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1. Introduction

Alternative ways of gaining energy belong to the stnaliscussed and
researched areas in modern society. The amouniesfe demanded by population
is still rising and resources of fossil fuel arec@sing. Scientists and researchers
around the globe are looking for sustainable posamrce which would fulfil the
demands and the expectations of modern world. Naysgdhe power gain is not the
only indicator of a successful power source, bueveability and sensitivity to the
environment are other qualities, which the powerse should have.

A solution fulfilling both conditions seems to beuhd in very prospective
power sources, fuel cells (FC). FCs bask in pofyland a deserved attention is
paid to them during the last twenty years. Howevprinciple of FC has been known
for nearly two hundred years. The process of geimgralectricity from hydrogen
and oxygen by reversing the electrolysis of wateFC was discovered by William
Grove in 1839. This process has remained basigalihanged since then.

FCs are electrochemical devices that continuousig directly convert
chemical energy confined in fuel into electricaérgy (and some heat) for as long as
fuel and oxidant are supplied. High efficiency dod environmental impact are
promised by this process. FCs are considered tsirb#ar to batteries due to the
electrochemical nature of gaining electric energg o combustion engines due to
the continuous consumption of fuel. But the differes are what make the FC so
interesting: No recharging is required for FCsytloperate quietly and effectively
and when hydrogen is used as fuel the only prodaretslectric energy, some heat
and water. FC can be described as zero an emissioustion engine with no
pollution. Other important advantage of FC in congan with combustion engine is
no thermodynamic limitation due to the efficiendyGarnot cycle.

Next to the promising usage of FC in transport stdy there is also a huge
potential for usage in a medical care and in ptetakectronic industry which draw
still larger amount of attention. This increase aifention is given by a rapid
evolution of electronic devices such as cell phonkptops, tablets. High
expectations of portable electronic devices suchigiser efficiency, larger amount

of applications and multitasking lead to higheruiegments on power sources used



in these devices. Rechargeable batteries do not 8eee sufficient enough. Micro-
FCs appear to be the effective alternative.

The main aim of this diploma thesis is a modificatiof every step of the EBL
process for 3D Si surface to enable a depositicacbve layers to micro-channels of

monolithic planar micro fuel cell.

1.1. Cell Unit

A scheme of a unit cell with flows of a fuel, oxidayases, electrons and ions is
shown in Fig.1. The basic physical block structfr¢he FC is common for all types
of FC [1]. The FC unit consists of two electrodas énode and a cathode), to which
lead the fuel and oxidant flows, and an electroligger that mediates the ion

transport between the electrodes. The electromstfioough a load.
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Fig. 1 — Scheme of an Individual Fuel Cell [2]

The fuel is continuously supplied to the anode el oxidant is supplied to
the cathode. The fuel and the oxidant gases aré lkigsociated on their
corresponding electrodes and ions of the atomshef dissociated gases are
subsequently formed. One kind of the ions is tmandported through the electrolyte
from one electrode to the other. A product gaised on the latter as a result of

electrochemical reactions and exits the fuel cedheually.



It has been noted theoretically that every substacapable of chemical
oxidization in fluid state is suitable to be a fiselpplement to the anode. Similarly
the cathode supplement must be capable of cheneidattion in fluid state.

Nowadays the most widespread type of the fuel &2gas hydrogen or its gas
rich compounds. The main reason for this choicthad there are various ways of
hydrogen production i.e. water electrolysis, cheinextraction from fossil fuels or
from renewable fuels. Similar reason leads to awislage of gaseous oxygen as the
oxidant.

Higher demanded voltage or magnitude of power dufpm FC requires
multiple unit cells to be placed and connected madular fashion into a so called
cell stack [2]. The most common fuel stack appire8C research is a planar-bipolar
arrangement shown in Figure 2. Unit cells are niiytuw@nnected via interconnect
plates which also serve as separators that premeamig of fuel and oxidant of the
adjacent cells. In some designs, in which fuel amx@lant flow channels are
integrated on a plate, the interconnects operatethasfuel and the oxidant
distributors. The interconnects are then calleld fiew plates.

Another type of the fuel stack is used particulddy FCs operating at high
temperatures. This type is known as stack withlareells. Its advantages are better

gas sealing and higher structural integrity ofdhbk.

stack
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Fig. 2 — Fuel cell stack made up of bipolar plaigs




1.2. Fuel Cdl Types

The types of the FCs are most commonly sorted kykihd of electrolyte
operating in the cell. This sorting includes 1) i@dDxide Fuel Cell (SOFC), 2)
Molten Carbonate Fuel Cell (MCFC), 3) Alkaline Fu@¢ll (AFC), 4) The Direct
Methanol Fuel Cell (DMFC), 5) The Phosphoric AcideF Cell (PAFC) and 6)
Polymer Electrolyte Fuel Cell (PEFC).

Required thermomechanical and physicomechanicalactexistics of the
component materials of the FCs are highly dependenthe combination of the
electrolyte, the operating temperature and theulidiéé of the FC. For example a
rapid degradation and high vapor pressure can erobd at higher temperatures for
FCs with aqueous electrolyte. The operating tentperahas also influence on the
state of the supplemented fuel. Low-temperaturé dalls can be supplied only by
pure hydrogen. The main FC groups are summarizédlie 1.
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Tab. 1 — Summary of Major Difference of the FuellTgpes [2]

1.2.1. Direct Methanol Fuel Cell (DMFC)

The direct methanol fuel cell is often said to be tptimal fuel cell system

because of the non-transformed form of the fuey thre operating with and the

simplicity of the cell system.

In contrast with indirect fuel systems, which hatee be fed by pure

hydrogen, the direct cells such as DMFC can bedeectly by methanol or

alcohol, which are organic fuels.



1.2.2. TheProton Exchange Membrane Fuel Cell (PEMFC)

Simplicity and high power density are the qualities proton exchange
membrane FC that make it the most promising FCafiplication in various fields
such as portable power generators or stationaryepgenerators. However its most
promising application is expected to be in a transimdustry [2].

PEMFC was given its name by special polymer mendreaed as electrolyte.
DuPont was the first inventor of the plastic memieraisable for FC (even though
originally the membrane should have had differditization). The final result of the
DuPont’'s research is a compact unit cell consistiigthe polymer membrane
between the electrodes, callegembrane electrode assemliyEA) (see Figure 3).
This assembly is usually few microns thick andsithe most important part of the
PEMFC. The process of the electrochemical powereggion is driven by the
necessary electro catalysis which takes placeeanrter-facial thin layers between
each electrode and the membrane. Specific attrilmitéhe membrane is its
dependence on a liquid water presence. Waterakfoit the effective conduction of
protons, but on the other hand it limits the maXimjeration temperature of the
PEMFC.

®
Membrane
® ©®
Hoin Oy in
&
®
()
\
Catalyst layer H,O out

Gas diffusion layer/Substrate

Fig. 3 — Membrane electrode assembly [2]

Figure 3 can be used to demonstrate the electracheraactions occurring on
the anode and the cathode catalyst layer. Theitfasidn layer allows the hydrogen

molecules and atoms to reach the active catalgiyerl on the anode. After the
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chemical reaction (Eq. 1.2.1), the protons passutyir the ion conducting membrane

to the cathode side and electrons travel througlstibstrate to the load.

H, - 2H" +2e (E, =0V) (1.2.1)

For MEA to be even operative, the anode layer lbade gas-porous and
electronically conductive. The porosity also serassheat conducting feature for
letting out the heat that is formed as side-eftéathemical reaction.

Situation on the cathode side can be charactet®edeq.1.2.2 where the

product water is formed.

%oz +2H* +2e” - 1H,0(E, = 12%) (1.2.2)

Water leaves the cathode in a liquid form. Thisldotause problems with
water sealing the active porous structure and ptevg the oxygen molecules from
entering [2].

1.3. Micro Fud Cdlls

All types of FCs mentioned in previous section haween intensively
developed and investigated also in micro-scalenduthe last fifteen years [3].
Tendencies to miniaturize fuel cell systems requitethods with satisfactorily
preciseness. Microelectromechanical systems (MEMSjch are traditionally used
in semiconductor industry, seem to be a promishoggdure to fabricate the micro-
FCs. Wide range of resources, financial as welingsllectual, had been spent on
development of micro-DMFC and micro-PEMFC systemia WIEMS, which
resulted in publication of several works dealinghwthis topic. Potential mass
production could be possible thanks to this teabgywMhich also gives a solution to
critical problems in conventional stack technolodgmprovement of power and
current densities is provided by precise movemértiel, air and water within the
electrodes and MEMS allows for fabrication of tqamg-optimized micro-flow field

plates of different dimensions. The extreme deeradshe size of the FC leads to
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the need of change of the technological processegel as to a complete change of
the cell materials. For example conventional gregimust be replaced by silicon.

Silicon substrates open wide range of possibilitieBIEA fabrication for FCs.
Other materials such as silicon oxides, nitridesasbides that are commonly used in
semiconductor industry can also participate inféttgication process.

