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Summary

This year (2021) have completed the following tasks ahy work plan: (i) selection of the DNA
sequencedor biorecognition of each of the biomarkefer brain cancer that will be used in the
subsequentphasesof the work. Thischoicewas basedon an extensiveliterature review; (ii) During

the sameperiod, | optimizedthe manufacturingprocessin a cleanroom for graphenefield effect
transistors,which will be the basic devicéar the sensors that it proposes to developny doctoral
thesis. After thisstep, | successfullynanufactureda 200 mm wafer with graphenesensorsa highly
complexprocess thatrequiresadvancedknowledgein operatingmultiple tools and equipmentin a
cleanroom. The next stageof my work plan, which will occupythe secondyear, consistsof the
functionalizationof the newly manufactured graphengansistorswith synthetic DNA probes, with

the sequences selected in the previous stage. All probes will be tested against their complementary
sequences and also against sequersigswingone or more nucleotidepolymorphisms In the third
year of work, calibrationcurves willbe established aswell asthe detectionlimits and the dynamic
rangeof the sensorsThelast step, alreadycloseto the main objective of the thesisof providingan
economicalalternative for the diagnosis of brain tumors, is to test the sensors with DNA extracted
from surgically resected brain tumor tissue and compare with the results of DNA extracted from blood

and samples of plasma and unprocessed blood.
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1.Fabrication of graphene electrolytgated field-effect

transistors.

11 ExperimentaProcedures

111 CADdesignofgrapheneEGFETs

The graphene electrolytgated field effect transistor (EGFET) was designed using AutoCad 2020
software. Thedesigninvolvesa wafer with 1764 graphenechips,eachwith 20 individualsensors 10

of which share the same source hiifferent drains and the other 10 share another source and again
drains always different (Figure 1.a), thus providing a mirror appearance.A receded gate (area
comprised withirthe red lines)wasincludedin the spaceddesignof the currentlineswith alargearea

to further increasethe contact between the electrolyte drop and the gate and provide an even
distribution of the potential within the drop ofvater and a very uniform gatinfield.

The area committed by the graphenechannel(area comprisedwithin the orangelines)in each
transistor isl875umz2, havingalengthof 25 um andawidth of 75 um. Largegold padswere designed

to facilitatethe process of bonding th@uminumwire to the PCB. These gold pads were only designed
on two sidef the chipto facilitate their characterizatiorwith the aid of an automaticprobe station

that allows us to measure the graphene resistance at the end of the process in order to check which

sensors are good tose.

Figure X CAD design of the graphene EGFET.
a. Sourceanddrain currentlinesare markedin blue (darkblue for drain and white blue for source) whereasthe gate
electrode is represented in red, and orange lines represent the graphene channelsto ease sensor design

comprehensionb. Adie with 9 chipsis shown,indicatingthe relativedistribution of chipsalongthe wafer.



1.1.2 Fabricationat wafer scale-overview

Figure 2 represents the resume of the process tietethe main goal to develop a proceks the
wafer-scalefabrication of high electronic quality devicks biosensing applications. The final devices
produced at the 200 mm wafer scale are resistant to all the solvents used for graphene
functionalization anchavelow ion permeability, which increases their elécal stability. After the
previousstudy,in which each step of the fabrication process is optimized using small area substrates,
a completemicrofabricationprocessis performedon a 200 mm Siwafer coveredwith 100 nm of
thermal Si. Thechipdesignisfor 20 grapheneransistorsper chip,with acommonsourceelectrode

for eachgroupof 10FETsa topgateelectrode in thecenterof each chip, and backgateaccess pad

to allow double gating of thetransistors.

a, Back-gate acess b. Gold Contacts c. Sacrificial layer assisted transfer d. Graphene Patterning

source Drain T B sowe Drain e source Drain aE
| | T | o so, |

e. Stopping Layer Definition f. Passivation layer Definition g. Final Device

_— water {Si+5i02)
— —— Source and drain contacts {Cr + Au)
Source I Drain “Bate source | W] Drain “Gate sowce ]I Orin PR T Gate contacts (Cr + Au + AR03)
— = Bl crechene
I stopsing Laver (Ni}

SI02/SiNX mixed passivation

Figure 2 - Graphicaloverview of the optimized fabrication processfor wafer-scale production of EGGFETSor

biosensing.

a. backgate definition and patterning. b. Conductivematerial and passivationmaterial definition. c¢. sacrificiallayer used
during graphenetransferto avoidtransfer-borne residueson gold surfaces(e.g.,gate electrode).d. graphene igatterned
by dry etching,and the sacrificiallayerremoval.e. stoppinglayer preparedon top of graphene based onNi. f. deposition

anddry etch patterningof the passivatiorstack.g. stoppinglayerdissolvedandthe final deviceachieved.

Thefirst stepisto openthe backgateaccessisingopticallithographyandreactiveion etching(Figure
2.a).Then,acontactlayerstackis sputteredon the wafer: 3 nm of the Cradhesionlayer,35 nm of the
Au conductivdayer,and 20 nm of the &03 protectivelayer.The contacts are patterned using optical
lithographyandion milling (Figure2.b). Thesacrificialayerfor graphenetransferis preparedby lift-
off, using TiW(N) in the tolayerto ensure the sacrificidl I & Salilitydduring the multiple graphene

transfersteps.Opticalmicroscopyis usedto confirmthe lift-off LINE O &in@lefian. Theprocessed



PMMA/graphene films artransferredonto the g | ¥ @ldsited regions until futtoverages achieved

(see Figure 2.c). After PMMA removahghene is patterned with low power EQR plasma (Figure

2.d). After removing the sacrificiédyer, graphene quality is accessed by optical microscopy (film
continuity).

