the second part, | discussed our results onINCB performance of NanoSi substrates
synthesized by chemical etching of crystallinecsiti in NaBR/AgNO3; or HF/AgNG; aqueous
solutions and SiNWs preparath CVD growth. All the substrates were successfubgdi as
DIOS platforms in LDI-MS analysis of peptides wihhigh performance (high sensitivity: 0.2
fmol). Among the tested surfaces, NanoSi fabricagdhemical etching of crystalline silicon in
HF/AgNQO; aqueous solution showed the best performance @SEMS analysis. There was no
apparent influence of the doping type and leveltlod silicon substrate on the LDI-MS
efficiency. However, in the case of NanoSi, synttext by chemical etching of crystalline
silicon in NaBR/AgNO3; aqueous solutions, it was hard to establish ar d¢idluence of the
doping type or level of the silicon substrate o©BIMS efficiency. Indeed, the different silicon
types led to various NanoSi surface morphologiesguslaBR/AgNO; aqueous solutions. On
the other hand, DIOS-MS analysis performed on SiN8Adgaces, prepared using the VLS
growth technique, indicates that undoped SiNWsnaoee performant in LDI-MS analysis of
peptides than the doped SiNWSs.

Finally, I investigated the influence of Si©oating and chemical modification of the NanoSi

surfaces to improve their efficiency of DIOS-MS bsss. It was found that:

1. SiO deposition on NanoSi surfaces led to a decreacBBMS efficiency.

2. Acid-terminated NanoSi surfaces permit LDI-MS détat of all tested peptides, but
with a high background signal. The other chemieahinations (-ChLuvios), -CHs, -CF;
and -GFs) showed higher performances with the best resund for -CH_uvioas),
termination. The good results obtained for the -@¥mination suggests that such a
surface can be applied for LDI-MS analysis of ingté¢ molecules for which an organic

solvent is required.
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4.1. Introduction

For the analyses of complex biological mixturé® sample preparation plays a critical
role and can lead to improve the sensitivity andgéd a better peak shape. Indeed, mass
spectrometry analysis of compounds at low conceatrdevels from complex mixtures, such as
body fluids or tissue homogenates, is greatly itatdd by selective capture and enrichment
approaches. The need for selectivity is particuladute in the area of small molecule analysis
for forensic purposes, food quality control, metabdc, and pharmacology, where examples of

complex and heterogeneous mixtures abotirit.

In laser desorption/ionization mass spectrometiylMS), including surface-assisted
laser desorption/ionization (SALDI) and matrix-a&$sd laser desorption/ionization (MALDI),
signal suppression from multiple components indgalal samples is a significant disadvantage.
An isolation step is often performed prior to tleparation from downstream analysis to achieve
selective analysis®®® This step avoids any direct mass spectrometryuatiah of analytes
selectively captured and enriched on a supporaesarand hinders rapid and sensitive analysis.
Many efforts to achieve analytes enrichment andsegbent mass spectrometry analysis have
been madé™?. Weinbergeret al **Y developed surface-enhanced laser desorption/idmiza
(SELDI) technique combining chromatography and M8lgsis on a same chip. In that case, the
affinity ligand is covalently bounded to the sudaand allows specific capture of the target
protein. Then organic matrix is deposited for MALBIB analysis. Dunet al.**” have shown
that a gold interface modified with nitrilotriacetacid (NTA)-Fe(lll) complex can be used for
specific capture of phosphopeptides and their e MALDI-MS analysis. Sheet al 3%
reported a simple method for the preparation oklfassembled nitrilotriacetic acid (NTA)
monolayer on gold surface, which can be used asitaxsassisted laser desorption/ionization
time of flight mass spectrometry (MALDI-ToF-MS) spla target specifically for recombinant
oligohistidine-tagged proteins/peptides and phospated peptides. The NTA functional groups
are immobilized onto the gold surfagia the linkage of 1,8-octanedithiol, which forms dfse
assembled monolayer on gold. The chemically madigerface shows strong affinity toward the
analytes of interest and allows effective removilthee common salts and detergents, and
therefore leads to improved signal/noise (S/N)orathd detection limit'**. Another report
described the functionalization of carbon nanotyl@#$T) with iminodiacetic acid (IDA) for the
human body fluids exploration using MALDI-ToF-MS athcan be related to biomarkers

detection for the diagnosis of a disease. The CDA-$ubstrates were investigated as material-

161

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Thi Phuong Nhung Nguyen, Lille 1, 2011

enhanced laser desorption/ionization (MELDI). TBRAICNT substrates were found to be an
excellent material for the selective binding of rhmecules from a complex sample and their
subsequent analysis with MALDI/ToF-MS. The most-egéching features of the derivatized
nanotubes are their characteristics like sensitiviégproducibility and efficiency in the higher
mass range, which is not much evident with othdstieny support material§®. Another
example described in the literature is the usepaitss consisting of a thin film of anatase
titanium dioxide (TiQ) sintered onto a conductive glass surface. Thitaaget phosphopeptide
enrichment method showed specific enrichment anecdianalysis by MALDI-MS of
phosphorylated peptides. The protocol leads tonaictement efficiency that is superior to what
has been reported before for similar methods. Besd interfaces still require organic matrices
to realize the LDI of the captured analytés’.

A broad range of surface chemistries and spebibmolecular capture agents including
antibodies, enzymes, receptors, DNA fragments,ag@mers have been reported. However, the
need of a matrix in SELDI means that scope for Emalecule analysis remains limited. We
know that SALDI interfaces such as porous siliceilicon nanowires, metal oxide wires,
carbon-based interfaces, metal nanoparticles amy wthers are efficient interfaces for LDI of
small compounds giving high MS sensitivity of de¢ime (see chapter 3). However, only few
attempts concerning affinity SALDI-MS interfacesrbdeen described in the literature. Loste
al. ™ have exploited the presence of certain functigmalips and, in particular, fluorinated
species, such as pentafluorophenyl groups on theupasilicon (pSi) surface, for the detection
of small hydrophobic molecules from complex biotadisamples by means of selective capture
of hydrophobic species from aqueous solution antbx@l of abundant hydrophilic species such
as salts. While this development clearly sets thgesfor selective analysis in matrix-free LDI-
MS, further advances will depend particularly onrfate modifications yielding specific
molecular affinity. Inroads have certainly been maal incorporate affinity capture in pSi LDI-
MS using immobilization of protein receptof€® (6D 182 qr syrface functionalization with
fluorosilanes in combination with perfluoroalkylfiafty tagged analyteélso). However, these
studies have not yet demonstrated sensitive arettsad capture of target analytes from a
mixture of structurally similar molecules in aquseosolution. Recently, Lowet al. **®
performed the immobilization of antibodies antibesiazepine (illicit drugs) on porous silicon
via isocyanate chemistry, producing an immunoaffisityface. They have demonstrated that the
functionalized interfaces are able to selectivedptare benzodiazepine, from a mixture of 2

benzodiazepines and cocaine, and subsequentlytelbtieg matrix-free LDI mass-spectrometry.
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However, the immunoaffinity SALDI interfaces arestdg and less sensitive than usual
hydrophobic porous silicon LDI-MS interfaces. Anethexample, combining specific capture
and mass spectrometry analysis was the use of A@oparticles spots on aluminum foil for
phosphopeptides enrichment. The TMlas used as a specific affinity for situ enrichment of
phosphopeptides and as SALDI-MS analysis with losesitivity (few pmoles)®®. However,

to date, no highly efficient affinity SALDI interé@ has been demonstrated.

In this chapter, we report a simple method for pineparation of NTA self-assembled
monolayer on silicon nanostructures (NanoSi) sefachich is a derivative of the well-known
immobilized metal ion affinity chromatography (IMA@echnique. The method is widely used
because of its purification performance and itspéicity to handle. We have demonstrated in
previous studies that NanoSi substrates display geod mass spectrometry sensitivity for
small molecules’ analysi€®, and they are able to detect different levelseyftigle methylation
®5 We have also shown that NanoSi substrates caasity coupled to a digital microfluidic
system™ for a precise distribution of nanodroplets of [idgs on specific locations, followed
by DIOS-MS analysis of the deposited peptides. Nié&-NanoSi-LDI chip, developed in this
work, allows a specific capture of the target derest and its subsequent MS analysis without
any re-deposition, addition of matrix or any otlpest-treatment of the captured analytes, both
performed on the same interface. This provides asy epproach for on-probe enrichment,

purification or separation of 6*histidine-taggedpéde.

We will first present the technique for the immatation of NTA on NanoSi surface and its
characterization. Secondly, we will perform spexcifiteraction between histidine-tagged peptide
and NTA-NF*-terminated NanoSi surface. The different stepditeato peptide immobilization
were characterized using FT-IR, contact angle (&#4J fluorescence measurement, and DIOS-

MS analysis.
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4.2. Histidine amino acid and NTA-Ni#* coordination complex

4.2.1. Properties of histidine amino acid residue

Histidine amino acid (Aa) residue is one of the @dteinogenic amino acids. This
peptide is a weak base containing an imidazole angts side chain and three dissociable
groups (alpha-carboxyl group COOH, alpha-amino grbitd, and NH for imidazole ring) and
the pK, for those groups (pk=1.8, pk==9.2 and pKg=6, respectivelyj". Histidine residue can
be present under different tautomeric forms as shiowigure 4.1, depending on pH:

v pH < pKa;=1.8 histidine Aa residue is in the tautomeficm 1 and the net charge is
about +2 on the alpha-amino group (NHand the NH of the imidazole ring.

v pKa1=1.8 < pH < pKsr=6, histidine Aa residue is in the tautomeiicm 2 and the net
charge is about +1 on three dissociable groups (CRIE and NH).

v pKar=6< pH < pK;2=9.2 histidine Aa residue is in the tautomeiicm 3 and the net
charge is 0 on two groups (CO&nd NH").

v" pH > pK,;2=9.2 histidine Aa residue is in the tautomeioem 4 and the net charge is -1
on alpha-carboxyl group (COP

1

HN ' NH+ Ml ’_'/\TJ( ’—’/\/Q HPL—/N

HN__NH+ HN._N
3

pK;,=18 pK,r=6 pK,,=9.2

Figure 4.1: Different tautomeric forms of histidiAa residues as a function of H.