Regardless of the assembly of the FCs, the commooegure of MEMS
technology stays more or less the same. Firstisteatterning the silicon wafer with
micro-flowing channels by Deep Reactive-lon Etch{ltRIE) where the negative
photo resist serves as an etching mask. Wet cheastiti@ing can be applied as well
[4]. Next step is sputtering Au or Cu/Au layerssilicon wafer in order to create the
current collectors (titanium/tungsten layer placesl an adhesive underneath the
current collectors has been proven advantageou®n The electrodes are either
coated by active catalytic layer and the membrarieally attached by pressing or
the active catalytic layer is deposited by diremting on the surface of a membrane.
Last option of deposition is magnetron sputtering.

There are currently two types of arrangement faramfuel cells prepared with
MEMS technology. The first one uses two silicon evafwith separated electrode on
each wafer. This is a conventional assembly. Tist¢ fnicro-FC fabricated with this
arrangement was interesting with its “flip-flop” gsign [5]. Many studies were
interested in patterned micro-electrodes with maore less successful design
alternations [6-11].

The second assembly is a monolithic FC on a sisiitson wafer. This design
of micro-DMFC was firstly brought up by Motokawa &t [12] and its working
principle is pictured in Figure 4. The working priple is still similar to the classic
FC. A chemical solution C#DH/H,SOJ/H,0 is used as a fuel. The results of
reduction reaction taking place on catalytic lageanode side are protons, electrons
and carbon dioxide. The electrons create usefotr@ecurrent that can be made use
of in the load before they are directed to the @a¢hand participate in oxidation
reaction with fed oxidant solution §&at./HSOy/H,0) and with protons transported
through ion-conductive membrane from the anode. $td®l product of this process
is water. The proportions of the contact betweegtebdes are given by thickness of
the Nafion membrane, which is in this case 50 ung, lay width of cross section

between micro-channels.
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(a) Q-R.E (in channel) Q-R.E (atPEM )

Anode Cathode
Si
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inlet nlet
Pyrex glass
Fuel Oxidant

outlet

outlet

(b) [

Fig. 4 — Schematic diagrams of planar micro-fudlt ¢&) top-view of design; (b)

cross-sectional schematic with working principle.

The assembly described in Figure 4 presents madifgrelces and various

advantages from the system with two silicon wafeith separated electrode on each
wafer [12]:

It is of planar structure and essentially an urddlduel cell as shown in
Figure 5, which integrates the anode and cathotteagingle Si surface.
The fuel and oxidant are supplied to the cell iolated, separate micro-
channels. The fuel and the oxidant are both disteith throughout the wafer
via micro-channels and they both possess exhalistsisolation of fuel and
oxidant precludes one from crossing the fuel aridaots streams.

The distance that the protons must travel from antwd cathode, i.ethe
characteristic length of the systers very short.

This makes the system less sensitive to ohmic ipeel effect.

The efficiency of the current collectors is higlechuse the catalyst layers are
supported on the metal directly. In addition therent collectors are directly
deposited in micro-channels. The current does retlrto be pulled out by
relatively large metal lines.

Catalyst electrodes are directly fabricated inltb&om and sidewalls of the

micro-channels.
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Achieving such an extremely small size of this R&tem (active area =
0.018 cm) is possible thanks to the implementation of tlathedic and anodic
micro-channels to a single silicon wafer. For ttaisk, advanced MEMS steps are
used (Figure 5) including photo-lithography, DRIRdaelectron beam deposition.
The fabricated micro-channels are connected witmventional electrolyte
membrane (Nafion by DuPont) and filled with catédysvhere Pt-Ru is deposited to
anode and Pt to cathode. Electron beam lithogréphged for an application of the
Ti/Au current collectors. The fuel cell system gertes 0.78 mWcii at
3.6 mAcm?. This low value of attainable power can be causgdmperfect non-

high pressure bonding between substrate, membrahglass layer.
Sio,
(@) Thermal oxidation g) Lithography (Dry film)

-

Resist

. - e!clg using D- nels}

(e) si etching vsing D-RIE (through holes)

(f) Thermal oxidatio (k) Assembly
Fig. 5 — Schematic of the I-DMFC chip fabricatiomogess.

Another preparation approach is proposed by Islizikal. [13]. The dioxide
etching is substituted by KOH chemical etching h&sg in V-shaped micro-
channels which are completely different from theviwus ones. The photo-resist is
deposited on 3D substrate by spray coating methodl patterned by photo
lithography. The wet etching method is chosen dudirtal V-shape of channels
which improves access of irradiating beam to sthstdewall from upper direction.

Next steps of MEMS technology remain unchangedRWPis added to anode
side and Pt to cathode side as catalytic layeroiNHL2 is used as PEM membrane
connecting the electrodes. Final layers are clampedhanically with low press

sealing.
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The electrodes are fed with the same fuel and oxida in the previous study,
S0 (2M methanol / 0.5M sulfuric acid /,8) is used as the fuel and £6at / 0.5M
sulfuric acid / HO) as the oxidant. The fuel flow rate is 5 ml/mamd the oxidant
flow rate is 50 ml/min. The maximum power densitydaopen circuit voltage
obtained at room temperature with 2M methanol a2 énWcn? and 548 mV
respectively.

Other alternatives of monolithic micro FCs were cassfully developed. For
example membrane-less micro-fuel cells [14-16] ompletely different assembly
[17].

Systems similar to the one that was proposed byokénta et al. are
extensively studied. Investigation of fuel and @t transportation in FC system
and its characteristics were explored by Chen efl18]. They also performed a
numerical study of the FC system.

The system configuration is depicted in Figure d e cross-sectional view is
the same as in the Figure 6. Electrochemical reastare assumed to take place only
on deposited layers in the U-shaped micro-chaniidf-reaction of the methanol

on the anode side is listed below.

CH,OH +H,0 — CO, +6H" +6e (E, = 002V) (1.3.1)

When protons trespass through the Nafion membramk the electrons via an
external circuit they reach the cathode. The oxygemained in the flow added to

cathodic side participates in a half-reaction wiittm as follows

20, +6H* +6e” — 3H,0(E, = 123V) (1.3.2)

The combination of both aforementioned half-readi@overs the whole reaction

that is usually associated with micro-DMFC:

CH,OH +20, - CO, +2H,0(E, = 12WV) (1.3.3)
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Fig. 6 — The diagram of system configuration [18]

In order to simplify the simulation of the FC opiwoa, there are special
conditions presumed: pressure is 1 atm, temperasu2s °C and the flows are
isothermal and incompressible. The leading phenomencludes transport of the
reactant, charge, mass and momentum in this cenanetro-DMFC. Movement of
the liquid streams within the micro-channel candescribed by the Navier—Stokes

equation, continuity equation, and Fick’s law agten below:

O[U =0, (1.3.4)
pB—T +0uu )} = —Op+ 0%, (1.3.5)
p[%vi +00uy, )} =00, (1.3.6)

where p is the fluid densityU the flow velocity,p the pressure, p the dynamic
viscosity, Yithe mass fraction of i-th species, ahds the diffusion flux.

Events on the catalysts and the membrane can bessegal by equations:

%(8p)+D eV =0, (1.3.7)
%(spU)+D[ﬂepuu):_gDp+DEQgr)-gl‘(’U —€%p|u|u, (1.3.8)
2 en)+ Dilepuy,) = 013, + @, (1.3.9)
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wherecg is the porosityz the shear force tensat,the permeabilityCe the quadratic
drag factor, anai is the production rate of the i-species. The tasi parts at the
end of the Eq.(1.3.6) represent the interactiomeen porous walls and stream in the
pores. The consequence of these relations is #isagr pressure drop across the
porous structure caused by additional drag fortaplecial case of pure liquid when
e—1 andk—o, the Eq (1.3.5-7) become the same as Eq(1.3.Eld&trochemical
reaction in the catalytic layer is expressed bydbierce ternwi in Eq. (1.3.7). This
term should be zero in the area of the membrane.

Electric field takes the main part in charactei@aof the charge transport. In

liquid stream it is defined by

Oli =0, (1.3.10)

wherei is the vector of current density. This equatiodidates continuous behavior
and under certain circumstances it can be dividead two parts corresponding to

different electric fields in membrane and in porstrsicture

Oti, +0lig =0, (1.3.11)

whereir is the current density in the polymer electrolfitsic phase), ands is the
current density in the solid or electronic phaséhefporous matrix.
Correlation below indicates settled location, white electrochemical reaction

takes place, which is only on the catalytic porlaysr

-0Oli, =0lig =S, (1.3.12)

whereSis the reaction rate in terms of unit AmFurthermore, the Bulter—Volmer
equation is used to estimate the loss of overvelaagd can be written in the general

form:

5
[ C a.nF a.nkF
S =aj,| — exp —2 —-exp —— , 1.3.13
: “[CPJ [ r{ RT nj %i RT Uj} ( )

wherea is the density of the catalyzed active area oretbetrodej, is the exchange

current density at the reference reactant conaemir&,, Ci is the concentration of
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speciesi, i is the reaction order, ando. are the charge transfer coefficients,
respectively for the anode and cathode reactiongs the number of electrons
transferred in the reactiorR is the universal gas constar, is the absolute
temperature, anglis the overvoltage.