Previouslyto the passivation AlRO3 is selectivelyremovedto improve adhesionof the passivatiorto

0 KS OKA LJR2M3 iskapiylaQlegate anél pads to prevent contact with the stoppitayer

by patterning 2200 nm thick AZP4110 photoresist and wet etching with alkaline solution (AZ400k 1:4).
A hard coatingor passivation is chosen. The next step is the stoppitygr and passivatioayer
deposition with Nibased stopping layer (black layer in Figure 2.e) and SiO2 and SiNx dielectric
passivation (Figure 2.f). The finahfer (Figure 2.g) ianalyzedwith EDX to tscard the presence of
processcontaminants CharacterizatiomsingRamarspectroscopyafter processinghe waferisused

to confirm the achieved final quality gfaphene.

113 Fabricationat wafer scaleStepby-step

Backgate Definition

A 200 mm diameter crystalline silicovafer (SiegertWafer GmbH) with 200 nm of deposited Si®R
plasmaenhancecchemicalvapordeposition(PECVDyasusedasa substratefor the chipfabrication.The
backgatdsacontactto silicon,wherewe intendto applyvoltagethroughapad.If the padismetal directly
deposited on silicon, the agxposedsiliconis covered in oxide that present a Schottky barefect (norn
linear and asymmetric)lorestorethe ohmicbehaviorof the metal/silicon contact, two approachésve
been previouslyested(A.Chicharo, MarcR021):

1. Exposeasiliconwaferto HFvaporetching(Primaxx)transferit quicklyto vacuumanddepositgold.

2. Performa longsputter etch followed by aluminumsputter depositionwithout breakin vacuum.

Measurements were performed using two contacts present on the test samples. The samples with
sputtered metal (Al or AlSiCu) on Si without-precessed showed rectifyingehavioralso strongly
dependent on exposure of the silicon sample to light.

1. TheHFexposedSiwaferswith sputteredgold showedgood linearity with the appliedvoltage,as

well as ohmic IN\behaviot

2. The Si sample processed with sputter etch and AISiCu deposition showed linear behager

but noninearities inl/V.

To applyingbackvoltage (not passingcurrent), both results are acceptable The processwith pre-

sputter and AISiCu is easier &afize and was choséar this wafer.



The processis performedin two lithographicalsteps.In a first step, a hole (in the photoresist)is
defined atthe placeof the backgate Reactiveon etchingis usedto etch the thermal silicondioxide
of the wafer, down to the silicon wafer. Photoresistis removed using plasmaasher. A second
lithographydefinesthe area of the pad, slightly larger than the one defim@dviously.The sputter
etch is appliedor 600 secondgo the openedarea,and a layer of AISICULOO nm / TIWN15 nm is
deposited.Thisdeposition isfollowed by lift-off. In order to improve the lift-off, the lithographyis

performedwith the assistancef the Soalprocess.

Gold Deposition and Patterning

Here wehavethe step of conductive material deposition and passivation material deposition. A thin
layer of chromium(Cr,3 nm) was sputtered onto thevafer to form an adhesive laydor the gold
deposition(Au,40 nm) and a protective layerwas next sputtered (Al203,20 nm). Thesource,drain

and gate electrodes were patterned by DWL using AZ1505 600 nm as a positive photoresist using a
dark exposureand anion millingwasusedto etch the unprotectedgold siteswith Argonat anangle

of 130° for 411 sec.Theend of the processwas confirmedby a massspectrometryof the residual
gasesn the chamber After that the photoresist was stripped by action of Oxygen Plasma, 3 times 13

minutes of plasma, with a maximum temperature of@grees.

a. b. C.

W sio, B sio, B sio, |

d. €. .. S f.
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Photoresist for patterning

Figure 3 Schematic representation of the gold deposition and patterning by ion milling.

a. Silicondioxide (SiO2)deposition. b. Chromium(Cr), gold (Au) and alumina (Al203)deposition by magnetron
sputtering.c. Opticallithographyof the gold currentlines, electrodesand gate usinga positivephotoresist(AZ1505).

d. Photoresistdevelopment.e. gold physicaletchingby lon millingwith Argon(Ar+)plasma.f. Photoresisstrip.



Via Opening

Likein previousprocessesgoldis protectedby aluminumoxide.Thisoxidewill be usedto protectgold

during graphene patterning by plasma process. This oxide must be removed from the places where
graphene will be in contact with source and drain. The oxide is etched lyetredoper,at rate of 3
nm/min, whichcorrespondof 3 min overdevelopgfor each10 nm deposited We executethis as4 min

each overdevelopment so that there is 2%er-etch (we never can be sure of the thickness of the
oxide,andits cleanlinesdevelwill alsoimpact the initial etch rate). Theresistis 1 um, and needsto

be of sufficient thickness to allow trever-developprocedure in dark erosion. With some tests, we
saw that 20 nm of oxide removed by 6 min development leads to a quite eroded resist layer to the
point that the protective nature of resistis not ensured howeverwe kept 20 nm in this processand
wedo2f A (i K 2 Id\HavielRe&adinlythat AIRO3 it justremovedwere we wantwithout affecting

the areasneed tobe.