To achieve an efficient interaction between Higgted fusion peptides or proteins with
NTA-Ni?" interface as shown in Figure 4.2, histidine Aa nhsstin the tautomeric form 3, i.e.
the net charge equals to zero. Thus, for realizmg coordination link we must work near
neutral pH allowing one of the nitrogen from imidézring to be un-protonated in order to act

as an electron donor.

™ http://en.wikipedia.org/wiki/Histidine
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4.2.2. NTA-Ni?"Histidine-Tag interaction

Nitrilotriacetic acid (NTA) is a tetradentate coreping agent. Indeed NTA group can
give four electron pairs to Kiions (three pairs from the COOH groups and one fpain the
nitrogen atom), leading to the formation of NTAZNtomplex. Furthermore, Rliion has six
empty orbitals, and used only four empty orbital@tcept four electron pairs from NTA group.
Thus, two empty orbitals of Ki are free after the complexation with NTA. Thuse thee
orbitals left will accept two other electron pafrem two water molecules, as illustrated in
Figure 4.2 (a). Then, when histidine Aa residues present in the protein or peptide, a
coordination link between NTA-Ni and nitrogen of imidazole ring (from the histidjell take

place as shown in Figure 4.2 (3§4 (165) (166) (166)

histidine 1

Ni-NTA . Ni-NTA W
\/\/\j\ O0O—H W\/‘H\

0 h|s1'|d|ne 2

(@) (b)

Figure 4.2: NTA-Ni" interaction with (a) two water molecules and (pthistidine Aa residues.

To break this coordination link between NTAZ\iomplex and the His-tagged peptide

(or protein), i.e. their release from the NTAZNGomplex, there are several methd{f§)(16 (167
(168)(169) (170)

1. Adding an excess of a competitor such as imidazdigch will interact with NTA-
Ni** and substitute the His-tagged biomolecules.

2. Decreasing the pH. Indeed, the nitrogen of the anade group of histidine will be
protonated and couldn’t form anymore the coordioatilink with the NTA-Ni

complex, leading to the release of the capturedibiecules.

3. Removal of the complexed®Niions by addition of ethylenediamine tetraacetate
(EDTA). In that case, all captured biomolecules @ndilent ions are released in the

solution.
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Therefore the sensor surface with NTA-Nitermination can be quickly regenerated and
reused. It has to be noted that decreasing thesptde most used method for releasing the

captured biomolecules.

4.3. Strategy for linking NTA groups on NanoSi surface

To couple IMAC with DIOS-MS techniques, we havefpaned the immobilization of
NTA-Ni?* groups onto NanoSi surface in several stejas a hydrosilylation reaction, as

illustrated in Figure 4.3:

(1) Coupling of a terminal carboxylic acid monolayer tenNanoSi-H by thermal
hydrosilylation reaction with undecylenic acid \é&5i-C bond.

(2) Conversion of COOH-termination to amino-reactivekér, NHS-ester.

(3) Introduction of NTA-termination by covalent attadmhvia an amide link.

(4) Formation of NTA-Ni" complex.

Each step of the chemical surface modification basn characterized by Fourier

transform infrared spectroscopy (FT-IR), contactglan(CA) measurements and X-ray
photoelectron spectroscopy (XPS)
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Figure 4.3: Different steps for NTA incorporationto NanoSi surface.

The fabrication of our DIOS interfaces was achiewsthg two methods: (1) metal-assisted
chemical etching using NaBR®gNO; or HF/AgNQ; aqueous solution, resulting in NanoSi
surfaces, (2) growth of silicon nanowireis the Vapour-Solid-Liquid, resulting in SINWs (see
chapter 1). All the prepared substrates showed ddodMS performance (see chapter 3).
However, in this chapter, we used NanoSi interféaiaricated using 0.02 M AgNg2.5 M HF

aqueous solution at 53°C for 10 minutes, as affibitOS interface. We have chosen it due to

the fact that this interface was already optimifed mass spectrometry analysis in previous
studies'*® %)

4.3.1. Carboxylic acid termination

The carboxylic acid-terminated NanoSi surface @&fCOOH) was obtained by thermal

hydrosilylation reaction between the hydrogen-teated NanoSi and undecylenic acid (Figure
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4.3 and step 1). This reaction was widely describethe literature on flat and porous silicon
surfacest*"91172)(173) 174 arein, the same protocol was applied for ourames:

+ NanoSi interfaces were first immersed in 50% hyldarfc acid for 1 min, resulting in
hydrogen-terminated silicon surface (NanoSi-H).sTétep must be done just before the
thermal hydrosilylation reaction. Because, the Sidthd reacts quickly in ambient air to
form an oxide sub-monolayer.

+ Then, the NanoSi-H surface was placed in a Schiee containing previously
deoxygenated neat undecylenic acid. The thermatiosawas performed at 150°C for 6h
under nitrogen gas bubbling to inhibit oxidationtloé hydrogen-terminated surface. The
resulting surface was washed thoroughly in dichtwethane (2x5 minutes) and twice in
ethanol (5 minutes each) under orbital agitation.

+ However, the formation of undecylenic acid mutléay is not excluded and can occur
because of the weak interactions between the mlelesuch as the Van der Waals forces
and hydrogen bonding. Thus, the surfaces were isgdean hot acetic acid for 10 min in
order to obtain an acid monolayer on the surfacelly, the surfaces were again washed
twice with deionized water under agitation for renmg acetic acid traces and then dried

under a gentle stream of nitrogen.

4.3.2. Activation of carboxylic acid with N- hydroxysuccinimide

To couple the NTA molecule through amide bond fation, NanoSi-COOH surface should
be activated withN-Hydroxysuccinimide to yield reactive NHS ester-terated NanoSi
interface (NanoSi-NHS) (Figure 4.3, step 2). A lilggprepared carboxylic interface was dipped
in a solution of 0.2 M NHS and 0.4 M dicyclocarkadde (DCCI) inN,N-dimethylformamide
(DMF) for 3h at room temperature. To remove theessf unreacted reagents, the surface was
washed three times in DMF and then two times irambh under agitation and dried under a

stream of nitrogen.

4.3.3. NTA termination

The NTA group was introduced onto the surfacerbmersing the NanoSi-NHS surface in
0.01 M N-(5-Amino-1-carboxylpentyl) iminodiaceticcid (NH,-NTA) in dimethylsulfoxide
(DMSO) solution and 0.07 M triethylamine (TEA) f80h at room temperature under agitation.
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Then, the surface was washed three times with DMBO two times with ethanol under
agitation to remove the excess of unreacted reagé&imally, the surface was dried under a

stream of nitrogen, resulting in NanoSi-NTA surface

4.3.4. NTA-Ni?" complex formation

Prior to the interaction with His-tagged biomollss) the NTA group must be complexed to
Ni?* ions leading to a NTA-Ni-terminated NanoSi interface. The carboxylic meg{-COOH)
of the NTA group were first deprotonated by dippthg interface in 50 mM NaOH solution for
5 minutes at room temperature. Then, the surfacgliickly rinsed in deionised water and then
immersed in a 200 mM Niglagueous solution for 1h at room temperature. Bindhe
complexed interface is rinsed with deionised wdiefore specific binding with His-tagged

biomolecules. This reaction is performed just befeeptide incubation.

4.4. Surface Characterizations

4.4.1. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR)ai vibrational spectroscopic technique
based on the absorption of infrared beam by therfaxte or material to be analyzed, giving
information about chemical bonds and groups preseiie tested surfaces (Appendix 9). FT-IR
analysis can be performed in routine very quickdy spectrum can be obtained within 10
minutes). It's a very accurate surface analysid, tadich is largely applied. However, this
technigue cannot be used for the analysis of Nasw$aces, because of diffraction phenomenon
leading to a very weak transmission signal throtighsample. To overcome this problem, we
used porous silicon (PSi) instead of NanoSi. Fat,tive performed the chemical modifications
for the two surfaces: PSi and NanoSi at the same iin the same chemical bath. By using FT-
IR, we were able to control the efficiency of eadtemical modification step. Figure 4.4
displays the FT-IR spectra of the following surf&cBSi-H (a), PSi-COOH (b), PSi-NHS (c¢),
and PSi-NTA (d).
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(b) PSi-COOH

60 ~ Ve=0
4000,0 2800 1800 1200 600
Wavenumber (cm™)

T [ [\
| 4
| —

) \W ) AV
s [ IFaN
100/%\ | / \ Nﬂp,“ ’ ﬁ \\}
‘ Iﬁ‘ Vil S~ / \ j
90 | /
I
80 \ \ |
— ‘ |
|
70 Vex J / \ |
Vsio-si \ |
60 l\ |
50 \‘\ /
4000,0 2800 1800 1200 600

Wavenumber (cm ™)

Figure 4.4: FT-IR spectra in transmission modea)fRSi-H, (b) PSi-COOH, (c) PSi-NHS, and
(d) PSi-NTA.

