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Abstract. The useof tungstenpolyoxometalategwith main representativen

this work the phosphotungsticacid Hi[PW,O.) for the construction of

molecularnanodevicess exploredin this work. For this purposethe electrical
behaviorof polyoxometalatecontainingmatrials was studiedas well as the
possibility of using suchmaterialsin patten-transferproceduressuchas the

electron beam lithography. Metal-Insulator-Metal (MIM) junctions were
studied during the electrical chaacterizationof polyoxometalateeontaining
materials.The insulatingpart of suchdeviceswasa polymericfilm contining

the phosphotungsticanion [PW;,04]*. Vertical structures,either with or

without a SiO, layer betweerthe polyoxometalat layer andoneof the metalic

electrodeswerealsostudied.In spiteof the fact thatthe materals used presents
ageing phenomenajt becameclear that Hy[PW,0,] possesseshe needed
conductivity in order to be usedin nanometer-scalenolecular devices. In

addition, the lithogrgphic study of polyoxametalatecontining materials
showedthe possibility of a reliable electronbeamlithographyproceduren the

nanometerscale, both for a positive and a negative tone maerial. The

experimentalstudy was completed by the developmentof a Monte Carlo

electronbeam lithography simulation program.The accuraterelaions for the

electron elastic scatteringfor both the high and low energy region are

implementedin this program,so that it can be usedin high and low voltage
electronbeamlithography.

Keywords: molealar electronics,PolyoxometalatesMonte-Carlosimulation,
electron-beamlithography, metal-insulator-metal(MIM) junctions, current-
voltage(l-V) characteristics

1 Introduction

The gigantic growth of Microdedronics indugry is mainly owed to the
continuous miniaturizetion of metal-oxide-semicondudor field-effed transstor
(MOSFET) - a fad known as Moore s law [1]. According to the Internaiond
Tedhnology Roadmap for Semicondudors [2], continuing this coursewill eventudly
come to an end at best during the 200 s decade, due to the fad tha MOSFET s
phydscd gate length will be 7nm With MOSFET s dimensons approaching the
atomic scde a nunber of different devices (e.g. [3-7]) and/or concepts[8-11] were
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introduceed in order to supplement MOSHET and prepae the next era of
microdedronics. As circuit dimensonshave drealy goproached theatomic scde, the
use of Chemistry and Material Science, in order to provide us with moleculesor
materials with the ability to perfform logicd cdculaions [12] or presentmemory
effea [13], is a tempting idea. However, there is a long way before we can use
molecula systems as logicd or storage elements Both procedures and materials
which will be used to implement this idea shoud be foundfrom saatch, a situdion
posng difficult to answer technologicd as long as theoreticd problems to the
reseachers who ae dedlt with it.

The use of phoghoungsic add (HsPW10.,-POM) in molecula eledronic
systems is studied, for the first time, within this work. The lithographic peformance
[14-16] aswell as the eledricd properties [16-21] of materials based on POM is
investigated, so tha both the material needed and the proceduresfor paterning it are
obtained.

2 Experimental results and discussion

2.1 Electrical characterization

In order to study the eledricd propetiesof the materials concerned, aluminum or
gold panar eledrodes separated 20500 nm apart were fabicaed on SiO, udng a
sandad PMMA lift-off process and eledron-beam lithogaphy. Two dfferent
eledrodeconfigurationshavebeen used: (a) onein the shape of opposng finges with
a nanometer distance [18] and (b) another in the shape of paallel lines with
nanoneter interspacing (Fig. 1). The semnd configuration has the advantaye of
allowing for homogeneous eledric fields and larger curentsin the interspace and
therefore more stable measirements The opposte finge geometry resuts in more
intense fieldsfor a given applied voltage and smaller currents Furthermore, since the
nunmber of adive moleculesbetween the eledrodes is geneally smaller than in the
caseof long paralel eledrodes, the apperance of quantum tunndling effeds is
favored athough trangport is more senstive to the fluctuaion of the number of
molecules The resuts presentd hee (unless naed othewise are basal on
measurenents with paallel eledrodes. A layout of the structures used for the
eledricd measurenents isshown in FHg. 1.
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Fig. 1. E-beamfabricatedparallel electrode on 200 m SiO2 over Si. (a) Generalview. (b)
paallel linesconfiguration(c) oppositefinger geometry.