Sacrificial Layer Definition

Inthis stepahardmaskisused,not to pattern graphenebut to protectthe substrateduringgraphene
transfer and patterning by O2 plasmausinga photoresistmask.Any contaminantsnot removedby
the oxygenplasma are removed together with the hard sacrificial mask. The contaminants possibly
depositedwith grapheneon the sourceanddrainare not avoided.Still,they do not significantlyaffect

the deviceperformance sincethey are not in contactwith the biologicalsolutions.

a. b.
- Secrifivial
Source Drain Gate e Source Drain Gate
Sio, Sio,
C.
Sacificial gz
Layer —
-~ Scuutee Drai Wafer (Si +5i02)
Sioz Source and drain contacts (Cr + Au)
T

Gate contacts {Cr « Au + Al203)
Photoresist for lift-off

Metallic Sacrificial Layer | TIWN + AISiCu + TIWN)

Figure 4 Schematic representation of the sacrificial layer definition follow by 1dtf.
a. Conductivematerial and passivationmaterial after definition. b. Preparationof the sacrificiallayer via lift-of. c. Lift-of

sacrificiallayer,leaningonly the channelregionand sourceand drain electrodesexposedfor the graphenetransfer.



Thesacrificiallayer shouldwithstandthe standardtransfer processand patterning of graphene,and
it shouldalsobe easilyremoved(e.qg.,dissolution) leavingthe grapheneintact. With that in mind, it
was designeasfollows: 5nm TiWN,100nm AlSiCuand 15nm TiWNDby lift-off following. At the point
of the fabrication sequence where the sacrifidéteris added, only the contactsvebeen patterned,
and so a standard l#f can be used with no risk of damaging underlyiagers. Thus, after a
lithographic stephat leavesthe photoresistprotectingthe source drain, and channel the sacrificial

layerstackis deposited by sputtering followed Hift-of using acetone and ultrasoniath.

Graphene Growth and Transfer

Graphendsgrownby CVDn ahot-wall reactor(FirstNanoET3000New Y ork,NY,USA)n high-purity
Cucatalystsandthentransferred.Theprocesssoptimizedto achievemonolayerfilmswith low defect
density.The 10 x 10 Cu foils were previously chemically treated using a mixture of a solution3pf FeCl

HCI and DWaterfor one mirute inultrasound.

a. b. C.
,u

PMMA
[ Graphene |
[ Graphene | PMMA
d. e. f.
PMMA
PMMA Graphene
[ Graphene |

Figure 5 Graphene growth and preparation for transfer process

a. Graphenegrowth in the chemicalvapordepositionmachineon the top and bottom sheetsof the copperfoil. b.PMMA
spincoatingof the top-quality grapheneto assistits handlingand protect it from the physicaletching processc. Etching
of the graphenefrom the bottom by oxygenplasma.d. Copperfoil dissolutionandgraphenetransferfor SiO2f. Graphene
transferfor SiC.

TheCusubstrateswere placedinto a three-zonequartztube furnace (EasyTub&T3000CVDCorp.)
and the systemwas evacuatedto approximately2mTorrand then filled with 250-sccmArgon (Ar,
99.999% purity) and 68ccm Hydrogen (H2, 99.999% purity) gas mixture. Once the growth
temperature and pressure were reached, the carlpsacursor,methane (0.5 sccm) was introduced
into the chamber.The growth was carried out at 1040 °Cwith 6 torr for 50 min. Duringthe CVD
processgraphere growson both sidesof the copperfoil. At this point, Ramanspectroscopyanalysis

was performedto identify the side with higher graphenguality. Posteriorly,the side with highest



quality was coated with poly(methyl methacrylate) (PMM#&)protect it from the oxygenplasma
etching and aid théransferprocessThelow-quality graphenewasetchedby the actionof O2 plasma

and copperdissolvedby action of FeC3 (0.5M)for 2h min at room temperature. Thegraphenewas
cleanedby repeatedcyclesof HCI(2%,1h) and DIwater (10 min) and then transferfor the wafer. To
removePMMAthe waferisimmersed in acetonéor 3h, followed by 1h in isopropanol and 30 min in
DiWater. Graphenetransferand patterning are crucial steps in the fabrication of graphene devices.
Exceptfor automated, continuougransfer systemswhich are not universally available yet, the wet
graphene transfer limitations are mostly userelated, requiring a trained hand tachieve

reproducibleresults.