Figure 4.4(a) exhibits the FT-IR spectrum of tHeSi-H. It displays a typical band for Si-H
stretching modess;.;at 2087 and 2113 c¢f Si-H scissor modas;... at 912 crit. A small peak
at 1037 crit due to Si-O-Si stretching mode resulting mostljikeom a small oxidation of the

reactive surface upon exposure to ambient air. &hesults are in accordance with those

reported in the literatur&™ 72179

After thermal hydrosilylation reaction between #5and undecylenic acid, new peaks at
2852, 2923, 1460 and 1715 ¢ndue to C-H stretching, C-H deformation and C=f@tshing,
respectively appeared in the FT-IR spectrégire 4.4 (b)) A large decrease ok;.n (2115

cm?) anddsinz (912 cm') intensity was observed, indicating that the rieactook place with

silicon-hydride consumption. However, a small ir@® of vsio.si suggests that a partial

oxidation of the surface occurred during the therpnacess. The FT-IR results clearly indicate

that the thermal reaction between the PSi-H surdackundecylenic acid has successively led to
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the formation of COOH-terminated PSi surface. Tésults are similar to those reported in the
literature. "1 @72SA0qyre 4.4 (c)displays the FT-IR spectrum &Si-NHS. It shows a
complete disappearance of the peak at 171% @m0 from the COOH group) as compared to
Figure 4.4 (b) and the appearance of new peak8#8,11787 and 1741 chassigned to the
succinimidyl ester (stretching modes of the carbanyl818 and 1787 chare characteristic of
succinimidyl moiety). "V @72 @79 A70prom these results, we can confirm that the acid-

terminated surface is transformed to NHS termimatio

The transmission FT-IR spectrum BSI-NTA is shown inFigure 4.4 (d). It exhibits a
complete disappearance of peaks corresponding t8 (1818, 1878 and 1741 &nand the
appearance of new peaks at 1712 cfwe—o0 of COOH group), 1620 cih(ve-o of HN-C=0
group), 1552 ci (vn.+ of amide 1) and 1460 cth(vc.o of COOH group). From these results we

can conclude that the NTA group is grafted ontoRSé surfacevia amide bond formatior{*®®

(170) (177) (178)

(b) Zoom of region from 1800 to 1300 cm!
of FT'IR spectra for (1) PSi-NTA) and (2)
PSi-NTA-Ni-*FT IR spectra.

%T]| { )
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Figure 4.5: Transmission FT-IR spectra of a) PSIANYi** and (b) Zoom of the region from
1800 to 1300 cihof (a) PSi-NTA and (b) PSi-NTAi
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Figure 4.5 shows the FT-IR spectrum &fSi-NTA-Ni** complex (a) and a zoom of the
region (1800-1300 cil) of the spectra oPSi-NTA and PSi-NTA-Ni#* surfaces (b). After
deprotonation of the carboxylic acid group anddbmplexation of Ni* ions to the NTA group,

it is observed that:

- The peak at 1715 chassociated with C=0 of the COOH group disappeéFfiglire 4.5
(@), as compared with Figure 4.4 (d). It confirtingt the COOH group is readily deprotonated.

- In Figure 4.5 (b), two peaks at 1620 and 1552 ahPSi-NTA are observed (see above
Figure 4.5(b) -(1)). However, once the NTA is coexgd to Ni*, a new wide band ranging
from 1620 to 1559 crhappeared (Figure 4.5 (b)-(2)). Herein, we sugdest this result were
obtained by the association of four bands corregipgnto: (1) C=0 of the COQyroup (1615-
1650 cnt) A (2) C=0 of the HN-C=0 group (1620 &, (3) coordination link between NTA
group and Ni* (at 1594 cnt) ¥ "and (4) N-H of the amide Il (1552 &n Therefore, the

complexation between Riions and NTA occurred.

In Figures 4.4 and 4.5 it is also observed that the intensity of Si-Ob&nd increases
progressively during the successive chemical stepsling to NTA termination. Surface
oxidation accounts for the reaction of the reman8i-H bonds on the PSi surface. Indeed, the
thermal process consumes the maximum of 50% oSthe bonds. The remaining Si-H bonds
are prone to hydrolysis in aqueous media, butialsmbient.

Table 4.1 summarizes the vibration modes ottlemical bonds and their associated

values of frequencies represented in Figures 44am
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Frequency (cm?) Mode description

2923 -CH- Asymmetrical stretching
2852 -CH- Symmetric stretching
2113 Si-B. Symmetrical stretching
2083 Si-H Asymmetrical stretching

1700-1725 C=0 (COOCH)

1615-1650 C=0 Asymmetrical stretching (NH-C=0 @@ group)
552 N-H (Amide II)
1460 C-O (COOH and COO
1410 C=0 symmetric stretch vibration (CQO
1037 Si-O-Si
912 Si-H scissor

Table 4.1: Frequencies of vibration modes for eaaémical bond.

Consequently, the characterization of NTA“Nimmobilisation on structured silicon is
proved, although the FT-IR analysis was performedR&i instead of NanoSi surface. To
confirm this result, we characterized the functiaea NanoSi surface by contact angle (CA)
measurements and XPS analysis. The results obtaitidze presented in the next parts.

4.4.2. Contact angle (CA) measurements

After each chemical modification step, CA measwgnt was performed. This very
simple and macroscopic characterization can beewetiroutinely and quickly giving a good
indication of the wetting properties of a surfaaich are linked to their chemical termination
and homogeneity. Table 4.2 displays the values daftexv CA after each chemical
functionalization step of PSi and NanoSi surfa¥®s.note that:

+ A CA decrease from COOH to NTA-Nitermination for both PSi and NanoSi surfaces.
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4 PSi surfaces with whatever termination (COOH, NHS, NTA and N are
hydrophilic : CA of PSi-COOH=60°, PSi-NHS=53°, PSi-NTA=43° aR8i-NTA-Ni**=38°.
While NanoSi surfacesare hydrophobic for COOH, NHS and NTA terminations (the CA
of NanoSi-COOH=129°, NanoSi-NHS=123° and NanoSi-NI84°), and hydrophilic for
the NTA-NP* termination with a CA=10°. This is due essentiatiythe difference in terms
of morphology between NanoSi and PSi surfaces @amitket presence of silicon oxide formed
during the chemical modification (see FT-IR chagagation) on PSi. Indeed, NanoSi
surface is rougher than the PSi one (Appendix L has to be noted that NanoSi substrates
are also oxidized (see section below, XPS chaiaat@n). Thus, NTA-Ni* terminated-
NanoSi surface is more hydrophilic than NTAZNierminated PSi substrate.

4+ CAs of the COOH- and NHS-terminated NanoSi or RBfases are close (CA of NanoSi-
COOH =129° and NanoSi-NHS=123°, PSi-COOH=60° and\N?£5=53°).

+ NanoSi-NTA surface is less hydrophobic than Naré8E and NanoSi-COOH surfaces.
Because the NTA group contains three COOH grolnesinterface is less hydrophobic.

+ For the NTA-Nf* termination on NanoSi, the surface is superhydtioplprobably due to

the interaction of Nfi with 2 molecules of water, leading to a highly tedtsurface.

CA (°) -COOH -NHS NTA NTA- Ni%*
PSi 60° 53° 43° 38°
NanosSi 129° 123° 104° 10°

Table 4.2: Values of water CA measured on PSi aamibSi surfaces after each chemical
modification step.

4.4.3. X-ray photoelectron spectroscopy (XPS)

To further confirm the NTA grafting on NanoSi irfeces, we carried out XPS
measurements (Appendix 10). Survey and high reasoluspectra were recorded for the
following elements: C, N, O, Si, and Ni for eachestical modification step. The XPS survey
spectra are displayed in Figure 4.6. All elemeatamic concentrations increased except for Si,
whose atomic concentration decreased due to theesimeg of the measurement depth. From

Figure 4.6, the first thing we can notice is thatogen peak was observed on NHS-NanoSi
174
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interface due to the tertiary amine group from Nés$er. After NTA grafting, the N1s signal
increases significantly. Indeed, the amino-NTA rnaale carries one primary amine involved in
amide bond formation allowing its anchoring onte tHanoSi interface, and a tertiary amine

group carrying three carboxyl branches (see Fig8e

The high resolution spectra of Cls region areasgmted in Figure 4.7. Here, the Cls
spectra for each chemical step are shown. Foritsiestep, i. e. the introduction of carboxyl
group, HO-C*=0 and C-C* carbon species are deteate?89 and 285 eV, respectively with
10% of the C1s area corresponding to the carbosotipy Grafting NTA moietyia an amide
bond on NanoSi interface led to an increase ofptek intensity at 288.7 eV corresponding to
carbonyl of the COOH group O-C*=0 and to amide gréiN-C*=0. As shown in Figure 4.6,

the N#* complexation didn’t change the C1s spectrum.

Table 4.3 indicates that Niwas successfully complexed on NTA-NanoSi interfait@ a Ni2p
atomic concentration of 2.5% and peaks positio853t6 and 875.2 eV for NiZpand Ni2py,
respectively (Figure 4.8). It has to be noted tthet SiQ contribution increased with the
successive chemical steps to reach 12% of thedogal of Si2p for NTA-interface. However, no
more silicon dioxide increase was observed aftef” Mbmplexation. XPS measurements
confirmed our finding from FT-IR and CA measurensgptoving that the NTA molecules were

immobilized on our NanoSi interfaces.

600000 015

cis -NTA-Mi2+
500000 +

400000

C/s (a.u.)