Performed simulation gave interesting results. utnéd out that cell
performance was strongly dependent on the matefidhe catalytic layer at the
anode side. Catalytic layer of Pt-Ru was provebieganore efficient than pure Pt. All
other results were thus obtained for Pt-Ru catalyayer. Results showed
independence of the cell performance on conceotratf methanol on the anode
side and zero penetration of methanol through tbhesover between the electrodes.
Moreover it was shown that the concentration ofgety at the cathode side drops
significantly on the way from the inlet to outlétt.causes strong resistance of mass
transfer of reactant on the reaction side, whichlmaobserved mainly near the outlet
of micro-channel. Higher oxygen concentration (vhis usually difficult to gain)
would probably be the solution to achieving betit performance.

Another solution would be increasing the volumetfiow rate. Higher
volumetric flow rate causes faster movement ofiticgiream and it compensates the
changes of concentrations along the micro-chanhbe volumetric flow rate,
however, cannot be increased infinitely. At somepia reaches the critical value
above which the current density becomes indeperateitt

The porosity and thickness of the catalytic layer @ther vital parameters for
FC performance. For example higher porosity deeedbe transport resistance
because of easier access of oxidant and fuel siaytic layer and it also expands
the active surface.

The improvement can be also gained by adjustmegeometric measures of
the micro-channels. It would seem that lengthetimegmicro-channels will result in
larger active area and higher cell performance. él@w for given volumetric flow
rate the oxygen concentration decreases alonghtwenel with its increasing length.
The possible way is to change the aspect ratibettoss-section of micro-channel.
Results of a simulation indicate that wider anddowhannels slightly help to stop

the decrease of oxygen concentration.
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1.4. Catalytic layers

The model micro-DMFC shows that the porosity ofabdic layer plays a
significant role for FC performance and researctha problematics could prove to
be beneficial. One way to achieve more porous ytatdhyer is to modify the silicon
substrate itself. This modified silicon substrata de used as gas diffusion layer,
catalyst support or a membrane in many FC apptinat{4]. Another procedure to
increase the porosity of catalytic layer is to nfipds direct deposition.

During a development of new types of catalytic faym research group of
prof. Matolin, it was found out that not only hatlein sputtered CeO layers
containing Pt higher specific power than Pt-Ruaseof deposition on anode side of
classic stack FC, but it also shows significanilyhler porosity in case of deposition
on various carbon supporting layers such as glasspon, carbon nanotubes,
amorphous carbon (a-C) or nitrogenized amorphotsood19].

The reaction which leads to this porosity is expgdli in [19] as etching process
of the carbon substrate by oxygen particles (rdsli¢gans etc.), which is happening
simultaneously with deposition of cerium oxide.

Next study is interested in growth mechanism ofureroxide layers on a-C
and CN supporting layers with dependence on depositigarpaters of magnetron
sputtering [20], Figure 7. These parameters are ewample deposition rate,
deposition time or composition of working gas. Resshow that increasing the
concentration of the oxygen gas in the working Igasls to higher etching effect
followed by higher porosity of either GNor CN-CeO system. There exists an
optimum value of oxygen concentration for which garosity is maximal. Further
increase of oxygen concentration leads to decreédsbe porosity of the layers.
Similar dependence is observed for a-C layer. Tdricteposited layer of CeO
resulted in significantly higher porosity of GNut did not have such significant
effect on a-C.
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Fig. 7 — Growth mechanism of cerium oxide duringgmetron sputtering [20]

1.5. I ntroduction to electron beam lithography (EBL)

In the last chapter the term e-beam lithographmeéstioned and this chapter
should summarize fundamentals of this method.

Lithography in general is a process of matrix megdion to thin film or
substrate through prepared polymer mask. Substaseg for mask preparation is
called resist. Many alternatives of lithographicthaoels have been developed in last
sixty years. The usual classification depends type of a radiation that is applied to
the photosensitive resist. The types of radiatigeduare photon beam, electron
beam, focused ion beam, neutral atom beam and Xoegpite the different types of
radiation and instrumental assemblies used forouarilithographic methods the
basic principles remain unchanged.

One of the most precise lithographic methods isteda beam lithography.
This procedure is desired mainly in microelectromdustry for its capability of
creating very fine micro- and nanostructures.

Modern electron beam lithography technic is ingpifgy old classes of
scanning electron microscopes, where electron bszans the surface. In case of
lithography the electron beam exposes areas aoftrésfer according to required
matrix.
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1.5.1. Processof electron beam lithography

During the electron beam lithography process, tbiowing procedure is
usually executed: (a) the substrate is preparedpanfied; (b) solution of solvent
with polymer is applied on cleaned substrate andagpby spin-coating technique.
The outcome is the photosensitive resist layer;exposition of resists layer is
performed especially in advanced electron microsceyth lithographic tools.
Irradiation takes place only at predefined posg&ioGhemical changes occur at the
irradiated places and the nature of the chemicadtien depends on type of resist
layer; (d1) in case of positive resist, the irréelinareas are removed by developer;
(d2) in case of negative resists, these areas stathdhe rest is removed. The result
is a lithographic resist mask; (g, h) the activdumrctional layers are deposited over
this resist mask during the deposition processj)(final step is lift-off process
during which the rest of the resist mask is detdc&l only the active layer remains

in areas defined by prepared matrix.
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Fig. 8 — EBL process of negative lithography
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15.2. Resist

Photosensitive resist is a recording and transmpprinedium for photo-
lithography or electron beam lithography. It is aterial on which a record can be
written with photon or electron beam.

Resist materials are divided into two main groups: negative resists and the
positive resists. Positive resists dilutes prefgraluring the process of exposition.

The negative resists behave exactly the opposife [2

1.5.3. Positiveresists

Positive resists are commonly used for electronnbdithography. These
materials are usually subdivided into two subgrodmbclasses — according to the
chemical process which occurs during irradiatioesiBts of the first class consist of
two compounds, the photoactive part and the rédne. photoactive part dissolves
during exposition. This kind of material has beereqtiently used for
photolithography, nowadays it is used for electoeam lithography too.

The second subclass is represented by resist alaterhich consist of long
polymeric molecules. During irradiation a degradatiof long bonds between
monomers takes place (scissoring) and then they@slgtrings are more soluble in
developer.

Poly(methyl methacrylate) (PMMA) is the most wideread and commonly
used positive resist. The main advantages of itgeisare a good resolution and
indifference to the visible light. The main disadtage is low sensitivity. PMMA is

an insulator. Structural formula is shown in Fig@re

g
—CH,—C—

COOCH;
Fig. 9 — Structural formula of PMMA [21]

The chemical and physical properties of PMMA dependnolecular weight,
in other words on the length of the polymer chaimg can be defined by [22]:

Mi —mass molar weight
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Mv —average molar weight
d=Mi/Mv — dispersion of polymer
Other representatives of positive resist groupRB& (polybutylene succinate)

or ZEP (copolymer clormethacrylate and methyls)ifes].

1.5.4. Negativeresists

Materials for negative resists also contain polynmeolecules. However,
scissoring is not the dominant reaction during ekpm. The process which appears
is cross-link. Cross-link is a process of multigtion of the bonds across the whole
polymer string and these modified bonds createaagled web”. COP (copolymer
glycidyl metacrylate and ethylacrylate) and SU-83][2are most common
representatives of this group and also PMMA behaagsnegative resist after

extreme exposition dosage (>5000 uCGcm
1.5.5. Spin-coating

Spin-coating is a very common method for productidrthin and uniform
polymer layer on a plain substrate.

The first step of the spin-coating is an applicataf a solution containing
polymer and solvent over the flat, cleaned sulestrBlhen, the system is accelerated
to desired spin velocity. The fluid is radially glibuted by centrifugal forces. It is
pushed to edges of the substrate where the suplire solution leaves the system.
The forming resist film gets thinner and thinndiritireaches uniform thickness or
till it is changed to solid due to increasing visityp caused by solvent evaporation
[25].

The process of the spin-coating implies a strongeddence of the resist
thickness on the spin velocity, on the type ofgbb/ent and the dissolved polymer,
on the molar weight of the polymer and on the catration of the solution [26].
The temperature and size of the substrate alsongliagegligible role.

Dependence of the resist thicknéss some of the mentioned parameters can

be described by formula below [27]:

(1.5.1)
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whereK is a constanCy is original solvent viscosity is kinematic viscosityDg is
solubility of the polymer and is the spin velocity.