Graphene patterning and sacrificial layer removal

After PMMAremoval,grapheneis patternedwith low power ECRO2 plasmaandthe sacrificialayer
is removed with 202 for etch TiIWN, and AZ400 to remove AISiCu. The photoreasstripped with
acetonefor 2 hours,cleanedwith IPA DIwater and N2 dried, after that graphenequality is accessed

by opticalmicroscopy(film continuity)and Ramarspectroscopyor structuralquality and continuity.

a. b. C.
Dry etch Dry etch
:';e'MI Source Drain Gate mﬁu Source Drain Gate :"m Source Drain Gate
Sio,
e. f

seaast
e Source Drain Gote Source Drain Gate

Cr+ Au+ AI203)

Metallic Sacrificial Layer ( TIWN + AlSICu + TIWN)

Bl corhene

Photoresist for patterning

Figure 6 Pretransfer sacrificial layer to protect the chip surface from residues.

a. Preparationof the sacrificiallayer via lift-of, leaningonly the channelregion and source and drain electrodes
exposedor the grapheneransfer.b. Graphenedransfers overthe protecteddeviceswhereit only contactsthe actual
surfacewhere desired. c. Graphenepatterning using O2 plasma(dry etching).d. The exposedsacrificiallayer is
removedby wet etch, removingthe residuedeft on the transferLINE O Suifac&xadFinalizedgraphenetransferand
patterning process,leavingthe gold surfacesfree of residues.f. After graphenepatterning the sacrificiallayer is

removed.



Previouslyto the passivationAl203 is selectivelyremovedto improve adhesionof the passivatiorto
0 KS OKA LI3203 iskaptilylalQHegate andl pads to prevent contact with the stoppitayer
by patterning1200nm thick AZP411(@hotoresistandwet etchingwith alkalinesolution(AZ400KL:4).

Dielectric Passivation Layer

When a plasma etching is performed on graphene, a stoppy® must be prepared on top of it to
prevent the etching from damaging graphene. For this a new lithography was used to pattern the
stoppinglayer(SL)y lift-off to protectthe Au(from the source drainandgate)andthe Si from the

ion milling step ahead. A hard coatifay passivation is chosen. Niquel was chémestoppinglayer
followed by alift-off because can protect grapherier further depositions of varied materials and
higherpowerscanbe successfullperformedwithout damaginggraphene Thusan effectivestopping

layer for dry etchingof the passivationlayer without compromisinggrapheneintegrity is achieved.

Next, the passivation layer is deposited as a stack of two 50 nm films of SiO2 and three 50 nm films of
SiNx with250 nm of final thickness.The passivationstackis patterned using 1035 nm of AZ1505
photoresist andoptical lithography,followed by lon Milling usingpreviouslyoptimized parameters.

After removing theremainingphotoresist,the channelsand the gate electrodeare releasedby wet
etchof the stoppinglayer(FeC3 for Niquel remove). The removal of the stoppilagerwas followed

by EDX, allowing thinal devicesto be processcontaminantsfree. The EDXspectrumwill showthe

stoppingt I & &ndIlién after patterning thevassivation.
a. b. C.

| =]
== = g
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Figure 7 Patterning of the dielectric passivation by RIE using a sacrificial/stopping layer.

a. Sampleafter graphenetransferand patterning, ready for dielectric passivationb. Preparationof the metallic stopping
layerby ultrasonicationfree lift-of. ¢. Stoppingayerafter patterningcoveringthe graphenechannelandthe gateelectrode.
d. Depositionby PECVDf SiO2and SiNxdielectricpassivationand standardRIEpatterning. e.after wet, final deviceetch of

the stoppinglayer,with only the graphenechannelandthe gateelectrodeexposedfor contactwith the electrolyte.



Dicing
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blade. Each chip was posteriorly cleaned with anetdPA, ethyhcetate and DI water before use.

Wire bonding

Finally eachchipismountedon afibre glasschipdesignedor the printed circuitboard (PCBusedfor
the project. The connections between the two chips were made by wire bonding wiakbsuse of
ultrasonic vibrations to weld a thin aluminium wire between the pads of the two chips. A silicone gel

was used to protect the fragile wires to corrodelyeak.
1.1.4 Sensor Characterization

Scanning electromicroscopy

The microfabrication process was evaluated by scanning electron microscopy (SEM) (NovaNanoSEM

650). Images were collected in secondary electron imaging mode at operating voltages and working

distances as presented in the SEM microphotographs.

Raman Spectroscopy

Ramananalysisvascarriedout on a Witec Alpha300R ConfocaRamanmicroscopeusinga 532 nm
Nd YAGaserfor excitationat an output laser power of 1mW. Samples were measured using a 50x

objective and an integration time @s.

Dry etch resistance

Forthe R S @ Aelé@rialzharacterizationan automatedprobe stationis usedto measureeither the

current or the voltagedrop in the channelbetweensourceand drain contactsat a fixed voltageof 1

mV or a fixed current of 1 ufgspectivelyThen, the measured values are converted to resistances to

provide information on the homogeSA & 2 F G KS RiSalith FoiShie Qeomait@odtBed & I+ Y R
transistors(W/L = 3) and the unintentionaldopinglevel of processedyraphene achannelresistance,

R, below+/- 1000 W is expectedin successfuldevices,while valuesup to +/- 2500 W are still

acceptableTransistoravith R > 2500 W were rejected addscarded.



1.2 Results andDiscussion

121 Back Gat®efinition

E1C lithograpmBackgate definition

In afirst step,ahole (in the photoresist)is definedat the placeof the backgate Reactivdon etching
is usedto etch the thermal silicondioxide of the wafer, down to the siliconwafer. Photoresistis

removed using plasmasher.
b. C.
il- -

a. maskrepresentingone chipandthe respectivehole for backgate definition. b. opticalimagesof the processwith atotal

a.