300000

200000

-CO0H

100000

Binding energy (eV)

Figure 4.6: XPS survey spectrder the different chemical modification steps ohN&i.
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Figure 4.7: XPS high resolution spectra of Clstfar different chemical modification steps of

NanoSi.
NanoSi % of the total area
Si2p O1ls Cls N1ls Ni2p
-NTA 39.684 24.039 34.658 1.618 nd
-NTA-Ni?* 39.242 23.346 33.443 1.482 2.488

Table 4.3:Atomic concentrations of the following elementsNCQ, Si, and Ni after each

chemical modification step. nd = not detected
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Figure 4.8: XPS high resolution spectrum of Ni2p.
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4.4.4. Summary

In this section, we have successfully introducebANmoieties onto NanoSi and PSi
surfaces and performed their complexation with*Nons. The different steps leading to*Ni
complexation were characterized using differenthoes$ (FT-IR, CA measurements and XPS).

Therefore, the immobilization of His-tagged peptoda be performed on such interfaces.

4.5. Specific capture of fluorescent His-tagged peptidey NTA-Ni?*-
NanoSi interfaces.

4.5.1. Incubation of NTA-Ni? NanoSi interfaces with peptide solution

First of all, we decided to follow the efficignof the capture of His-tagged peptide by
our interface using fluorescence measurements RF3pkctroscopy and MS analysis. For that,
we used two peptides:

1. Rho-His-tagged peptide (Rho-His): Rho-SYYYBBHHHH GSGG-COOH (Mass=2202
Da)

2. Rho-HA: Rho-GGYPYDVPDYAGG-COOH (Mass=1742 Da). Thisptide has no histidine
residues(Rho= Tetramethylrhodamine)

+ The protocol of peptide interaction

1. The peptides were dissolved in a PBS buffer salu(iH=7) at a concentration of 10
M.

2. 25 pL of the peptide solution were deposited ofi® NTA-NF* interfaces: NanoSi-
NTA-Ni?*and PSi-NTA-Nf".

3. To avoid any evaporation problem, a small glastesivas placed above the droplet, thus
creating a liquid film over the NTA-Ki interface. This film was left in contact with the

NTA-Ni?*interfaces during 1h at room temperature.

+ The rinsing protocol
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After incubation of NTA- Nf*interfaces in the peptide solution, the surfacereweashed
as following

1. PBS buffer (5 min).

2. Water (5 min).

3. Ethanol (1 min).

4. Dry under a stream of nitrogen.

Finally, the surfaces were characterized by FT-HRyyre 4.9), fluorescence measurements
(Figure 4.10) and DIOS-MS analysis (Figure 4.11).

4.5.2. Characterizations of the peptide immobilization on NTA-Ni?**

surfaces

1) Fourier transform infrared spectroscopy (FT-IR)
Figure 49 shows FT-IR spectra of (a) PSi-NTARHRho-His and (b) PSi-NTA-Ni-

Rho-HA surfaces. We can notice:

- The appearance of a new peak at 1718 ¢8+O bond of COOH group) in the FT-IR
spectra of the surfaces incubated in the peptitlgtisn, as compared to the spectrum before
incubation (NTA-Nf") (Table 4.1).

- There are additional two peaks at 1620'¢@=0 of NH-C=0 and COQyroup) and at
1548 cnit (N-H of NH-C=0 group) due to the interaction of AFNi®* with the two tested
peptides Rho-His and Rho-HA.

From the FT-IR characterization, it is clear thath peptides are present on the surface

after incubation. However, it is difficult to diggjuish any specific capture using this technique.

It has to be noted that in the literature, moghefreports using infrared spectroscopy for
studying His-Tag-peptide immobilization through NTA"? complex did not mention any
experiment with a peptide control i. e. a peptidéheut histidine residue$®® 7007 From
these published studies, we cannot exclude thailiteened results are essentially due to specific

interaction or to non-specific adsorption or both.
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Figure 4.9:FT-IR spectra of (a) PSi-NTA- NiRho-His, (b) PSi-NTA- Ki-Rho-HA surfaces.

2)

Fluorescence and mass spectrometry characteaizon

Furthermore, we have performed fluorescence meamnts on (a) NanoSi-
NTA-Ni?*-Rho-HA, (b) NanoSi-NTA-Ni*-Rho-His, (c) PSi-NTA-Ni*-Rho-HA, and (d) PSi-
NTA-Ni?*-Rho-His surfaces and estimated the values of sitiefil): 27839, 61255, 3170 and
3755, respectively. From these values, it is euvideat non-specific adsorption occurred. The
fluorescence intensity ratio for Rho-His/Rho-HA pdes is 2.3, suggesting that our NanoSi-
NTA-Ni%" interfaces seem to be able to capture specifitéilytagged peptides. However, non-
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specific interaction is still occurring even afiatensive rinsing. Subsequently, Nar-NTA-

Rho-HA and NanoSi-NTARhc-His surfaces were also analyzed by D-MS (Figure 4.11).
From the spectra, only a peak at m/z=2202 due tc-His was detected. This confirms t
specific interaction between R-His and the NTA-Ni* complex on NanoSi surface, but witt

high background (S/N=11) and a low signal inten

(a) NanoSi -NTA-Ni>* .-Rho-HA  (b) NanoSi -NTA-Ni?* -Rho-His
1=27,839

1=61,255

SR

49151

(¢) PSi-NTA-Ni2* -Rho-HA (d) PSi-NTA-Ni2* -Rho-His
1=3170 1=3755 32768

16384

Figure 4.10 Fluorescence images and intensity va (1) of the NTA-Ni* interfaces incubated
in Rhe-Histidine-tagged and Rho-HA peptides.
(a) NanoSi-NTA-Nf-Rho-HA (c) PSi-NTANi**-Rho-HA

(b) NanoSi-NTA-N{-Rho- His (d) PSi-NTANi**-Rho- His

671 570
Rho-HA non detected

% Intensity

% Intensity

0
15 1700 1900 2100 2300 25

0
1500 1700 1900 2100 2300

Mass (m/z) Mass (m/z)

Figure 4.11 Mass spectra obtained from DI+MS analysis of RI-His and Rho-HA on
NTA-NF*-terminated NanoSi surfaces.
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As a control experiment, we measured the fluoreseantensity of PSi and NanoSi
surfaces without chemical modifications. Their fiescence intensities were very lolxX03
for PSi, and =173 for NanoS), as shown in Figure 4.12 compared to the fluaese
intensities obtained in Figure 4.10 for the modifi¢anoSi and PSi interfaces, i. e. NTA?1on
NanoSi and PSi incubated with Rho-HA or Rho-Histjsgs (=27839 for NanoSi-NTA-Ni?*-
Rho-HA, 1=61255 for NanoSi-NTA-Nf*-Rho- His).

Psi NanoSi 307
1=103 =173
230
154
77
0

Figure 4.12: Fluorescence images and intensitigef(PSi (left) and NanoSi (right)

without chemical modification.

3) Summary

We have successfully prepared NTAZNierminated PSi and NanoSi surfaces and
studied their ability for specific capture of HisJ-peptide using FT-IR, fluorescence
measurements and mass spectrometry analysis. Wepaiformed control experiments with
Rho-HA peptide (without His-Tag). Fluorescence measments and MS analysis suggest that
our NanoSi-NTA-Nf" interfaces are able to capture specifically thrgeapeptide although a
strong non-specific adsorption was observed. Wedtrio correlate the fluorescence
measurements and MS analysis on the same subdfdteugh we have clearly shown that

specific interaction occurred between Rho-His an@AMNi?*

complex by fluorescence
measurements on both NanoSi and PSi interfacey, toetes of the Rho-His peptide was

detected by MS.

We further used other peptides, the Des-argl-Biadymodified or not with a His (6*)-
Tag to check the influence of the buffer solutidiese peptides don't carry a Rhodamine
moiety so the characterization of the interactietween the NTA-Ni" complex and peptides

will be only assessed by mass spectrometry.
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4.5.3. Influence of the buffer solution on DIOS-MS analyss

Usually, in the IMAC experiments, physiological flaus such as PBS are used for
performing the capture of His-proteins or peptidese section 1.1). However, the last
experiments showed that although a specific intenamccurred between Rho-His and NTA-
Ni?* complex (fluorescence measurements) on both NaaSPSi interfaces, only traces of the
Rho-His peptide were detected by MS. Thus, onedae sure that the PBS buffer used in our
experiments, containing different concentrationssafts, is suitable firstly for the specific

capture and secondly for DIOS-MS analysis.
For this purpose, we investigated two new pept{dethout Rho-tag)

v' Des-arg 1-Bradykinin-6*His-Tag (DAB-His): (AdHHHHH RPPGFSPF-OH
(MW=1768 Da, pl=9.84, 1 positive charge @ pH 7dlap.
v' Des-Arg-Bradykinin (DAB): NH-RPPGFSPF-OH (MW=904 Da, pl=10, (1

positive charge @ pH 7.4, relatively non polar).

DAB-His and DAB peptides were dissolved in thretfedent buffer solutions with a
molar ratio DAB-His/DAB = 1lin deionized water (pH = 6.8), PBS (pH 7.2) and amium
citrate 1 mM (adjusted to pH 7.5). Then, 1 pL dedbpdf the peptide mixture solution (100
fmol/uL) was deposited on a NanoSi-OTS, UYi€ated to reach a final CA of 120°, and dried
in air (see chapter 3). The obtained mass spedardigplayed in Figure 4.13 with PBS (a), water
(b) and ammonium citrate buffer (c). Their aver&jdl and error values are summarized in

Table 4.4 (average of three measurements).