Unfortunately, the resist thickness is usually motiform over the whole
substrate. As was mentioned before, while the flidistributed to the edges it turns

into solid before it reaches uniform thickness.sTpioblem is described as [22]:

2y
At =, |——, 1.5.2
saw’r ( )

where 4t is thickness increase on the edges, which is dkge¢non the surface
tensiony, the subtrate radiusand the solution density

Resists thickness can be also predicted fronsgie-curves The spin-curves
describe the dependence of the layer thickneshespin speed. Eadpin-curveis
usually plotted for different concentrations offeient molar weights of polymer.

When the spin-coating process is finished, theesystf the substrate and the
formed resist film must be thermally preserved.sT¢an be performed by hot-plate
method, when the sample is laid on the hot platdgydbaking, when the sample is
placed into oven [28].

The preservation process is performed in ordenitiate evaporation of the
residual solvent in resist film and to improve tghesion between the resist layer
and the substrate. Temperatures used during tbtegs are chosen to be over the
glass transition temperature (approx. 105 °C). l@ndther hand they cannot be too

high because this would lead to resist degradation.

1.5.6. Spray-coating

When electron beam or optical lithography is usedsarfaces with coarse
topography, the application of continuous polynesist film by spin coating method
is failing.

In these cases spray-coating is known to be moitabée method due to
significantly better final coverage of the sample tesist layer than in case of
commonly used spin-coating. Spray-coating is ugualbnnected with UV
lithography [13, 29], but an optimization of sprdyeesist is made even for EBL
[30].
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The spraying is realized by ultrasonic atomizericlwtgenerates an aerosol of
small resist droplets. The aerosol is then carbigair flow of adjustable pressure
through the spray nozzle to the substrate surfsee figure 10).

The continuity of the resist or uniformity of itsitkens can be optimized via
several parameters such as the dispense rate obtaée, the scanning profile of the
nozzle, the distance between the nozzle and thetrai, the solids content of the
resist solution or dispensed volume per layer. Alkqurying of the sample after
spray coating is often mentioned to be of utterantgnce. If the sample is not dried
quickly then the sprayed particles of resist sdivieave time to coalescent after
landing at the surface and to create large drapléts large droplets then flow down
the sloped micro-structure and collect at the @sitThe quick drying of the sample
prevents such a behavior of the resist solventjtlalso enhances the roughness of
the surface of the applied resist. Thus it is ingoarto optimize the drying process

and find a balance between those two mentionedtsffe

The Vortex nozzle is one type of ultrasonic nozzle used to coat
trenches where spin coating processes are unable to achieve
uniform coverage. Atomized droplets have very little kinetic
energy - the low velocity vortexing air gives droplets just enough
outward momentum to settle on all surfaces uniformly.

Fig. 10 — Ultrasonic nozzlgttp://www.sono-tek.com/photoresist-spray-equipfent

1.5.7. Interaction of theresist material with electron beam

Electron lithographs are capable of extremely finepysed and stable electron
beams. However, situation can get interesting, witenelectrons from the beam
reach the surface of the sample [23]. Electronsucalergo several scattering events,
which can be divided as elastic and inelastic eszent

First elastic scattering event, which the electemtering the sample surface
can experience, isfarward scatteringduring which the direction of the electron is

changed of small angle. These electrons cause ithening of the area originally
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exposed by primary e-beam. Increase of this vale lme described by empiric

formula [23]:

15

d, = o,9(iJ (1.5.3)
Vb

Wheret is resist thickness in nanometeilsjs an effective diameter of the electron

beam and/, is applied high voltage in kilovolts.

Other electrons, which penetrate through the rdaigr, can participate in
backscatteringevents, when the elastic interaction with sigaifity heavier atoms
of substrate does not change the electrons’ enbrgychanges the electrons’
direction by large angle [31]. Electrons parti¢ipg in these interactions are the
cause of the proximity effect. It is a phenomendewpoint of the exposed matrix is
irradiated not only by electrons from primary bedmt also by backscattered
electrons, which were scattered by heavy subsw@#&tens during irradiation of
previous matrix points.

The inelastic interactions of the primary electrensure transmission of a part
or of a whole kinetic energy to electrons in anmatehich leads to excitation or
ionization of the atom. If the atom is part of stshacromolecule, the interaction can
initiate chemical changes in polymer string andakré&. Another product of this
interaction is the cascade of electrons with lowrgg, called secondary electrons.
Their energetic range is 2-50 eV. These electromsraly responsible for the bulk of
the exposition process, because they primarily €alemical changes in polymer
molecules which can end up by scissoring or criogs-ISecondary electrons also
have influence on resolution of the exposition. yrhentribute maximally 10 nm to
widening of exposure area which is given by thienited movement in material due
to low energy.

Electron scattering in the system of resist layesiticon substrate is simulated
for two energies by Monte Carlo method in [23] qictured in Figure 11.

Most of the energy of electrons is transformedeattduring the penetration of
resist layer. Because of the thermal instabilitg 8ad thermal conductivity of resist
material, thermal effects should be taken into m@ration. The heating can cause
local temperature differences up to tens of degoé&3elsius, which depends on the

current density per square and on the type of thsteate [32]. Thermal power
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increases with current density and can cause logatheating. Inconveniently
chosen current can lead to thermal exposition &tgs, which do not even get to

contact with electron beam.

F 10 kY
4 ek

Fum (a} Zpm [1:3]
Fig. 11 — Simulation of electron scattering on@srate for high voltage a) 10 keV
and b) 20 keV by Monte Carlo method [23]

1.5.8. Proximity effect

Proximity effectas mentioned before, is mostly consequence désbattered
electrons, which are scattered on heavy atoms ludtsate back to resist layer [33].
These electrons are the reason of the expositicarads quite distant from places
originally exposed. Amount of the backscatteredctebms - in other words the
intensity of proximity effet - is dependent on applied high voltage and on
consistence of substrate.

Algorithm for proximity effectorrection requires precise knowledge of profile
of energy density applied on exposed resist layamie irradiated pixel. Generally,
the profile is a function of system settings. Intpat properties of this profile are
that its shape is independent on a dose of radiaim on position on a sample in
case of plane homogenous substrate. This profilsuslly approximated by sum of
Gaussian distributions [31]:

f(r): 1 [ lzexr{_r;J+ nzexp{_r:B, (1.5.4)
1+n\ mx a V163 B

where n is ratio of backscattered energy and forward scedt energyo is a

parameter of the forward scatter range find a parameter of backscattered range.

Quantitative characterization of tipeoximity effectis conventionally performed by
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the modulation transfer function. This function cdée obtained by Fourier

transforming and normalizing the energy densityfif@$31]:

MTF = i[ex;{— ”Zi’z j +I7exr{— ﬂzfz D (1.5.5)
1+n p p

wherep is the spatial period.

1.5.9. Exposition

Exposition usually takes place in aforementioneectebn lithograph or in
electron microscope if it is equipped with necegsaols for the exposition. One of
these tools is beam blanker which enables a quirsion of the electron beam
from the exposed area. Exposition itself is prockssig which the e-beam scans the
surface according to prepared matrix and is perarnm single point mode, point
after point [34], or vector-like.

The high precision of this method is ensured mauyhhighly focused electron
beam to diameter of few nanometers. Focusing igaetl with applied high voltage

in order of tens of electronvolts.

Exposition parameters

The most important exposition parameter idose Q which is specified as
charge applied to one unit of exposed area. Ih isG/cm for linear objects and in
uClenf for square objects.

Beam step sizéy,ss specifies the distance between the exposed p@sls).
Next parameter i9eam currentl, its value is predetermined by a type of resist
material. There is a danger in application of h@hrents due to possible resist
overheating. However, the current should not beltwo because it would lead to
prolonging exposition timegter and to consecutive charging of the resist which
would lead to defocusing. To be specifigen is a time interval during which e-beam

stays on one pixel and can be defined as [35]:

QI]szS
tawer = O,].Db (1.5.6)
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The device can also pose a limitation. In casesafya of high currentgyer is

so low that the scanning system is not able td g#iefbeam precisely and in time.
1.5.10. Developing

Resist layer exposition is followed by resist depéhg. This process is
performed with assistance of developer whose diiitais declared by distributor of
the used polymer [28]. Suitable developer for PMMAsopropyl alcohol (IPA) in
solution with water or methylisobutylketon (MIBKR3, 35]. As was mentioned
before, the exposed area is developed in casesgiygoresist and the unexposed are
developed in case of negative resist

There are two ways of developing process. The dipsion is a dry way, when
the exposed areas react with highly reactive gached particles are blown away by
plasmatic discharge. This results in wanted pr¢&ig.

Second option is a wet method. The developer ifiebpn resist layer, which
is exposed in certain areas. Developers are mosjnic solvents, their mixtures or
solutions with water [38]. Reaction of positive ists with developer is based on
faster dissolution and cleaning of exposed arehsyavthe polymer strings were cut
during exposition. The result of developing procissa more or less precise profile
of original matrix. Precision of developing procedsongly depends on dose and
developing time.

The wet developing can be assisted by ultrasoundeaker with sample and
developer is placed to ultrasonic washer, whicheases the developing speed and
improves resolution and contrast of developed &irec

In case of special self-developed resists, the Idpireg process takes place
already during exposition when the reaction isiateld between single parts of
polymer resist.