Figure 8 E1C lithography

of 9 chips.c. Markingthe linesin the centerof the wafer for future alignments.

E2D lithography aluminumetch

A second lithography defines the area of the pad, slightly larger than the one dgiieeidusly.The
sputter etch is appliedfor 600 secondgo the openedarea,and a layerof AISICULO0Onm / TIWN15
nm is deposited. This deposition is followedliftyoff. In order to improve thdift-off, the lithography
is performed with the assistance of the Sqakcess.

a. b.

Figure 9 E2D lithography

a. opticalimagesof the processwith a total of 9 chips.b. opticalimageshowingthe center of the wafer and the mark of

lithographyinsidethe previousone.



12.2 Gold deposition angatterning

Conductivanaterial Deposition

Forconductivematerialthe choicewasCr3nmandAu35nm. Chromiumis usedasanadhesiorlayer;

it needs to be continuous (> 2 nm). It could be made thickerQ(fim) but this increases the total
thicknesswhichis to be avoided.Goldis usedasa conductivematerial due to its high conductivity

and itsstablenature (doesnot oxidizeeasily) With anothermaterial, the transferinsidewater could
alwayslead to oxidation of the metal (even a very thin nanometric layer) and the graphene would be
transferredonto a nonconductive oxide. The total thickness must kept under limits, becase
graphene is sensitive to the gap between the gold and the silicon oxide in the bottom laf/dreBy
using30to 40 nm of gold,we neverhadproblems,but we knowthat with £ 200nm, graphenewould
break. For this reason, we should limit the total thickness. The deposition of gold is done with an
exclusion ring. This exclusion rimgkessure no gold is deposited in the extremities (within 8 mm) of
the borderof the wafer. Thisisnecessaryo avoiddamaginghe goldduringthe plasmaasher.Indeed,
goldisdamagedby oxygenplasma,soat a later stepwe protect the gold by aluminiumoxide.Butthe
aluminium oxide machine does not deposit in the whole afdeereforewe must avoid that there is

gold in the outer regions of theng.

Figure 10 Picture of the wafer after conductive material deposition.

Passivation Material Deposition

Immediatelyafter depositinggold,it isnecessanadepositionof Al203. Thisoxidepassivateshe gold,
which canthen be exposedto oxygenplasmafor cleaningand etching steps.However,aluminium
oxide is easily removed by thadeveloper.We should avoid repeating exposures (development) or
over- developingexceptwhen it cannot beavoided.

In previous processes, we used 10 nm as aluminium oxide thickness, however this layer had to
be increasedsincewith only 10nmthe aluminaendsup beingattackedduringthe procesqexistence

of



multiple lithographicstepsand a step of AISi@ removalwhichis attackedby the samesolutions),so

our choicefell on 20nm which worked out quite well. Although Al203 is physicallyseparatedfrom
AISiClby 15 nm TiW there is no guarantee of film homogeneity due to the low thickness, implying
that ARO3 couldstill be partially attackedduring AlISiCuemoval.Thetime requiredto removeAlSiCu

is half of the time for removalof 20 nm Al203, meaningthe film shouldstay evenif there is partial

contactbetweenthese twolayers.

Figure 11 Picture of the wafer after passivation material deposition.

E3D lithography contacts definition

E3Dlithographycontainsthe contactsand helperlayers.Differentkindsof helperlayersare included
in different namesCTCthe contactsfor the device,plusthe dicingmarks.Dicingmarksare like the
central crosshut shorterin size At (0,0),the shortdicingmarkof CTGs superimposedvith the longer
central mark present in MRK MRidarkers,the central cross at (0,0), the left and right crosfas
horizontal alignment. Placement crosses (+6290Q,0RAdditional text, currently informing that the
spacefor dicingislimited to 160um, placedon the left edgeat everyline. Theleft cornerof the wafer

isillustrated below:

a. b.

dicing mark

| '\
alignment mark from 1_BG
main alignment (-62900.,0)

—

maximum dicing width

Figure 12 E3D lithography mask.

a.new alignmentmarkswith higherprecision.b. maskusedfor E3Dlithography(representingone chip).



The source, drain andate electrodes were patterned by DWL with a 1035 nm AZ1505 positive
photoresist using dark exposure. Lithography is @08|] this allows better photoresist adhesion as
comparedto exposingon gold. Photoresist(600 nm) is sufficient to protect Cr, Au and Al203
(3+35+20during the etch and possibly provides better definition of the glapshe ion milling. The
exposure conditions are as given by the machine technitiémshould avoidover-developmentor
exposure repetition, as this slowly damages the @iiminumoxide. As opposed to processes with

individual dies, we expose a single masntered no alignment and noffset.

a. b.

Figurel3- a. Opticalimagesafter lithography (center).b. opticalimagesof chip 15.908after lithography.

lon Milling

Theetchingis performed at 130° of incidence(40° from normal), in order to create a cantededge

which allowsthe transfer of graphenewithout breakingit. UsingSIMSechnique,the analysisshows

the progress of etching of Au ari@r, successively (usually Al is not easy to sé&).need to avoid

over- etching because it can remove the silicon oxide, which is only 100 nm and is etched quite fast.
Over etch also increasesunnecessarilythe height of the gap on which graphenewill sit. For this
reasonthe criterionisto not (anymore)wait until all chromium isremoved rather wait for chromium

to reachpast themaximumand backto half if its initial level. Any remainingchromiumbelow 1 nm

will be oxidized and will not short circuifraphene.