In a seach for a suitable pdymer matrix, it should be consdered tha the hog
material should not rea¢ with the embedded molecules thus altering ther trangort
propeaties and at the same time the composte material should preferably behaveasa
lithogmaphic resst with nanometer resoluton for nanofabicaion process
simplificaion rea®ns Poly (methyl methacrylate) (PMMA) meds both demands
Solutions of POM and high molecula weight PMMA into PGMEA solvent were
prepared. Therelative concentration of POM/PMM A wasvaried in therangel:4 wiw
up o 51 wiw.
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Fig. 2. Currentvs voltage graph,in the caseof the5 over 1 (POM/PMMA) materialfor various
distanes and planar (a) Al electrodes:The abupt current changefound at 50 nm distant
electrodes(indicated by an arrow) disappearsin greaterdistances.(b) Au electrodes:The
absenceof naturaloxideunderlineshe observeceffects.

In order to study thetrangport charaderisticsand single ou thetunnding eff eds of
these composdte systems, the eledrode distance, the eledrode material, and the
molecula concentation were treded as variable parameters. In Fig. 2a a typicd
resut with Al eledrodes is shown. In the casedf intereledrode distanceslarger than
50 nm the behavior is approximately Ohmic with the excepion of a small nonlinear
region for voltages lower than 1 V. This Ohmic behaiour is due to hoppng
condudivity throughtunggate moleculeswhich, in our case are 2.25nm apart. Since
the molecula sizeis 1-1.5 nm the net distance between moleculesis edimated to be
0.754.25nm in this concentation. In the caseof small intereledrodedistance (L=50
nm), a nonlinear condudivity change appears. This change suggests a saurdion
effed, i.e, the trandgtion from the barier-limited condudion to the bulk-limited
condudion daminated by hoping trangport. In order to investigae this effed and
distinguish the part tha is dueto the inaulating PMMA matrix, structureswith Au
eledrodes were also teged (Fig. 2b). The noniinear condLctivity changestill appears,
which is evidene of the fad that it is mainly dependent on the material, rather than
on the eledrode In the caseof the ® nm gold eledrodes strong csdll ations appear
after 2.5V. Compaing the resuts in the caseof Al and Au eledrodes it is deduced
that the barrier appears for smaller eledrodedistancesin both casesEffeds are less
dramatic in the caseof Al eledrodes dueto the presace of the naurd oxide, which
has a high contiibution in the caseof lower voltages. We have chedked eledrode
distancesaslow as 10 nm obtaining qudit atively the same resuts. In the caseof such
small distancesonly afew moleculesare aligned in the diredion of the eledric field.



For example, in the caseof a 1:1 w/w concentation and D nm eledrode distance,
the mean dstance between moleculesis <d>=3 nm resuting in 3-4 moleculesalong
the field. The eledrons read the moleculesthrough the PMMA insaulating barrier
undergoing multiple unnding. The band aignmentbetween dedrodes and molecula
levels becomesimportantin this extreme case An aignmentscheme is shown in Fig.
3 basead on pultished data for tunggate POMs [22]. Althoughthe Fermi levels for Al
and Au are postioned aboveand lower than the LUMO level, repectively, the effed
on a two-dedrode metal insulator metal (MIM) device should be similar due to
symmetry.A'II'he currentsobserved in /t{wle caseof Au dedrodes are highe.
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Fig. 3. Band alignmentbetweenAl, Au, andPOM.

Since the main mechanism beween moleculesin an insulding environment is
hopping condudivity, curent depexds strongly on the molecula content of the
composte material. Deaeasng the molecula conentation resuts in lower currents
and, in the caseof paadld finge eedrodes, the disgperance of the cumrent
discontinuity. This resut shodd be compared with resuts where opposdte finge
dedrodes were used. The highe eedric field devdoped beween the oppodte
eledrodes resuted in highe cuments and the dramaticdly smaller nunmbe of
moleculesinvolved resuted in the appearance of abmupt curent changes even in the
caseof 1:1 w/w concentation.