Dissolving speedR of polymer can be determined by formula [37]:

R = 1/M* (1.5.6)

Wherea is constant for given combination of resist andelleper andM is a

molar weight of polymer molecule.
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1.5.11. Resist sensitivity

To determine resist sensitivity, the term relatiesist thickness must be
established. Relative resist thickness is primatdpendent on exposed dose, type of
used developer and length of developing time.

Dependence of relative resist thickness on dosepéwmitive resists can be

described from Figure 12.

w

1

0,5
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0 +
—— logD

Fig. 12 — Dependence of the relative resist thiskren logarithm of exposition dose
for positive resist [22]

The resist is completely inert to influence of tteveloper until exposition by
minimal dose Dpi. Then the relative resists thickness quickly deses with
increasing exposition dose tIDpO, when the resist is completely developed. Resist
sensitivity can be then concluded as minimal exfwsidose, which is capable to
initiate complete developing of resist layer in es@d area.

Completely opposite situation is during negativeisedeveloping (see Figure
13). Resist layer is fully developed after expasitby minimum doseﬁ)gi and with
rising dose the relative resist thickness rise el until the maximum dosBy’ after
which the resist is not possible to developed. With Dy the cross-link reaction
takes place and the space net across polymer nieteisucreated. Point Dg is also
called the point of gelation [22]. The median betw®, and Dy’ is called the

sensitivity of negative resist.
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Fig. 13 — Dependence of relative resist thickneskbgarithm of exposition dose for
negative resist [22]

1.1.1. Active layer deposition

Next step of the EBL process is a deposition af #itive layer [34], which is
the vital part, because without this step the meghanask would lost its purpose.

Adhesion, layer thickness and inner tension of d#pd material are the main
parameters defining the deposited layer. Anothgroitant aspect is homogeneity
and continuity of the layer over the polymer regisisk.

The most popular deposition methods are listedviaelo

Physical Vapor Deposition (PVD)

This method is based on transferring the depositatérial in gaseous form to
the surface of a sample. Adsorption of the gasstgiace on the surface and the
intended layer is formed. Sources of the atomsuarelly the desired materials,
which can be in form of a heated solid or in forhraanelt placed in container called
a crucible. The heating can be ensured for exaimplelectron beam bombardment
or by passing electric current through the materiethe system assembly is
dependent on the desired parameters of the deposstich as deposition rate,
direction of deposited gas flow etc. In case ofpevation, the heated crucible is
usually placed at the bottom of a vacuumed charahdrwafers are placed on the
ceiling of the chamber.

PVD is primarily used for deposition of conductiweaterials but insulating

materials are also possible to deposit by this oteth
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If the material is deposited on the surface undetiqular angle, the effect

called shadowing occurs (see Figure 14).

| co—

Fig. 14 — Shadowing effect

Chemical vapor deposition (CVD)

CVD is a deposition method which also transfersemaltin gaseous chemical
mixture to the surface of the sample. But in tliseca chemical reaction is needed to
form an active layer. Undesirable products of thergical reaction are fumes, which
have to be drained from the deposition chamberamtain very low pressure in the
chamber. Very high operating temperatures (5500°@pPand low pressure (10-100
Pa) are conditions specific for this method.

Location of areas with deposited layer can be e@rfied by controlled

distribution of catalyst over the surface.

Magnetron Sputtering

During magnetron sputtering, the deposited actaeer is formed by atoms
and clusters spurted from a target, which is medeamted material. Particles are
spurted by high energy ions which are created byzation of atoms in work gas
(usually inert gas as Ar). lonization of workingsga ensured by RF or DC plasma.
DC is the simplest assembly, when the target stlaode in diode wiring. RF plasma
is ensured by high frequency discharge which isqdaunder the target and hold by
magnetic field. Spurted atoms or clusters travethi® sample surface. The whole
process takes place in a high vacuum (units ofnféldesss) but coarser than in case of
PVD.
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This method has no limitations on deposited mdtes@ even insulating
materials can be deposited. When oxygen is usedlodsng gas, it is possible to
perform reactive sputtering during which atoms frtira target creates oxide layer
on the surface. Simultaneous deposition of diffem@aterials from two or more

targets is also possible.

1.1.2. FIBGIS

Etching of wafer materials and deposition of actisgers can be generally

called Focused lon Beam Lithography (FIBL). Focusedbeam microscope works
on the same principle as the SEM but the surfaseasned by beam of heavy ions
(usually G4@) instead of electron beam. The ion beam is alsm der etching of
material on sample surface with high precision. offpeof interaction of ion beam
with sample material and detail description of éhehing process are in [43 ,44]
The deposition of active layers is performed by ®&as Injection System (GIS). The
deposited material is delivered in the form of pirgor to the sample surface through
the injection pipes. The precursor is carrying coomul and it is fragmented by high
energetic beam such as ion beam or e-beam. Cléserocan be also taken in [43
44

1.1.3. Lift-off

The final step of e-beam lithography - called dft-- is a removal of resist
mask remaining under the deposited layer. The tresalthin layer of active material
deposited in a pattern, which is identical with theended matrix. This process is
also called stripping.

There are two types of lift-off, dry or wet. Whidippe should be applied is
usually determined by resist distributor.

During the wet lift-off, the sample with resists’ask and deposited layer is
soaked in remover. Each resist material has lissuifable solvents [22, 23, 35].
Mixtures of these solvents are cold removers, whach substances capable of
dissolving and removing the whole resist mask.-afft can take place in time
intervals from few seconds long to few hours lofig.accelerate the lift-off process,
an ultrasonic washer is possible to use [23].

Acetone and methyl chloride are some of the sietadinovers for PMMA [23,
35].
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Dry stripping is mostly used for negative resiststhis case, the sample is put
into oxygen plasma, which disintegrates even tbss:tinked polymer bonds. These

fractured polymer strings of the resist are thenaeed away by the plasma [22, 24].

1.2. Experimental methods and equipment

1.2.1. Scanning electron microscopy (SEM)

Highly focused electron beam scanning over the samprface is the basic
principle of the scanning electron microscopy [3#&jere are three types of electron
sources developed. The first one is thermo emissabinode, which is tungsten wire
heated on temperatures of 2700 K, when the thermigs@n of electrons from
tungsten occurs. The second is the Schottky cathatere the tungsten wire is
covered with ZrO to decrease the work function higth voltage filed is applied to
initiate Schottky effect. The source is heated aalt800 K. The last source type is
field emission cathode, where the high-voltagedfislalso applied and the electrons
are emitted via tunneling effect.

Emitted electrons are then accelerated to the medjuenergy. This electron
beam is focused by system of electromagnetic leasésapertures. To the most
important lenses belong intermodal lens and olyecffhe scanning movement is
secured by scanning coils, as is also shown inr€ig6.

The scanning electron beam interacts with the saisiplurface which leads to
the emission of various types of particles. Primalactrons of electron beam have
energy in range of ones to tens of keV. Interastioh primary electrons with the
material leads to ionization or excitation of atomshe sample, which can cause for
example emission of Auger electrons from surfager&w nanometers thick. Their
detection requires ultra-high vacuum. Other pasicemitted as consequence of
aforementioned interactions are secondary elect(®i. These electrons travel
from surface layer about 10 nm thick and their gpes in range of ones to tens of
eV. Detection of SE is secured by scintillator dede Other primary electrons are
electrons backscattered on heavy nuclei (BSE). & heeractions are elastic so BSE
suffer minimal energetic loss. Detection of thedecteons also takes place on
scintillator detector but with negative potential the first grid, which serves as
shielding feature for SE with low energy. Last smuof information from the sample

is characteristic X-ray, which is formed during ®eigations of excited atoms and it
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is detected by the semiconductor (SiLi) detectessighated for energy-dispersive X-
ray spectroscopy EDX.

Resolution is problematic issue for insulating mate because of the charging
of the surface. For conducting samples this isamoissue and resolution depends
only on the diameter of the beam.

Contrast from SE detection is primarily morphologig can be even material.
Better material contrast is from BSE detection beeaof larger sensitivity of BSE to
nucleus number.
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Fig. 15 — Assembly of Scanning electron microscope

SEM used in this work is type MIRA Ill from Tesca®chottky cathode is used
as electron source. EDX detector AXS Xflash dete4@10 from Bruker is also part
of the assembly. This SEM can also be used asglifipth due to the added beam
blanker and software extension of DrawBeam, ti@djtaphic modul.
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122. AFM

Principle of Atomic Force Microscopy is based otipascanning the surface of
the sample [41,42]. The tip is usually few microerstiong and 10nm thick and it is
placed on the lose end of a cantilever, which i® 20200 um long. The tip is
deflected in dependence on the type and magnitfidbeoforces acting between
atoms on the tip and atoms at the surface (seed-ifi). The first type of interaction
is attractive force, which is usually Van der Wdaalse and which acts when the tip
is approaching the surface. At some point of ther@gch the potential in Figurel6
reach the minimum and the repulsive forces staecto These forces are based on
the Pauli’s exclusion principle when the orbitalrfr tip’s atom overlay the orbital of
surface atom. The tip’s deviations are trackedrnduthe scanning by laser beam,
which lands on the cantilever and it is reflectegihotodetector. This photodetector
is divided to two or four segments and positiontleé beam is determined by
potential difference between segments. Measuredesaenable the computer to
generate the surface map. The AFM can measurgpas tof materials, conductors,
semi-conductors and insulators.
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Fig. 16 — Interaction between tip and sample

There are two types of measuring modes depictélgeif-igure 16. The first is
called contact mode or repulsive mode becausediwed acting at this mode are
mainly repulsive. The tip has light physical comtath the surface. The tip is placed

on cantilever with low stiffness. The forces fotbe tip accommodate on the profile
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of the surface during soft scanning of the tip aher sample. Scanning is performed
in mode of constant height or constant force.