In Figure 4.13(a), no peaks were detected innthes spectrum of the peptide mixture
dissolved in PBS. In contrast, both peptides (DAB-Hnd DAB) were detected in the mass
spectra of the peptide mixture dissolved in watel ammonium citrate buffer (Figures 4.15 (b)
and (c)). The best signal intensity and S/N ratiakies were obtained for ammonium citrate
buffer for both peptides. It was found that the S&lle of DAB peptide was always higher than
that of DAB-His peptide in both water and ammoniamnate buffer solution. Indeed, in water,
the S/N value of DAB-His is very small and sometmnmot detected, while a value of 286 was
calculated for DAB. In ammonium citrate buffer, 88N value of the DAB peptide (S/N=1582)
is 2 times higher than that of DAB-His (S/N=793).

In fact, the PBS buffer solution contains'Na K* counter ions, which provide new ion

species or adducts leading to the hindering ofjtradity of mass spectra as already mentioned in
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chapter 3. In contrary, ammonium citrate buffeusioh is rich in NH* ions known to enhance

LDI process in DIOS analysis .

IMAC-DIOS-MS analysis.

From this, we decided to use ammonium citratednigblution for further experiments of

100

80

Kysuauy o4,

(a) PBS

203

[l

1040 1280 1520 1760

0
Mass (m/z)
(b) Deionized water
P - 4844
i DAB
80
E 70
;— 60
g s
304 "
ol DAB-His
o 1769
bk il o i
OB 1040 1280 1520 1760 2008
Mass (m/z)
(c) Ammonium citrate
4.4E+4
100- 904.5
0| DAB
?0;
:\= 60 -
E o] DAB-His
g 1769
30
10+ J
i Il 4
% 0 1040 1280 1520 1760 2008

Mass (m/z)

Figure 4.13: Mass spectra obtained from DIOS-MSlysia of a peptide mixture (DAB-His and
DAB (1/1)) in different buffers: (a) PBS, (b) damedwater, (c) ammonium citrate.
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Buffer S/N of DAB | S/N of DAB-His Intensity
(SD%) (SD%) (SD%)
PBS nd nd nd
Deionized water 286 7 4229
(13%) (no reproducible) (20%)
Ammonium citrate 1582 793 49000
(26%) (27%) (19%)

Table 4.4: Values of S/N ratios and signal inteasitvith their standard deviation (SD)
(%) for each tested buffer corresponding to Figdirg3. (nd: not detected)

4.5.4. Affinity-DIOS-MS analysis and peptide enrichment

The peptides were diluted in a 1 mM adjusted amumorcitrate buffer (1 mM, pH 7.5)
solution at 100 fmol/uL. We prepared three pepsidiitions: a solution of DAB, a solution of
DAB-His and an equimolar solution of DAB/DAB-His/@). The NTA-Nf*-terminated NanoSi
surfaces were incubated in the three peptide soisitfor 1h and 5h in 500 pL polypropylene
tube at room temperature. After incubation, thdag@s were washed thoroughly several times
with ammonium citrate (1 mM) buffer solution befd#OS-MS analysis. The mass spectra and
the average S/N ratios values are displayed inréigul4 and Table 4.5. From Figure 4.14 and
Table 4.5, one can deduce that:

1.  For pure solution (DAB-His or DAB) on NanoSi-NTA-Ni?* surface:

v" DAB-His and DAB peptides were detected by DIOS-Mfalgsis from their pure solution
and for different incubation times of 1h or 5h.

v For 1h incubation, the average S/N value (S/N=H41) signal intensity (1*=2127) of DAB
is higher than DAB-His (S/N=30, [*=553). In contyaior 5 h incubation, DAB gave (S/N=
233, I*=3354) and DABHis led to (S/N=406, 1*=9873).

v" When the incubation time was 5-fold longer, theligyiaf MS of DAB (S/N and I* value) is
1.5 times higher. While for DABHis, the S/N and I* values increased 13 and 17 times,
respectively. It means that a specific interactimiween DAB-His peptide and NanoSi-

NTA-Ni?* surface took place, although non-specific intéoacbccurred on this surface.
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For peptide mixture solution (DAB-His and DAB) on NanoSi-NTA-

Ni®* surface
Only DAB-His was detected (S/N32, I*= 550) and no peak corresponding to DAB peptide
was identified. The result clearly demonstrates BXAB peptide enrichment thanks to its
specific interaction with NanoSi-NTA-R!i surface.
In comparison between the incubation times of 1 Bimdthe S/N (about 32) and I* (about
550) values were identical for both cases. Thuf) wicreasing incubation time, the quality
of MS of DAB-His peptide was not enhanced, suggestinat the interaction between DAB-
His with the NTA-NF* terminal group may be saturated.
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Figure 4.14: DIOS-MS spectra of DAB-His and DAB #meir equimolar mixture for different
incubation times with NTA-Rfi-terminated NanoSi interfaces
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Pure peptide solution
1h 5h
S/N Base Signal S/N Base peak Signal intensity
peak intensity (1*) (%)
DAB 141 904 2127 233 904 3354
(29%) (28%)
DAB-His 30 1769 553 406 1769 9873
(20%) (24%) (34%) (13%)
Peptide mixture solution
1h 5h
S/N Base Signal S/N Base peak Signal intensity
peak intensity *
()
DAB nd nd nd Nd nd nd
DAB-His 32 1769 578 34 1769 541
(9%) (17%) (14%) (13%)

Table 4.5: The average S/N values of DAB and DASBpptides for pure peptide solution and
peptide mixture solution (DAB and DAB-His) corresgimg to Figure 4.14. (nd: not detected,;

#: tested one time)

In a control experiment, the peptide mixture wasubated on NanoSi-NTA surface for
1h (in this case, the NTA was not complexed with'\ins). No peptide was detected in the MS
spectrum, as shown in Figure 4.15. It confirms mghe absence of non specific interaction

between DAB-His and the NTA terminal group.
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Figure 4.15: Mass spectrum of the peptide mixtatation (DAB and DAB-His) incubated for
1h on NanoSi-NTA surface (without complexation WiitH).

Summary
We have demonstrated that depending on the exeetai conditions, NanoSi-OTS

interfaces permit the detection of both DAB and DAB peptides. On the other hand, no

peptides were detected on NanoSi-NTA substrateth¢imbsence of Kiions).
The results indicate the absence of a specificrant®mn between His-DAB and these

surfaces. However, upon complexation of the termMBA groups with Nf* ions (NTA-
Ni?*-terminated-NanoSi surface), His-DAB peptide ised&td specifically from a mixture of

His-tagged and untagged peptides.
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4.6. Conclusion

In this chapter, we developed affinity DIOS-MSeiriaices based on silicon nanostructures
carrying NTA-Nf* complex. This complex allowed a specific captureadflis-tagged peptide
and its subsequent DIOS-MS analysis. It has todvednthat only few examples of such affinity

SALDI interfaces are described in the literature.
We have shown that:

1. The chemical modification of hydrogen-terminatednbi@i surfaces led to the
successful introduction of NTA-Rli complex. All the different chemical steps were
characterized using CA measurements, FT-IR and X&falysis proving

unambiguously the immobilization of the complex.

2. The NTA-Nf*-terminated NanoSi interface allowed specific bimgiof DAB-His
peptide from a mixture of His-tagged and un-taggegtides. Then, the captured
DAB-His peptide was desorbed and ionizeal a pulsed laser and analyzed by mass
spectrometry.

In this study, we presented preliminary results soche problems that have to be overcome to

improve the sensitivity of our interfaces such as:

1. Addition of small quantities of imidazole in thecubation buffer for limiting the non-
specific adsorption.

2. The optimization of the rinsing protocol after thmeubation step to decrease the
background in the mass spectrometry (addition dastant, for example).

3. We can also functionalize the NanoSi surfaces witliti-branched NTA molecules
to increase the maximum capture capacity of Hiséidagged peptide than on NTA
monolayer, as already shown by latial. (2010) on flat silicoft®.

The interfaces developed in this work are very psomg in the field of affinity- DIOS-MS
analysis. For example, with the successful intrtdacof NTA terminal group onto NanoSi
surface, we assume that the NanoSi-NTA interfaeas e complexed with other metal ions
such as: F&, G&* for the enrichment of phosphopeptides. Furthermoue NanoSi interfaces
can be coupled with other small ligands for spea#pture of various molecules of interest such

as sugars, lipids, nucleotides, other peptidespanigins and their subsequent MS analysis.
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General Conclusion and Perspectives

This work deals with the fabrication of nano or tradaled (micro/nano) silicon surfaces
and their application as liquid repellent surfaged analytical tools for biomolecules analysis by
mass spectrometry. Different structured surfacepimalpgies were obtained by two different
techniques: metal-assisted electroless etching remowires growth by CVDvia VLS
mechanism. The resulting substrates are eitherlsistpuctured such as silicon nanostructures
(NanoSi) and silicon nanowires (SINWSs), or doubleugured such as micro-nanoscale
(combination of silicon micropillars with either N@Si or SINWS) or nano-nanoscale (double

layer of nanowires).

In the first part of my work, the obtained intexddd@ were used to develop
superhydrophobic and superomniphobic surfaces.dacand part, the interfaces were used as
inorganic matrices for the realization of laseratption/ionization of small biomolecules for
their mass spectrometry analysis. Finally, funal@ed nanostructured surfaces with a specific
ligand (NTA-NP") were used to perform Histidine-tagged peptidécantent and its subsequent

mass spectrometry analysis.