It can contribute to graphenedoping, hopeful not more than siliconoxide. Also,the SIMSanalysis

gives the impression that a long time is needed to remove chromium, but this may be due only to the
non- uniformity of the etch; only externalareaswill be with someCr left. Sidewallcleaning45 s is
helpfulto finish removing Cresidues.

In last process, etch time was 411 s (130°) + 80 s (186Mever,the etchrate of the machine has
increasedand we look to reducethe over etch, suchthat the new time is goingto be shorter this

time.



Figurel4- a. Opticalimagesafter ion milling (center).b. optical imagesof chip 15.908after ion milling (source, drain

andchannel).
Resist Strip

Thanks to the use of 203 on top of gold, the resist strip can be performed by plasslaer,atechnique
fasterandcleanerthanchemicaimethods.SuggestedecipeisLowTemperaturé&esisStrip 13min,which
workswell andavoidsheatingtoo much,which couldwell damagegold featuresor create thermal stress
due todifferent dilatation parameters in silicon and metal structures. Due to unstableratehthe resist

strip completion must be verifiedisually,and the recipe can be repeated if not sufficient.

123 Via Opening bverdevelopment

E4dithographyc viaopening

The L3 layout performs via opening and sacrificial layer, the first as dark and the second as clear. It is
slightly inside the L2D gold contacts. This way, the area exposed does not depend of the existence or
not small misalignment of less than 1.5 um aovi. The layer is called CD because it is exposed
successfully clear and dark identically.

Al

L7C_STOP lsC RIE L4CD_VIA

Figurel5- Resumeof somemasksusedin the processL4CD_vidvia openingand sacrificiallayer definition), L5D

(graphenepatterning definition), L7C_STOtop layer definition), L8C_RIEon milling definition)



Figurel6- Opticalimagesof the lithography after development+ overdelopment(chip 15.001).

Hgure 17- Opticalimagesof the lithography after development+overdelopment(chip 15.001).

124 SacrificialLayerDefinition and Deposition

A novel approach to improve the surface cleanliness of the chip surface after graphesgeris
demonstrated. Areffective sacrificial layer is developed, allowing the patterning of graphene while
protecting the pristine gold surfaces. This optimizati®f high importancdor using the devices as
biosensors. It promotes better intetevice homogeneity and less random molecular adsorption
responsibleor the sensora A 3 yahdorfxé@sponseandnoise.Theprocesds generalandsuitablefor

other appli@tions or devices with similaequirements.

E4D lithography sacrificial layer

At the point of the fabricationsequencewhere the sacrificiallayeris added,only the contactshave
been patterned,and so a standardlift-of can be usedwith no risk of damagingunderlyinglayers.
Becausef that a lithographyis createdthat leavesthe photoresistprotectingthe source,drainand
channel(Figurel8) to be able to deposit the sacrificial layer by sputtering followed byffiftising

acetone and ultrasogibath.



Figure 18 Optical images of the lithography after development (chip 15.001).

Sacrificial Layer Deposition

Thesacrificiallayer shouldwithstandthe standardtransfer processand patterning of graphene and

it should also be easily removed (e.qg., dissolution), leaving the graphene fotabis reason 3ayers
havebeen chose (5nm TiWN, 100 nm AISiCu, 15 nm TiWNjirgthayerof TiWN is used to prevent
contact between Al203 and the sacrifideerof AlSiCu, avoiding diffusion between this tlagers.
The low thickness of 5 nm is required to reduce the etching fonehis layer,since the solution of
H202 used to etch TiW cattack graphene if it is to be exposed. In principle graphene will sill b
protectedby the photoresistusedfor patterning(L5D) still exposureto H202shouldbe reducedto a
minimum. The next layer is AISiCu and this is dffective sacrificial layer that provides physical

separation between thevafer surface and graphene.

Figure 19 Picture of the wafer after sacrificial layer deposition.

It is thick enough to ensure that particles and residues adsorbed on its top surface leave together with
this layer,once it is removed. AISiCu is easily etchethieydeveloper AZ400k, with only 4 min being
enough etchawaycompletely thelayer.Since AlSiCorovidespoor adhesionfor graphenewhichcan

hinder its adhesionon the overallwafer, TIWN wasusedbefore to improveit. However,it wasnot

enoughand a top layerof Auwill be tested. Still, Au andAlSiCwannotbe in contactsinceit would



createan alloy difficult to remove.Assuch,athin layerof TiW iskeptto provide physical separation
between AISiCu and Au. The layekept thin, 15 nm, tomake sure the exposure to H202 upon

removal isminimal.

Lift-Off process

Lift-off is performedwith acetone2h and 10 min of ultrasoundsin the final which canremovethe
sacrificiallayer on top of the channels sourceand drain sites (for graphenetransfer). Procedureis

repeatmore 4 times. After lift-off, a cleaningin IPA30 min andwater 10 min isrecommended.

Figure 20 Optical image after liftoff. No sacrificial layer on source, drain and channel.