The second mode is non-contact mode, when the rsysteexciting the
cantilever to frequency near to its resonant fraquevith amplitude even few tents
of nanometers. The changes in the frequency ohénamplitude are detected as
consequence of the force interaction.

The last measuring mode is the semi-contact oringpmode. This mode is
very similar to non-contact mode. The main diffees in a distance of the tip from
the sample. In this case the tip is significanttyser to the surface and is 'hitting' it.
The changes in frequency are also tracked andiginalss digitaly transformed to

surface relief.
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Fig. 17 — The assembly of Atomic Force Misroscopy

The type of used AFM is Veeco Multimode V with soanJV. Pictures are
taken in tapping mode with FESP tips from Brukere Tips resonance frequency is

in range 50 — 100 kHz. Error of height measurenlisted as 10%.
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2. Experiment

Chips with 3D topography were fabricated commelgidflicro-channels were
prepared as micro-channels of micro-DMFC in FigbreThe DRIE etching was
processed through a lithographic mask after a fitlmdgraphy procedure. The final
profile is shown in Figure 18. Optimization of PMMrsist layer deposition was
performed and for resist layer of chosen parameter<€EBL process was tested on
plain wafer. Parameters chosen on the basis ahgesh the plain wafer were then
applied for the EBL process on structured surfaéh additional modifications
three following EBL processes were performed. Tine @ the first process was the
deposition of Au contacts, the aim of the secondcess was application of Pt

catalytic layer to the cathode channel and the afnthe third was to ensure

deposition CNCeQ, layer into the anode channel.

Fig. 18 — Fabricated channels, cross-section otetheide, top view on the right
side

2.1. Optimization of sprayed resist layer on 3D
topography
To find the optimal parameters for sprayed resaigtt, six resist solutions were
prepared, which included 1%, 3%, 5% mass concentatdlutions of 120 000 g/mol
(120K) PMMA with anisole and the same three comeioins of 996 000 g/mol

(996K) PMMA with anisole. Preparation of the sabuts consisted of blending the

mixtures of polymers and anisole for 60 minute8GiC.
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Optimization process continued with distribution w#sist solutions over
structured substrate by spray coating system obaur design (see Figure 19). This
assembly contained Double Action Airbrush FengdaIBR2 with nozzle diameter
0.2 mm and classic spin coater. The sprayed aecosm@nt was carried by nitrogen
flow under pressure of 1 bar and the spraying wate controlled by movement of
0.2 mm thick needle in the nozzle. The airbrush fised six centimeters over the

sample. This distance was established to optirhieeltameter of sprayed area.

Fig.19 — Spray coater of our own design
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Resists were sprayed on heated structured wafeichwiere cleaned before
the deposition by nitrogen blow for 15 seconds.a@img ran for 60 seconds after
which the sample was still rotating for 30 s towmsbetter accommodation of the
resist layer on the Si surface. Exact spraying veds unfortunately unknown, but
maximum effort was paid to keep the rate constantafl samples. Middle current
setting was used for all depositions. Sprayingaufheresist solution was performed
for sample spinning speeds: 100, 300, 500 and g@fions per minute (rpm).

The AFM was the method used to determine the réisiskness during my
previous studies. In this work, however, it was asgible to measure resist thickness
on the walls of the channels with AFM. The reshgtkness was thus established
from SEM pictures. Results of the measured resigerk for all combinations of
solutions of and sample spinning speed during fiayscoating are in the Figures
20-43.

Fig. 20 — Resist layer 996 K 1%, Anisole, 700 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailsdhpicture f)
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Fig. 21 — Resist layer 996 K 1%, Anisole, 500 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 22 — Resist layer 996 K 1%, Anisole, 300 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 23 — Resist layer 996 K 1%, Anisole, 100 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 24 — Resist layer 996 K 3%, Anisole, 700 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

42



Fig. 25 — Resist layer 996 K 3%, Anisole, 500 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

- I E—
Fig. 26 — Resist layer 996 K 3%, Anisole, 300 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 27 — Resist layer 996 K 3%, Anisole, 100 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 28— Resist layer 996 K 5%, Anisole, 700 rpiotyre a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 29 — Resist layer 996 K 5%, Anisole, 500 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 30 — Resist layer 996 K 5%, Anisole, 300 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 31 — Resist layer 996 K 5%, Anisole, 100 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 32 — Resist layer 120 K 1%, Anisole, 700 rpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 33 — Resist layer 120 K 1%, Anisole, 500 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 34 — Resist layer 120 K 1%, Anisole, 300 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 35 — Resist layer 120 K 1%, Anisole, 100 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 36 — Resist layer 120 K 3%, Anisole, 700 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

48



Fig. 37 — Resist layer 120 K 3%, Anisole, 500 rjpiciure a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 38 — Resist layer 120 K 3%, Anisole, 300 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 39 — Resist layer 120 K 3%, Anisole, 100 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 40 — Resist layer 120 K 5%, Anisole, 700 rjpicture a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 41 — Resist layer 120 K 5%, Anisole, 500 rjpiciure a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

Fig. 42 — Resist layer 120 K 5%, Anisole, 300 rjpiciure a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)
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Fig. 43 — Resist layer 120 K 5%, Anisole, 100 rppicfure a) is a top-view from
optical microscope; b), c), d), e) are detailshef picture f)

The behavior of the resist material on 3D topogyaghring spin-coating is
influenced by centrifugal forces, which togethethathe gravity force press the resist
to flow to the edges, where it is pushed away wtensurface tension forces are
exceeded. This effect should be increasing withreising spin speed in case of
constant concentration and molecular weight ofréisést solution. This effect should
be less prominent for resists of higher concemnatin other words with higher
viscosity. We expect similar behavior of the refasters applied by our alternative
spray coating method.

We can divide the results into two main groups &atiog to molar weight of
used polymer materials. First we will discuss theuits obtained for (996 g/mol)
PMMA.

Resist layers in Figures 20-23 were of the sameamnation - 1% of 996K -
and were sprayed at 4 different sample spin spe€dsy follow the expected
behavior that with higher spin speed the resistiskness decreases on top of the
channel and increases at the bottom and in theecooi the channel.

Situation is however quite different for layersaminstant concentration of 3%

996K (see Figures 24-27). Resist layers are of eoaipe quality for all sample spin
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speeds so the spin speed dependence is not nidiceail. Moreover the resist layer
sprayed at 300 rpm seems to fail completely a®esstrmaterial seems to be spread
on the sample at all.

Similar behavior is observable in case of 5% 996Kictures 28-30. All resist
layers are similar and no dependence of the thigkrad the resist layer on the
sample spin speed is noticeable.

The results also show the following dependencyhefresist layer quality on
concentration of the resist solution for constaquim Speed: For the sample spin speed
700 rpm the expected dependency is observable pnlayers. The lower the
concentration of the resist is the thinner thestdayer gets.

Layers sprayed at 500 rpm spin speed fulfill thpeeted behavior only for
concentrations of 1% and 3%.

Resist layers deposited at the 300 rpm spin speedotl seem to show any
dependence of the thickness of the resist layethenconcentration. It should be
noted again that for this spin speed the experiragatuted for 3% failed.

The spray coating at 100 rpm has the same impaletyens as at 500 rpm.

On the basis of these results we came to a geoenalusion that the 5% 996
K layers do not obey the expected behavior of &sest layers due to high viscosity
of the solution of the resist material.

An observation of the second group of molar weighpolymer starts with
comments on 120K 1% resist layer.

The resist layers in Fig. 31-34 are getting thinnéth the faster spinning
except for the resist coated at 700 rpm.

The 120 K 3% resist pictured in Fig. 35-39 is bakycfollowing the expected
pattern of behavior except the bit thicker 700 dawyer. In case of 120 K 5% the
layer is coated as expected, Fig 40-43.

All resist layers of 120 K for all resist concenivas perfectly follows
expected behavior for increasing spin speed.

Despite the maximum effort invested to keep theaypg rate constant,
deviations in the rate could have occur which cdeidl to lack of deposited material
or its excess. That could possibly explain theasitun when the layers were thinner
or thicker than expected. Another possible explandas that the temperature of the

structured substrate during the spray-coating vifferent for different samples. The
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time interval between heating the sample on theplade and resist application was
possibly not equally long for all samples.