This work was organized in four chapters: Chapleamd 2 are dedicated to the NanoSi
and SiNWs fabrication techniques and charactedmnatf their wetting properties. Chapters 3
and 4 focus on the use of these NanoSi and SiNWstraties for mass spectrometry analysis of

molecules.

In chapter 1, two methods for the preparation of nanostructigiidon surfaces were
used. The first one consists on metal-assistedreless etching of crystalline silicon and the
second one concerns the growth of silicon nanowB@s$Ws) by CVDvia the VLS mechanism
(Vapor-Solid-Liquid). These methods could be ampl@n both flat and micropillars silicon

substrates leading to the formation of simple arbde structured surfaces.

» Metal-assisted electroless etching technique (Topadn approach): two types of
solutions were used for the silicon etching: HF/AgNr NaBR/AgNO; aqueous solutions.
* Among them, NaBFAgNO; aqueous solutions have been used for the firg fon

the fabrication of nanostructured silicon subssaf®wo types of NanoSi surface

morphologies were obtained by changing the etchargmeters i. e. concentration of
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reagents, etching time, temperature and type oéwdhese NanoSi structures have
isosceles triangles or nozzle-like shapes. Thehheapex and base length varying
from 0.5 to 3 um, 0.06 to 0.27 um, and 0.1 to Orf fespectively.

* NanoSi synthesized using chemical etching of atlpsé silicon in HF/AgNQ
agueous solutions consist of vertically aligned agpacked nanofilament-like
structures. The height of NanoSi varies from 0.2@qum, and the diameter from 10

to 100 nm. Furthermore, their morphology is indefar of the etching parameters.

» VLS technique (Bottom-up approach): Silicon nanowires (SiINWs) were grown on both
flat and micropillar silicon surfaces, resultingsmple or double scaled structuration. Their
morphology depends on the growth parameters suctinas, temperature, pressure. In our
case, we have prepared three types of SINWs win lgngth varying between 7 and 45 pm
and their diameters ranging from 80 to 150 nm:

* VLSI1 consists of one layer of NWs ofumn in length. Most of the nanowires are
straight and have an orientation ranging from 38ad with respect to the horizontal
plane.

* VLS2 comprises a dense lower layer of tangled NW2&5oum in length and a top
layer of straight wires of 20 um in length with @amentation about 80° with respect to
the horizontal plane.

* VLS3 comprises a am-thick dense layer made of short entangled SiNWis few
straight SINWs of 7um in length. In this case, the orientation is mioregular and

the average angle with the horizontal is smallengared to VLS.

In chapter 2, NanoSi and SiNWs surfaces with simple or doubldescatructuration
were used for the preparation of superhydrophof@&l) and superomniphobic (-SO) surfaces.
Their wetting properties were characterized by aonaingle (static, advancing, receding, and
hysteresis) measurements and pressure threshold waiious liquids (water and organic
liquids). Thereby, we focused on determining theghold surface tension of liquida andyy
for each surface with CA>140° afd<10°.

* Microstructured surfaces: 32.0yga < 42.0 mN/m, 64.& yy < 72.2 mN/m.
* Nanostructured surfaces: 27.4< < 32.0 mN/m, 50.& yy < 64.0 mN/m.
* Nanowires surfaces: 27.47ga < 32 mN/m, 32 mN/n¥ yy.
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* Double structured surfaces (micro and nanostrusfud.3 <yca < 23.8 mN/m,
50.0< yy < 64.0 mN/m.

* Double structured surfaces (micro and nanowire38<2yca <27.4 mN/m, 32.0
MN/m< vy

* Double structured surfaces (double layers of narespi 23.8 yca <27.4 mN/m,
23.8<yy < 27.4 mN/m.

We found that the repellent properties increasech fmicro to nanostructured and from
simple to double structured surfaces. Especialhg surface based on silicon nanowires
presented the highest non-wetting behavior i. eshibwed high static contact angle, low
hysteresis and high robustness. Moreover, we demaded that even though the surface did not

possess “re-rentrant” features, it displayed asupriphobic character.

In chapter 3, NanoSi and SiNWSs substrates were used and ogiihfiar the detection of
peptides. Herein, we showed that our NanoSi ancdbNaas interfaces can be successfully used
as good platforms of DIOS-MS analysis. Our intezfaallow a detection of a peptide mixture
with a high sensitivity (0.2 fmol/puL) with a signgd-noise ratio of 6, and a standard deviation of
16%. Furthermore, we also investigated the infleeat several parameters on the DIOS-MS
efficiency such as: type and level of dopants,cSi€position, and chemical derivatization of the

DIOS surfaces. This study has demonstrated that:

* NanoSi, fabricated by chemical etching of crystallsilicon in HF/AgNQ aqueous
solutions, showed the best performance in DIOS-M3lysis and there was no
influence of the doping type and level of the sificsubstrate on the LDI-MS
efficiency. However, in the case of NanoSi prepailsd chemical etching in
NaBF/AgNO; aqueous solutions, it was hard to draw a finalchumion on the
influence of the doping type or level of the siicon DIOS-MS efficiency. Indeed,
the different silicon types led to various Nano$irface morphologies, making
difficult to assess any comparison. While DIOS-M%&lgsis performed on SiNWs
surfaces have shown that undoped SiNWs presertetiex performance of LDI-MS
than the doped SINWs. Moreover, p-doped SiNWs daeteer results than the n-
doped SiNWs.

* SiO deposition (thermal insulator) on the NanoSi steféed to a decrease of its
DIOS-MS efficiency due to the diminution of therm@dnductivity of the surface.

The level of influence depends on the J&yer thickness.
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* Among the various terminal groups tested on our®#drfaces such as: -gHV/O3
treated, -CH, -CFk;, -CsFs and —COOH, we found that all of them can be used i
DIOS-MS analysis. However, the —COOH terminal grewpibited a lower LDI-MS

efficiency than the other surface terminations.

In chapter 4, we prepared a NanoSi surface functionalized withel (11)-nitrilotriacetic acid
complex (NTA-Nf") and evaluated its performance as an affinity DIft8rface. This interface
allows histidine-tagged peptide enrichment. The NViA" terminal groups were immobilized on
the NanoSi surfaceia Si-C covalent bonds. The NTA-Nimodified NanoSi interface was
characterized using Fourier transform infrared specopy (FT-IR), X-ray photoelectron
spectroscopy (XPS) and contact angle measuremBmsinterface showed a good selectivity
towards histidine-tagged peptides. Indeed, the Ni&-terminated NanoSi interface was able
to specifically capture a histidine-tagged pepficen a mixture solution (histidine-tagged and

untagged peptides) and to perform its mass speetrgranalysis.

However, non-specific binding occurred on the atefwhen the NTA-Ni-terminated
NanoSi substrate was incubated in a pure solutiamtagged peptide, probably due to the lack
of efficiency of the rinsing protocol. To overcortigs problem, we optimized the process by

adding, for example, small quantities of imidazal¢he incubation buffer.
Based on the results obtained in this thesis, wercéurther suggest as perspectives:

1. Using our DIOS interfaces for LDI-MS analysis ohet small molecules.

2. Application of the -SO surfaces for DIOS-MS anadysf non-polar biomolecules such
as lipids.

3. Development of functionalized NanoSi or SiNWs ire theld of affinity DIOS-MS
analysis. For example, with the successful intrtidacof NTA terminal group onto
NanoSi surface, it is possible to form complexethwither metal ions such as:*Fer
Ga* for the enrichment of phosphopeptides. Furthermdumctionalized NanoSi
interfaces can be coupled to small ligands forwapg other molecules of interest such
as peptides, sugars, lipids...and their subseddentification by MS analysis.

4. The next step is the development of a digital osgstem based on EWOD for
simultaneous separation, enrichment, purificateomg identification of histidine-tagged
peptides, as shown in Figure CP.1. For that, theesaicrosystem that is already used in
our group and described by Lapieetal. will be applied.*® Indeed, Lapierret al.
have demonstrated, for the first time, the combamabf a microfluidic system with
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DIOS interfaces for detecting small peptides. Themalges were distributed in
superhydrophilic areaga EWOD actuation prior to their DIOS-MS analysis.rélewe
propose to improve this microsystem by:

« Introducing NTA-Ni? terminal groups onto the superhydrophilic areas, S
when a droplet of a peptide mixture consisting isfitiine-tagged and untagged
peptides will be displaced over these affinity arghe histidine-tagged peptide
will be captured by NTA-NF complex and subsequently analyzed by mass
spectrometry.

 Changing the superhydrophobic by a superomniphobaating using
perfluoroalkyl modified surfaces. This will allovhé system to be used with
liquids of low surface tensions (organic solvent®) aqueous solutions
containing small amounts of surfactants to limé tion-specific interaction and

enhance the efficiency of detection.

His-tagged fusionpeptide

Base -
DIOS-MS analysis

Moving peptde
droplet
Counte
electrode

{

NanoSi

NTA-Ni*

PFTS-terminated superomniphobic NanoSi . .
terminated-NanoSi

(surface)

Figure CP.1: Scheme of lab-on-chip using digitatmfluidic, in which the capot (counter
electrode) consists of a patterned superomniphsbjErhydrophilic (PFTS/NTA-K) NanoSi

substrate.
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Appendix 1: Silicon wafer cleaning

Objective: To remove all contaminants (dust, organic or thetanes) on the silicon substrate,
the following protocol was used:

i.  The substrate is first degreased in solvent ireotd remove all organic contaminants
and dust
v Acetone (ultrasonic bath) : 5 min
v Isopropanol (ultrasonic bath) : 5 min
v' Milli-Q water (ultrasonic bath) : 5 min
v Drying under N stream
ii. Then the surface is cleaned in piranha solutionofder to remove all metallic
contaminants and the last organic traces:
v" Piranha solution (98% 4#$04/30% HO,=1/1): 20 minutes.
v" Milli-Q water (ultrasonic bath): 10 minuntes.
v Drying under N stream.