125 Graphene Growth andransfer

Duringgrapheneransferwe mayhavesomecontaminationdrom graphenegrowth or evenfrom the
copper dissolution process such as polymeric residues and metallic residues coming from the copper
sheetbefore graphenegrowth or iron precipitatesfrom the iron chloridesolutionwhichare attached

to the undersideof the graphenefilm andadhere to the surfaceto whichthe grapheneistransferred.

In addition, one must pay extra attention to air bubblesthat canbe createdunder the grapheneat

the time of copperdissolutionand that can originate copper agglomeratesthese bubblescan be
removed withthe aid of tweezers.lron precipitatescan be reducedwith the aid of a metakfree
attackingagent, sucrasammoniumpersulfate,or by dissolvinghe iron usingan HClsolution. Using
freshsolutionsof FeCl3s alsoan excellentsolution previouslyfiltered with a 0.22 um filter asit can
improve the removalof copper agglomerates. Despite all this there alwayssome small atomic
clusters of Cu and ions beinbservedon the surfacesafter grapheneransfer.Asstatedearlier,these
particlesappearon the copper dissolution side as residues that are trapped at the interface between
the substrateand graphene and do nadnterfere with graphene surface processdsmwever,are
transferredto other exposedwafer surfaces.In our EGFETsyhere the upper gate electrode is

coplanarwith the transistor channelthe exposureof this electrodeduringgraphenetransferleadsto



adsorptionof residueson the goldsurface,contaminatingour electrode (strongsourceof parasitic
signal),andasa consequencethe exposure of biological samples can lead to the adsorption of non
specific proteins and DNA at the particle sites. Furthermore, it can lead to voltage drop changes in the
electrolyte-holder interface, changinthe random behavior,makingthe interpretation, optimization

anduseof the devicedifficult.

Graphene Growth:

For graphene growth the Cu foils were cut in 10x10 pieces, followed by a treatment with an acidic
solution (280mL DiWater + 10 mL HCI 37% + 10 mB &M ) for 1 min.

Figure 21 Pictures showing the process for Cu treatment.

After that graphene was gwth in the CVD machine. Growth conditions: 0.5 sccm CH4; 250 sccm Ar;
60 sccmH2; Pressured Torr; Growthtime 25 min; Annealingime 30 min; Growthtemperature1040
°C; Annealing time 104C.

Figure 22 Pictures showing the process for graphene growth.

a. graphite box b.CVD machine. graphite box with Cu foil treated.



PMMA 15k powder from SigmaAldrichref 200336100G(273 EURYissolvedn anisolewere coated
on top of the graphene (spinoating with PMMA 15K mix; recipe on thdd&m track recipe 5039, 1k

rpm).

a. b. C.

Figure 23 Pictures showing the process for PMMA coating.

a.graphene without PMMAb. graphene during PMMA coating.graphene after PMMA coating.

Back side was been cleaned by Roth & Rau (recipe: GrapheneCu Foils_02 Plasma Treatment), 8 cycles

of 30s plasma.

a. b. | C.

Figure 24 Pictures showing the process for graphene removal from backside.

a.backsidegrapheneb. RothandRaumachinefor O2plasmac. backsidewithout after plasma(without graphene).

Graphene Transfer Procedure:

FeClI3 0.5M preparation:
- 163 g of FeCI3 powder to 2 L of diH20

Add thewater slowly due to exothermaleaction



In the end stir the saition with a magnetor at least 3h (1000pm)
Cu dissolution:
Fill a glass container with FeQL5M.

Placedhe coatedcopperpiece(~6¢cmby 6 cm, cut borders)in the glasscontainerfor ~2h.

Figure 25 Pictures showing the process of graphene transfer.

a.Cu/Graphene/PMMAb. Cu/Graphene/PMMA in Fe€lor 2h. c. graphene/PMMA in acid (HCI).

- Graphene+PMMAvastransferredto cleanH2Oandthen for anothercontainerwith cleanH2Ofor
10 minutes.

- It was then changed to clean diH2® 1h.

- ThePMMA+graphengiecewastransferredto freshlypreparedHCI2%for 3h (108 mLHCI37%to
2L ofDiWater).

- The sample was thetnansferredto DiWater for30 min.
- After the finalDiWaterstep, the pieces wergansferredto the finalsubstrate.

- After that thewaferwas left drying overnight &RT.

When possible, théransferis donevertically.We should just avoid that the fluids go around from all
directions.Therefore,it can be done at an angl&€ransferto the finalsubstrateis performed with the
final substratetreated in vapour HMDSto increase hydrophobicity. The transfer tool shouldbe a
Si/SiO2wafer treated in plasma asher to increasgdrophilicity. After transfer, graphene is dried
overnight at room temperature. This replaces thekesthat were previously done, with the argument
that remainingwater molecules blow graphene, when heated, could damage the film. If multiple
transfersare performed, PMMA from previoustransfer is first removed,then sampleis processed

againin vapour HMDS.