Differences in homogeneity and continuity betwe®6 & and 120 K resists
are probably consequence of different moleculargiei Dissolving rate for
polymers with higher molecular weight is lower aatng to formulal/M* [22],
where alpha is equal for both polymers. This facpiobably the reason for the
presence of the longer polymer strings in 996 Kstakan in 120K, which leads to
forming of larger droplets during spraying of 99GHKd leads to higher roughness of
the resist layer.

Due to requirements on the sufficient continuitytiodé resist layer, the 996 K
was considered unsuitable for EBL process for appbn in this work. Another
required property of resist layer is the maximaifanmity of resist thickness as
possible and satisfying coverage of right angledesd The reasons for those
requirements are the significant problems duringosiion of resist layer with
inhomogeneous thickness. Another special requirénseonn the thickness of the
resist layer. For the lift-off to be successfuk tesist layer has to be at least double
the size of the deposited layer.

The uniformity is established from measured thideas of resist in three
channels (1, 2 and 3) on every sample coated vafK1(Table. 2) according to
formula [30]:

Uniformity = % [100%, 2.1.1)

whered is the average thickness of the layer ansl the standard deviation of
the average value.

It is also observable from the table 2, that witbhler spin speed, the resist
material vanishes from the walls, upper edges aitbims and stays on tops or is

pushed to bottom corners as the stronger centtifogee engages.

Concentration 1% 3% 5%

Spin speed[krpm]| 0,1 | 0,3| 05| 0,40,2| 03| 0,5 0,40,12| 0,3] 0,5 0,7
Topl[um] 00| 00| 0,0 0610| 07| 1,7 44 75| 3,3| 9,2 9,6
Top2[um] 0,0/ 0,0 - -1 09 14 1f7 3|77,3| 6,0| 10,95,9
Top3[um] 0,0/ 0,0 - -l 09 23 20 3|%6,9| 40| 9,7 8,7

Upperedgellum] 0,0 0,0 0,0 00,0 00| 0,00 0425| 2,7| 1,2 1,2
Upperedge2[um]| 0,0 0,C - { 00 00 00 036| 1,0/ 1,4 05
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Upperedge3[um] 0,0 0, - 00 00 00 ¢P1| 06| 51 2,7
Walll[um] 07| 08| 02 10615| 1,2| 0,9 1416| 0,8] 2,7 0,8
Wall2[um] 06| 0,6 - -| 1§ 16 05 1/60,8| 0,3|] 1,4 0,6
Wall3[um] 0,4 - - -1 16 27/ 07 1p15| 04| 1,2] 0,3

Downcornerl[um| 0,0 | 0,4| 00| 1,4954| 49| 3,1 4439 69| 7,3 7,3

Downcorner2[um] 1,3 - - 35 69| 39 57Y39]| 6,1| 46| 7,6

Downcorner3[um] - - 5,2 - 39 5942| 60| 57 6,6

Bottom1[um] 02| 04 03 Op15| 15| 0,6/ 1,405| 1,7 0,3 0,5
Bottom2[um] 0,2 0,3 - -l 1,7y 10 03 143D6| 16| 0,3 0,6
Bottom3[um] 0,1 - - -1 18 1,7 05 1Jj104]| 2,0| 0,4 0,6
Average[um] 0,3 0,2 0,4 o0opB18| 1,7| 1,3 2431| 29| 41 3,6

Uniformity 147,9121,7|126,5|69,5]| 92,8/ 108,2/99,6| 78,3| 77,5| 78,4/ 87,8| 96,4

Tab. 2 — Measured resist thickness of 120K

With all the requirements considered, the 120 K, 390 rpm layer has the

best uniformity and sufficient thickness for suafaslift-off so it was chosen Figure

44, 45,

This layer could not compete in continuity or horaoegity with resist layers

prepared with commercial spray-coaters. It waslypalte to cleanness conditions

during preparation of our layers, but mainly duentbility of Airbrush to create as

small droplets as ultrasonic atomizer. The finabhetion was incomparable. But, for

following experiments, the chosen layer was suéhiti
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200 pm

Fig. 44 — Resist layer PMMA 120 K 5%, anisole, Xpth




|
50 pm

Fig. 45 — Resist layer PMMA 120 K 5%, anisole, Ipth

2.2.  Test of EBL processeson the plain substrates

Four resists layers were prepared by spray coafinige 120 K, 5%, with 100
rpm on plain substrates 1x1 €mOptimization of dose and developing time was
performed on four lines 1 mm long and 10 um wids there exposed in 2 prepared
resist layers by four different doses. Then, twifedent developing times were
applied for the two exposed resist layers. 50001@000, 4000, uC/chwere doses
used for exposition. Beam size was 61 nm for bedensity 19. 40 s in IPA:Water
(3:1) and 60 s IPA:Water (3:1) were the develoginges. The chosen dose was then
used for exposition of two resist layers to formsksfor 4 gold contacts on every
sample. 50 nm thin Au layer was deposited by DC matign sputtering in
magnetron of type BAL-TEC (MED 020) with argon awarking gas. The pressure
was 0.8 Pa and the current was 30 mA. Distancedmgtwhe target and the sample
was 90 mm and deposition rate was 0.25 nm/s. Thakof Au layer was assumed
to be optimal for deposition on clean Si withoupgorting adhesive layer of Ti or
Cr. Lift-off was performed by soaking the samplaswarm acetone for 2 hours.
Then one of them was put with acetone to ultrasamsher for 30s and both were

dried by nitrogen blow.
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Afterwards, the second EBL process had aim to depé8nm CN/20nmCeO
over golden contacts and to test,@8D&Q adhesion on golden contact by performing
ultrasound assisted lift-off. Thickness of ¢GeQ, was determined by [20].
Deposition parameters of magnetron sputtering ofy GMre: DC magnetron
sputtering, current 21mA, pressure 4 Pa @4 a working gas), distance between
target-sample is 50 mm, deposition rate was 30nm/@eQ was deposited under
these conditions: RF magnetron sputtering, perfaoeavas 18 W, pressure 0.4 Pa
(Ar+O2) with 1mPa Q@ the distance between target and sample was 90 mm,

deposition rate was 0.2 nm/min.

100 pm 100 pm

Fig. 46 — Developed lines after 40s of the develgpiop view on the left, cross-
section view on the right

100 pm 50 pm

Fig. 47 — Developed lines after 60s of the develgpiop view on the left, cross-
section view on the right
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400 pm 400 pm

Fig. 48 — Au contacts after lift-off, without ulsaund assisted on the left, with
ultrasound assisted on the right

D ap % P i 2 .|_|‘|.T| .
contact after ultrass assisted lift-off

Results show that the suitable dose was 500 uC/amich matches to the
uppermost line in Figure 47. The other lines seenbd overdosed and at 4000
uClcnt the cross-link and negative lithography alreadyktplace as can be seen in
Fig. 46, 47. The extensive development could be edsised by overheating of the
resist due to very high beam intensity. The betreloping time was 60s and can
be determined by comparison of Figures 46, 47 -dffftwas successful only if the
sample was treated with ultrasonic bath, but 3@osqul to be more than adhesive
forces of Au on Si could take so time of ultrasobath should have been shorter.
And finally, the CN/CeO on Au layer does not seem to be damaged ba/dtap of
the second EBL process, the porous structure thigelift-off is visible in Fig.49 and
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it is similar to structures from [20]. And also tviadhesion CRNCeO on Au layer

should not be a problem.

2.3. Additional modifications of parameters for EBL

on structured substrate

There were other four samples spray-coated. Tinie the resist was applied
on structured substrates. Goal of this experimeas w0 modify exposition and
developing conditions to achieve fully developea@miel with no residual resist in
the exposed areas. The exposition doses were saralt the samples. The dose into
the channel was 1000 uC/¢mnd 500 uC/cfwas the dose for the contacts on the
tops of channels as had been established duritngesf EBL on the plain
substrates. The first couple of samples were expéreen perpendicular direction
and one of the samples was developed by soakingdieveloper for 60 s and then
drying by nitrogen blow. The other one was soakedeaveloper for 40 s and then
put with developer to ultrasonic washer for 20 syilly was performed by nitrogen
blow again. The second couple was treated equalingl the developing as the first
couple in case of applied dosage, but exposition peformed under tilt of -30° and

30°. Results are shown in Figures 50-51.

e —
50 pm 200 pm

Fig. 50 — Developing of the resist layer withoutasound assistance, perpendicular
exposition on the left, exposition under tilt oe tight
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50 pm 400 pm

Fig. 51 — Ultrasound assisted developing of thestésyer, perpendicular exposition
on the left, exposition under tilt on the right

The results show that the best way to proceed avasiform exposition under
tilt to ensure sufficient dose for resist layertla¢ corners and to assist part of the
developing by ultrasound to decrease amount ofeielual resist in developed areas
to minimum. The high amount of residual resist eveloped areas was probably
caused by high porosity of structured Si surfacgsed by its fabrication (Figure).
This porosity improves adhesion of resist layerjolwhn this case, is unfavorable
effect.