Here, a native oxide layer is formed.

iii.  Eventually the native oxide layer can be removedipping in 50% HF during 1 minute.
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Appendix 2. Material safety

1/Sodium Fluroborate-NaBF;

Emergency overview NaBF, is a white powder with bitter and sour smell. Haror may be

fatal if swallowed. May cause skin and eye irrgatiNot flammable.
Potential Health Hazards

Skin: Contact with powder or solution may cause irritati

Eyes:Direct eye contact with powder or mist may prodseeere irritation.
Delayed effects:

There is no chronic toxicity data on this materfadwever, NIOSH links inorganic fluoborates

with inorganic fluorides. Chronic exposure to fla®s is associated with osseous fluorosis-
increased radiographic density of bones, mottlihtgeth, etc. These conditions will no develop
if permissible exposure levels are not exceededinéy damage, asthma and symptoms

resembling rheumatism may occur.

2/HF"
Emergency overview:Clear, colorless, corrosive fuming liquid with axtremely acrid odor.

May produce white fumes if spilled. Both liquid anapor can cause severe burns to all parts of
the body. Specialized medical treatment is requiveall exposures.

Potential Health Hazards

Skin: Both liquid and vapor can cause severe buhg;h may not be immediately painful or
visible. HF will penetrate skin and attack undertyitissues. Large or multiple burns totaling
over 25 square inches of body surface area maycalsse (depletion of calcium in the body),
and other toxic affects which may be fatal. Prokhgontact with very dilute HF solutions will

cause burns.
Eyes: Both liquid and vapor can causes irritationayneal burns.
Delayed effects:

The effect of contact with dilute solutions of HE&idhor its vapor may be delayed. The potential

delay in clinical signs or symptom for dilute saduis is given in Table 1.A.
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HF Concentration Delay in symptoms
>50% Immediately Apparent
20%-50% 1-8 hours
0%-20% Up to 24 hours

Table A. 1: The potential delay in clinical signssymptom for dilute solutions.

3. Piraha solutions (HSO4/H-05,)

The HSOY/H,0, (Piranha) solution is a strong oxidant. It reagtdently with organic materials
and can cause severe skin burns. It must be handtle@xtreme care in a well-ventilated fume

hood while wearing appropriate chemical safetygutons.

Appendix 3: Thermal oxidation

The thermal oxidation of Si consists of exposing thilicon substrate to an oxidizing
environment of @ or H,O at elevated temperatures (usually between 700130 hermal
oxidation is accomplished using a low pressure at@nvapor deposition (LPCVD) furnace,
which provides the heat needed to raise the teryeraDepending on which oxidant species
used (Qor H0), the thermal oxidation of Si will be callelly oxidationif the oxidant is pure
O, or calledwet oxidationif the oxidant is HO. The reactions for dry and wet oxidations are
governed by the following equations:

1) For dry oxidation: Si (solid) +{{gaz) --> SiQ (solid).

2) For wet oxidation: Si (solid) + 2B (vapor) --> SiQ(solid) + 2H (gaz).

In our case, the SiJayer is formed on the wafetia dry thermal oxidation using the
parameters displayed in Table A.2.
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Gas Pressure Temperature

0,/2.5 slm Ambient 1100°C

© 2012 Tous droits réservés.

Table A.2 : Silicon oxidation parameters.

Appendix 4: Steps of micropillars fabrication

The silicon micropillars are fabricated using tbédwing steps:

1. Sisubstrate is cleaned following the protocol ppandix 1.
2. Then, 6 um thick of a negative resist AZnLOF 2085pin-coated (Clariant,
France). The spin-coating typically runs at 270® rpith an acceleration of 1000

rpm/s during 20 seconds.

3. A soft bake at 110°C for 1 minute.
4. Exposure 80 mW/cfrfor 10 seconds.
5. A post-bake at 110°C for 1 minute.
6. Developing in AZ326 MIF for 1 minute and 30 secands
7. Dry etching by RIE using the parameters in Tabl@. A.
8. Removal of the resist by acetone bath with UltraevMilli-Q water (ultrasonic
bath) and oxygen plasma {0 sccm, power: 150 W, Pressure: 100 mTorr, time:
1 minute).
9.
Material | Power of] Gasl: Etching | Power of Gas2: Time of
etching Sk time passivation| CyFg passivation
Silicon 2500 W 450 | 3 seconds 1000W 100 2.8
sccm sccm seconds

Table A.3: Etching parameters used for DRIE process
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Appendix 5: Fluoropolymer-C4Fg deposition

The surface is placed onto a holder and then thregeinsferred in the plasma chamber (STS-
Silicon Technology System) leading to gFglayers deposition. The parameters are presented in

Table A.4 and the calibration ofk deposition is shown in Figure A.1.

Gas GFg Power of passivation Pressure

220 sccm 1000 W 949 mTorr

Table A.4: Parameter of ££5 deposition.
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Figure A.

Figure A.1: Calibration curve for &g deposition.
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Appendix 6: Silanization

Silanization is the surface coating through se$leasbly of organofunctional
alkoxysilane molecules. The surface presents teinigdroxyl groups, which react with the
alkoxysilane forming a covalent Si-O-Si- bond. Basization, the surface can be modified with
different terminations.

In our case, we used silanization to coat the sarfaith hydrophobic layers (OTS and
PFTS). The silanization protocols are:

v' The silicon surface is cleaned using UY/@adiation for 30 minutesV O cleaner,
Jelight Company, Inc., 4 mW/dmat 220 nm). The goal is to remove any organic
contaminant and to generate surface silanol grogi<OH).

v' The activated surface is directly dipped into aslitg prepared silane solution
(2.87x10°M) in hexane for 4 h at room temperature in a dtgogen purged glove
box. Herein, the silane is either Octadecyltrickiiame (OTS) orlH,1H,2H,2H-
perfluorodecyltrichlorosilane (PFTS).

v" The resulting surface was rinsed first in hexang #en twice in dichloromethane,
twice in ethanol and then dried under a gentleogén flow. Each rinsing step is

performed for 5 minutes with agitation.

Appendix 7: Contact angle measurements

The wetting properties were determined by contagieameasurements (static, advancing,
receding and hysteresis) using a Drop Shape Amalgsistem (DSA100, Kriss GmbH
Germany). It consists of an automated tilting tall@ch incorporates a light source, a CDD
camera (52frames/sec) and an automatic dosingnsydteliquid drop is deposited onto the
surface then the table rotates from 0° to 60° (tgp sof 0.3 every 0.3 sec) while drop
deformation and contact angle variations are rembr@évery 20 ms. This configuration
corresponds to 16 measurements for a unique ampgte the sliding angle. Before the sliding,
we assume that we are in a quasi static statdc $tattact angles are measured just after the
liquid droplet deposition, while advancing and diog angles are measured just before contact
line depining during tilting. An error of + 2° issumed on contact angle computation and each

measurement is operated 3 times. Furthermore,nre smases, when setting the tilting angle at
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60°, no sliding droplet has been observed, theaobrangle hysteresié; is noted higher than

60°. It is to be noted that the rotation axis @ titting table and the optical axis (corresponding
to CDD camera) are the same. Thus on the imagesvaled taken, the surface appears
horizontal while the droplet shape is deformed. Amdhe different existing methods to
calculate the contact angle, we chose the one rdeakith the polynomial triple line

approximated fitting.

Appendix 8: Plasma-enhanced chemical vapor deposin (PECVD)

PECVD is a process used to deposit thin films feogas state (vapor) to a solid state on a
substrate. Chemical reactions are involved in tioegss, which occur after creation of a plasma
of the reacting gases. The plasma is generallytentday RF (AC) frequency or DC discharge
between two electrodes, the space between whidkegwith the reacting gase.

At IEMN, we use PECVD OXPORD Plasmalab 80Plus (golatess) as shown in Figure
A2V

Top electrode RF driven (13.56 MHz and 50-400 KHz).

Film stress can be controlled by high/low frequengying techniques.
Silicon nitride, oxide deposition.

Gases used: SiHn N2 NH3z N2O, N, and He.

Deposition temperature: 100 to 340°C.

Deposition rate: 100 to 650 A/min.

NN N N N SR
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Figure A.2: Schematic illustration of PECVD depmsitprincipal.

In our case, Sildayers were deposited using the parameters in Table

Gasl Gas2 Pressure Temperature Power
SiH, N2O

(5% in N)

150 sccm 800 sccm 10 Toyr 300°C 10 W

Table A.5 Parameters of SiQdeposition by PECVD.
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Appendix 9: Fourier Transform Infrared Spectrometry (FT-IR)"

FTIR is the preferred method of infrared spectroyaeh which, IR radiation is passed
through a sample. Some of the infrared radiatioabisorbed by the sample and some of it is
passed through (transmitted). The resulting spectdisplays the molecular absorption and
transmission, creating a molecular fingerprint led sample as shown in Figure A.3. Thus, an
infrared spectrum represents a fingerprint of apdarwith absorption peaks which correspond to

the frequencies of vibrations between the bonde@atoms making up the material.

The Spectrometer
Sample
. —
—> Detector
source

Energy

Wavelength Wavelength

Figure A.3: Schematic representation of FTIR.