For PMMA removalthe wafer is placedunder low vacuum(desiccator)for 1h to improve surface
adhesionof the graphenefilm and then immersedin acetoneface up for 3 hoursfollow by lhour

isopropanoland 30 min DiWater.
126 GraphenePatterning

E5D lithography graphene pattering

Thislayer4 contains the graphene area. It is larger than then via, so that any misalignment does not
change the active width. It is also larger than the gold area because we noticed the plasma asher
reducesthe sizeof grapheneIf this layeristoo large,the excessvidth will not count for biosensing,

but reducethe electricalsignal.Therefore gxcesshouldbe avoided.Thislithographyis 1.5um bigger

than VIA, which is the nominal size it shob&Ve.

We uselithographyto define the areaof the graphenetransistor. Thisexposureis Dark.We expose

all around graphene, just letting graphefa exposure. It uses a thicker resist (2200 nm) wag to

protect better graphene during thetch.

a. b.

il

L7C_STOP L8C RIE L4CD_VIA

Figure 26 Resume oE5D lithography for graphene pattering

a.L4CD_vigviaopeningandsacrificialayerdefinition), L5D(graphenepatterningdefinition), L7C_STOtoplayer
definition), LBC_RIEon milling definition). b. Opticalimagesafter lithography.

Graphene etch
In the past wehaveusedoxygenplasma steps of 2 minutes at 280, monitored byprofilometer. The

process removes about 100 nm of resist in each step and is monitorpbbiipmeter, in away to
removeabout500nm of photoresist.Thisprocessvasableto removedgrapheneput wasneverable
to removecompletelythe residueghat camefrom the graphendransfer. Howeverbecausehistime
we havea superficial layer that protect thevafer from the residues a simplexygenplasma can be

performed ICP machine that controls better tteanperature.



Figure 27 Resume of graphene patterning.

a.Optical image after lithography for graphene patternihgoptical image after graphene pattering.

Lookingfor optical images (Figure 27) we can concluded that graphene etplabsna O2 was
successfulTheareaaroundsource drainand channelits very cleancomparewith beforegraphene

etch.

Sacrificial Layer removal

To remove the sacrificial layer:
- TiWetch: Immersewaferin H20230%for 3min30secRinsewith diH20and dry softly.
- AISiCu etch: Optical track, recipe 0014, AZ400k 1:4, 120seS.

- TiWetch: Immersewaferin H20230%for 150s;Rinsewith diH2Oand dry softly.

Figure 28 Optical image after sacrificial layer removal.

Photoresist Removal

Acetoneisusedto removethe remainingphotoresist.Becausef the plasmaprocess, thehotoresist
is probablyhardened.Removaby acetonehasworked. Samplehen passes fronacetoneto IPA,and
from IPAto water. Asabovefor the stepof transfer,it shouldbe noted that passingrom IPAto water

shouldbe donewith alot of caredueto the differencein



viscositieswhich causeperturbationsin liquid flow and possiblyleadsto mechanicadamageto the

transferredgraphene.

Figure 29 Optical image after photoresist removal.

12.7 Al203 cleaning fronines
L6D lithography Al203cleaning(lines only)

The layer contains pads amgate. It is exposed dark so that the photoresist is removed from mostly
everywhere the areaswherethe passivations dueto stay,andwherethe aluminumoxideshouldbe
eliminated The aluminum oxide was not depositedwith the gold. It was depositedwhen needed,
which isbefore graphenetransfer,with the purpose to protect the golébr graphene etching. It was

then removed.

Figure 36 Lithography mask for Al203 cleaning (light purple lines).

Actually,a layerof aluminiumoxideis includedaspart of the stoppinglayer,whichis depositedand
removedbefore graphenetransfer. In a previous processwe alreadyusedthe aluminiumoxide on

top



of the goldimmediatelyafter deposition,andopenedby wet etchonlyto openat the sourceanddrain
for the transfer. Thepassivatioris done by polymer, after graphenetransfer, without stoppinglayer
(and aluminium oxide is removed at that moment). In this process, there is doedtoppindayer,
but contraryto previousprocessesit is depositedafter graphene Thestoppinglayeris composedof
niquel inthe bottom, whichisthe materialsthat lastsdamagegraphene Thereisaneedfor aluminium
oxide tobe presenton exposedyoldto preventintermixingwith niquel.Butthereisalsoaneedto not
havealuminiumoxide on currentlinesto avoidthat it staysbelow the passivationayer (aluminium
oxideis much worse as passivation, it is easily dissolvbdffiers,which might cause delamination of
the passivation starting from the channel or from pores in the passivation). The chos#iorsddu
using thealuminium oxide that stayed on the gold to protect the gate; selectivelyremove the
aluminiumoxide from the current lines bjthography.The level lithography is performetdear.As it

is an aluminium oxide cleaning, it uses AZ150mgsist.

Figure 31 Opticalimages of the lithography after development + overdelopment.



Passivation etch

Aluminumoxide is removed, as above, using 4 minutes of @lexelopment.

Figure 32 Optical images after photoresist removal. No28kin current lines.
128 Stooping LayebDefinition

L7C lithography stopping layer

The stopping layer defines the region of the channel, where we want 4oadsivate graphene. It is
slightlyinsidethe areagraphene becausanisalignmentgo the outsidewould causea big problemto
the function of the device. If overlapping the siliceubstrate,it would cause short circuit to bottom

gate.If overlapping with the gold contacts it will ciltem.

L7C_STOP

Figure 33 Lithography mask for stopping layer definition (red lines).





