2.4. Deposition of contacts and catalytic layers into

micro-channels

All established parameters and modifications weathgred and applied on
three following EBL processes. A purpose of thstfiEBL process was deposition of
golden contacts to the micro channels. The secoBd Rrocess ensured the
deposition of the catalytic Pt layer into the cakb@nd finally the third EBL process
resulted into a deposited GNCeQ layer into anode side. The ¢ind CN/ CeQ
were also deposited on clean structured Si wafergeferential samples. The
deposition parameters were unchanged.

50 nm thin Au layer and Pt were deposited by DC me&gn sputtering in
magnetron of type BAL-TEC (MED 020) with argon awerking gas. Pressure was
0.8, current is 30 mA. Distance between target sardple was 90 mm. Deposition

rate of Au was 0.25 nm/s and of Pt was 0.15 nmfspdsition parameters of
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magnetron sputtering of GNwere: DC magnetron sputtering, current 21maA,
pressure 4 Pa (N2 as a working gas), distance betwarget-sample was 50 mm,
deposition rate was 30nm/min. Ce@as deposited by RF magnetron sputtering
under these conditions: performance was 18 W, press4 Pa (Ar+g) with 1mPa

O, distance between target-sample was 90 mm, deposdte was 0.2 nm/min.
Every step was captured and the whole processegasgarly controlled by EDX.

200 pm

' { ¥4
Fig. 53 — Cross-section view on detail of Au lagdge on Si, the bottom on the left,
the wall on the right
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200 pm

Fig. 54 — Pt layer on Au contact (the second chidinomn the left) and on Si (the
second channel from the right), before lift-off thie left figure, after lift-off on right
figure

100 pm
MAG: 231x HV: 20kV WD: 12.0mm J | MAG: 231x HV: 20kV WD: 12.0mm

Fig. 55 — EDX — Pt layer on Au contact after lift-matches to Fig.54 on the right)
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| S .
Fig. 56 — Edge of Pt layer on Au contact at thedmtof the micro-channel (cross-
section view)

1
MAG: 27.Tkx HV: 20kV WD: 11.1mm f s 1 MAG: 27.Tkx HV: 20kV WD: 11.1mm
Fig. 57 — EDX — Edge of Pt layer on Au contact ¢srgection view, matches Flg 56
on the left)
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Fig. 58 — Si channel; b), c), d) are details offige a); b) corner at the bottom; c)
wall; d) bottom

Fig. 59 — Si channel with CNx layer; a) b), c)ai¢ details of the Fig. e); a) top of
the channel b) wall; c) corner at the bottom; d}doa
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0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
keV

Fig. 60 — EDX of the Si channel with CNx layer

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
keV

Fig. 61 — EDX of the wall of the Si channel with £hwyer
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. 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
keV

Fig. 62 — EDX of the bottom of the Si channel WtNx layer

200 nm

Fig. 63 — Si channel with CNx/ Ce@ayer; a) b), c), d) are details of the Fig. §); a
top of the channel b) wall; c) corner at the bottainbottom
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x 0.001 cps/eV

1 2 3 4 5 6
keV

Fig. 64 — EDX of the Si channel with CNx layer (gn¢ and with CNx/ CeQ©
Layer (red)

x 0.001 cps/eV

1 2 3 4 5 6
keV

Fig. 65 — EDX of the wall of the Si channel with &NCeQ layer
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X 0.001 cps/eV

1 2 3 4 5 6
keV

Fig. 66 — EDX of the bottom of the Si channel witNx/ CeQ layer
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MAG: 198x HV: 20kV WD: 15.0mm

o)

MAG: 198x HV: 20kV WD: 15.0mm 1 MAG: 198x HV: 20kV WD: 15.0mm

MAG: 198x HV: 20kV WD: 15.0mm 555 | MAG: 198x HV: 20kV. WD: 15.0mm

Fig. 67 — EDX of CNx/ Cern Au (the second channel) and Pt on Au (the third
channel from the left in) and of CNx/CeO on Sigffifrom the left) and Pt on Si (first
from the right)
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x 0.001 cps/eV

2 4 6 8 10
keV

Fig. 68 — EDX of CNx/ CeQon Au and Pt on Au

Fig. 69 — Edge of the CNx/ Ce@ayer on Au contact on the bottom of the channel,
cross-section view of the channel
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10 pm i . 400 nm

Fig. 70 — CNx/ CeQlayer on Au contact on the wall of the channedssrsection
view of the channel

o ! IZ-lum"
. 71— CNx/
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cps/eV

1.2

2 4 6 8 10 12
keV
Fig. 72 — EDX of Ce@on the wall with Au contact underneath
cps/eV
pax S Ce-LA Au-LA

2 4 6 8 10 12
keV

Fig. 73 — EDX of CeQon the bottom with Au contact underneath
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Au contacts were successfully deposited to the rmblan(see Figures 52, 53).
There can be observed some flaws in the contathelrworner of the bottom in right
channel was discontinuity caused by lift-off of ideml resist. The second flaw is
missing contact on the left top of the left channBhe reason was probably
misplaced matrix during exposition.

Pt layer was deposited perfectly due to compleseigcessful EBL process,
(see Figures 54, 56). The presence of Pt layer®ancdontacts was verified by EDX
in Figures 55, 57.

During examination of CM CeQ, on clean structured Si, observable deposited
layer was only on tops of the channel (comparisoRigures 59 and 59). But EDX
confirms presence of the GNFigures 60 - 62)t was found out that etching of GN
layer during deposition of CeO in oxygen plasma wefisctive only on the tops of
the channels (Figure 63) and higher parts of thikswahe lower parts seemed to be
intact (Figure 63). EDX confirmed presence of GaOthe whole channel (Figure 64
- 66).

The third EBL process was successfully finishedyFes 67, 69 - 71) and
presence of all deposited layers was confirmed D} E-igure 67, 68). Morphology
of the CN/ CeQ was the same as in case of clean Si and laydreohdttom (Figure
66) did not seem to be even similar to layers ff@6]. Layer of CN, seems to be
still about 200 nm thick but in case of successtahing, the layer thickness should
be significantly reduced. A presence of Gefd the wall of the channel and on its
bottom was also confirmed by EDX (Figures 72, 73).

The observation of final result indicates that Aontacts on the tops of
channels are disintegrated, which is probably opmsece of worse adhesion on
smooth Si surface than on structured Si in chanihmisrovement could be achieved
by application of adhesive layer (Ti, Cr, etc.).

It is assumed that already deposited catalytic rlagenot chemically or
physically influenced by next EBL process. It woulot have been completely true
in case of Pt layer during hot plate after nextstedayer spray coating and during
resist lift-off. The catalytic properties of Pt Eywould not have been completely
preserved.

Information gathered from EDX spectroscopy couldalfected by shadowing
effect. The mutual position of the detector and shenple with high topography

could be so inappropriate that emitted X-ray is capable to reach the detector
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through the structure. Despite the maximum effontight advantageous positioning

of the sample, the shadowing effect cannot be cetelyl excluded.

2.5.  Another approach to micro-channel fabrication

Some effort was given to try another approach afreachannels fabrication
via FIBL (Fig. ).

T T —

Fig. — Etched channels to Si substrate with FIBtatice between channels 1um on
the left and um on the right

It was found that for fabrication of 2 um deep ahdum wide separated
channels it is necessary to set distance betweamnels on 2 um also. It was also
observed that in case of channels longer then maxrinwidth of view field the
channels are difficult to connect due to drift bé tFIB system. However the main
disadvantage is extreme time severity in caselmidation of larger figures in order

of tens of um, which are for planar micro fuel eeljjuired.

3. Conclusion

The main aim of this diploma thesis was modificatiof every step of the EBL
process for 3D Si surface to enable a depositiactbe layers to micro-channels of
monolithic planar micro fuel cell. This process teesen modified and successfully

optimezed for 3D Si surface and deposition of &ckayers was performed.
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Optimization of spray coating with spray coatingteyn of our own design was
successfully performed. The 120 K 5% resist layeted at 100 rpm was chosen as
the most suitable layer that satisfies the requamshfor further experiments.

The initial EBL parameters were established dutimg EBL testing on the
plain surface of Si. With further modifications 8D surface, these parameters were
used for successful EBL process.

The parameters are: exposition dose 500 puC/cm2cdotacts on top of
channels and 1000 pc/cm2 for contacts in chantilsf the sample 30 degrees and
-30 degrees, beam intensity 19, 30 keV, developrmeiRA:water for 40 s + 20 s
ultrasound assisted, lift-off in warm acetone fdrairs + 20 s ultrasound assisted.

EBL processes with Pt and Au layers were succdgsfiihished. The
deposition of CIWCeO layer on high topography will probably be thigiect of

further research, testing and optimization.
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