In our case:

Transmission FT-IR spectra were recorded using r&ailr&lmer Spectrum 2000 single-beam
spectrophotometer equipped with a tungsten-haldgep and a liquid nitrogen cooled MCT
detector. All measurements were made after purtp@gample chamber for 30 min with dry. N
Spectra were recorded at 4 trresolution and averaged over 200 scans. Backgrspedtra

were obtained using a flat H -terminated Si (1@0jece.
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Appendix 10: X-ray Photoelectron Spectroscopy- XPS

XPS is a surface analysis technique that is unigyaroviding chemical state bonding
information. It is widely used to determine localiz bonding chemistry of carbon and to
differentiate oxidation states of inorganic compasinThis technique can detect all elements
except H and He with detection limits of approxietat0.1 % atomic. Furthermore, XPS is an
ultra-high vacuum surface analysis technique witkampling volume that extends from the
surface to a depth of 5-10 nm. The minimum areanafysis for XPS is approximately 30 pum.

The principal of XPS is shown in Figure A.4: Irratid by X photons, atoms of a surface
emit electrons (called photoelectrons) due to thetgelectric effect. XPS principle consists in
analyzing kinetic energy of the photo-emitted elmts at the time of irradiation by a
monoenergetic beam of X photons. An electron alvargelectronic level is characterized by its
binding energy, Ewhich is specific to an atom and can be directlicalated using the energy

conservation law:
Ep=hv -Ein

Wherehv is the incident energy of an X photon ang 5 the measured kinetic energy of

the photoelectron.

X-ray 7
: _ @ ejected photoelectron,
energy hy / kinetic energy E,
\ Free

Electron | \work funidion,
Level
Fermi Wr’
Level
binding energy,
Eb

Figure A.4: Principe of XPS.
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In our case:

XPS measurements were performed with an ESCALAB ZP0Ospectrometer from vacuum
Generators. A monochromatic AloKX-ray source (1486.6 eV) was operated in the eonst
analyzer energy (CAE) mode (CAE= 100 eV for surgpgctra and CAE = 40 eV for high
resolution spectra), using the electromagnetic feade. The angle between the incident X-rays
and the analyzer is 58°. The detection angle ofpti@oelectrons is 90°, as referenced to the

sample surface.

Appendix11: Porous silicon fabricatiorf"

Silicon wafer (Double-Side polised Si (100)-oriesht boron-doped, 5-1Q/cm) was first
cleaned using the protocol in Appendix 1. The hgéroterminated surface was
electrochemically etched in a 1/1 (v/v) solutionpfre ethanol and 50% HF for 5 min at a
current density of 10 mA/ctmAfter etching, the porous silicon substrate wased with ethanol
and dried under a stream of dry nitrogen. The abthiporous silicon displays pores with an

average diameter <10 nm.

Appendix12: Reflectance measurements by spectroplmhetry

Spectrophotometry is used for measurement of h@uat of reflection or transmission
properties of a material as a function of wavelendh our case, the reflectance of the
nanostructured surfaces was measured using aisJ¥pectrophotometer (Hitachi model U-
3010) equipped with an integrating sphere attachifidéitachi, 60 mm DIA). This measurement
is realized by Bernard Gelloz, University of Agticwe and Technology, Tokyo, Japan.

Résumé:

Mes travaux de thése concernent la fabrication ideonet de nanostructures en silicium dans le
but de développer des surfaces non-mouillantessbdtils analytiques pour applications en biocéieti
en microfluidique. Pour ce faire, nous avons w@ilisune part la gravure chimique humide gu'est la «
metal-assisted electroless etching » (approcheeddaate) et d’autre part la croissance de nanadits
« Chemical Vapor Depositionwia le mécanisme « Vapor-Liquid-Solid » (approcheeaslante). Des
surfaces structurées possédant des morphologiésedifes ont été obtenues. Grace a ces méthodes de
fabrication nous avons préparé des structuratiomples et doubles, a savoir des structurations
nanometriques et micrométriques et des doubleststations micro-nanomeétriques.
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Dans une premiére partie, les surfaces structuod¢spermis de développer des surfaces
superomniphobes, capables de repousser des ligoidesntant des tensions de surface comprise : 20
<y< 72 mN/m. Les surfaces présentant une doubletstatmn donnent les meilleures propriétés de non-
mouillage

Dans une deuxieme partie, ces surfaces nanostestuont été utilisées comme matrices
inorganiques pour la désorption/ionisation assigiée laser permettant I'analyse en spectrométrie de
masse de petites molécules sans utilisation deiamatrganique. Nous avons étudié l'influence de la
morphologie, du type de dopage et de la terminatsomique sur I'analyse en spectrométrie de masse
d’'un mélange de peptide standard.

Finalement, nous avons réalisé I'enrichissemeut gieptide et son analyse en spectrométrie de
masse a partir d'un mélange donné, grace a l'inttion d’un ligand spécifique.

Mots-clés: Nanostructures de silicium, Nanofils de siliciuBuperomniphobe, Spectrométrie de masse,
Analyse DIOS-MS, Tag-Histidine

Abstract

This work concerns the fabrication of micro/nanostured silicon substrates and their
application as non-wetting surfaces, and analytioals for biomolecules’ analysis and in microfligid
devices. Two different techniques were investigafed the formation of nanostructured silicon
substrates: chemical wet etchinga metal-assisted electroless etching (Top-down ambrp and
nanowire growth by « Chemical Vapor Depositionia Vapor-Liquid-Solid mechanism (Bottom-up
approach). Different structured surface morpholegieere then obtained. These were either simple
structured such as: Micro or Nanoscale, or doublegired such as: Micro-Nano or Nano-Nanoscale.

The first part of the thesis deals with the prepamaof superominiphobic surfaces capable of
repelling almost any liquid (20y< 72 mN/m). The surfaces consisting of double stmed substrates
gave the best non-wetting properties.

Secondly, nanostructured silicon substrates weeel @&s inorganic matrices for the detection of
small molecules without using an organic matrixl@ser desorption/ionization mass spectrometry.
Herein, we investigated the influence of surfacephology, doping type and chemical termination on
mass spectrometry analysis of a standard peptidieirai

Finally, functionalized silicon nanowires surfacgigh a specific ligand were used to perform
peptide enrichment and its subsequent analysisdsg spectrometry from a mixture solution

Keys words Silicon nanostructure, Silicon nanowires, Superg@haobe, Mass spectrometry, DIOS-MS
analysis, Tag-Histidine
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Résumé:

Mes travaux de thése concernent la fabrication ideonet de nanostructures en silicium dans
le but de développer des surfaces non-mouillantedes outils analytiques pour applications en
biochimie et en microfluidique. Pour ce faire, nausons utilisé d'une part la gravure chimique
humide qu'est la « metal-assisted electroless mgchi (approche descendante) et d'autre part la
croissance de nanofils par « Chemical Vapor Dejposit via le mécanisme « Vapor-Liquid-Solid »
(approche ascendante). Des surfaces structuréedaog des morphologies différentes ont été
obtenues. Grace a ces méthodes de fabrication amuss préparé des structurations simples et
doubles, a savoir des structurations nanomeétrighericrométriques et des doubles structurations
micro-nanomeétriques.

Dans une premiére partie, les surfaces structusdegpermis de développer des surfaces
superomniphobes, capables de repousser des liquiélesntant des tensions de surface comprise : 20
<y< 72 mN/m. Les surfaces présentant une doubletstaton donnent les meilleures propriétés de
non-mouillage

Dans une deuxiéme partie, ces surfaces nanosttastuont été utilisées comme matrices
inorganiques pour la désorption/ionisation assipgelaser permettant 'analyse en spectrométrie de
masse de petites molécules sans utilisation déamatrganique. Nous avons étudié l'influence de la
morphologie, du type de dopage et de la terminaibémique sur I'analyse en spectrométrie de masse
d’'un mélange de peptide standard.

Finalement, nous avons réalisé I'enrichissememt geptide et son analyse en spectrométrie
de masse a partir d'un mélange donné, grace eodattion d'un ligand spécifique.

Mots-clés: Nanostructures de silicium, Nanofils de siliciu®uperomniphobe, Spectrométrie de
masse, Analyse DIOS-MS, Tag-Histidine

Abstract

This work concerns the fabrication of micro/nanostired silicon substrates and their
application as non-wetting surfaces, and analytmals for biomolecules’ analysis and in microfligid
devices. Two different techniques were investigated the formation of nanostructured silicon
substrates: chemical wet etchinga metal-assisted electroless etching (Top-down ambro and
nanowire growth by « Chemical Vapor Depositiowia Vapor-Liquid-Solid mechanism (Bottom-up
approach). Different structured surface morpholegiere then obtained. These were either simple
structured such as: Micro or Nanoscale, or doubietired such as: Micro-Nano or Nano-Nanoscale.

The first part of the thesis deals with the preflanaof superominiphobic surfaces capable of
repelling almost any liquid (20y< 72 mN/m). The surfaces consisting of double stmecl substrates
gave the best non-wetting properties.

Secondly, nanostructured silicon substrates weegl @as inorganic matrices for the detection
of small molecules without using an organic matnixaser desorption/ionization mass spectrometry.
Herein, we investigated the influence of surfacephology, doping type and chemical termination on
mass spectrometry analysis of a standard peptidieirai

Finally, functionalized silicon nanowires surfaseith a specific ligand were used to perform
peptide enrichment and its subsequent analysisasg rspectrometry from a mixture solution

Keys words Silicon nanostructure, Silicon nanowires, Superghaobe, Mass spectrometry, DIOS-
MS analysis, Tag-Histidine
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