In the caseof nanometer distant eledrodes the I-V charaderistic may be divided
into threeparts. (a) the low-voltage region, (b) the region around the abrupt curent
change (Fowler Nordheém region), and (c) the space-charge-limited region. In the
case of low-bias voltages, tunnding mechanisms domnae trangpornt. A deailed
theoreticd modd in this caseshould take into ac@unt both tunnding through the
metal bariers as well asmultiple unnding beween the molecules However asimple
tunnding modd througha MIM structure provides a good fit of the experimentad
resuts. In the presentpape we disauss the low-voltage pat of the I-V charaderistic
in terms of the andyticd expresson deived by Simmons [23], which desaibes
tunnding througha MIM structure with athin insulating barier of length d:

1= IOX{GJ Xexp(-a\/d)—)-((b +€V)Xexp(-am)} (0)
where:
a- 2d@ @)

, disthefilm thickness m is the eledron mass and @ is the mean barrier heght for
the whole system. (1) indudes both the contad effeds as well as the insulating



bariers beween molecules A straightforward leas-squaes fitting of experimentd
daa to (1) presentsconvegene difficulties due to the presece of the three
paameters, @, |, and d.To avoid thesedifficulties the daa are first extrapolated with
theuse of a third power law 1=c1-V +c2-V?+c3-\?, and then the codficientscl, c2, c3
are identified with the coregponding coefficientsresuting from the Taylor expanson
of (1). The resuting noniinear system for @, I, and dis solved numericdly and a
unique soluion is aways edablished. This first se of parameters saves as initial
values for accurae norinear regresion andysis. Thereallts are demondrated in Fig.
4. ® cdculaed from the low-voltage daa region depends mogly upon the device
geometry and the POM concentation of the materias, and lessuponthe eledrode
materia. In the caseof a 1:1 w/w concentation and eledrode distance 20-50 nm,
®=0.65¢/. Thepotenid enteing (1) isadudly a mean valuewith contributionsboth
from theinterfacesand the material. The Fowler Nordhem region analysis adlows the
evaluaion of the material contribution for the barier potential. For example, in the
caseof 1:1 wiw concentation ®=0.39¢/ usng the daa of Fig. 5.
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Fig. 5. Fowler Nordheimplot of thedat of Fig. 4. The calculatedbarrierheght was0.39eV.

Low-temperature experimentsusing a nitrogen cryodat were peformed in order to
investigate the temperature dependence of the condudance. Condudivity follows an
Arrhenius law reveding a hoppng mechanism with adivation energy
E,=0.12+0.01¢/ in the caseof the 1:5 w/w concentation. This adivation energy is



quite small and provides a physicd basis for the explanaion of trangort via a
hopping mechanism.

Similar resuts were oktained with the PHECIMA/POM formulation, which was
teged beforethe PMMA/POM one It wasproved though[22] tha PHECIMA reads
with POM, failing to comply with the specificaions menioned above Verticd
structures either with or withouta SiO, layer beween the POMe layer and oneof the
metalli c eledrodes, were also studied. A typicd capacitance measurenentin a Al/ n+
Si/SIO./POM-PMM A/Al stadk is given in Fg. 6.
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Fig. 6. Cgpacitancers. frequencygraphin a Al/n+ Si/SiO2POM-PMMA/AI verticaldevice.

2.2 Electron Beam Lithography - Experimental

A succes$ul material for molecula applicaions apart from saisfying condudivity,
should dlow the paterning ofthe active molecula channd in adired manne without
usng additiond redst processng. So, it is rather straightforward to teg different
formulations of POM/lithographic redst mixtures targeing at a combinaion d
succes$ul lithography and a stable find material after processng. There were two
succes$ul formulationsin regect with their lithographic performance: (a) Poly(vinyl
acohol) (PVA) based formulationsand ) PMM A/POM.

PVA basal formulations very similar to the ones tha had been used in the past
[24], were first evaluaed as e-beam negdive lithogtaphic redsts. The polymer tha
gavebest resuts had been puchased by Fluka (Mw 22,000and degreeof hydrolysis
98.5 %) and used without further purification. A formulation containing 4.3% w/w
PVA and 14.4 % w/w HiPW..04 in water was sdeded for bilayer e-beam
lithography. This material wasvery close to the oneused beforefor opticd and X-ray
lithography [24] and for this rea®n the therma processng and devedopment
conditionswere also kept close o the ones reported there: Pre-expoaure bake70°C for
1 min, Pog exposure bake 80°C for 1-2 min, Development with addic aqueous
soluions (Developa 2M H3PO4/0.02M H3PW 1,04, rinser 3M HCI). Hard baked
novolacwasused as the botom layer and the pattern was tanserred to tis layer with
asuitable tvo step oxygen plasma process 8 secO./SF; (9:1) followed by 140secO..
In this processthe pdyoxometall ate compoundseaves asthe oxygen plagma redstant
additive. The first step wasused in order to remove any polyoxonetall ate reddues
from the devedopeal regions which would cause micromasking and thus inéficient
patern trander. The senstivity obtained wasquite good(10-50 pC/cm?) asexpected



by the presace of relatively high percentaye of W in ther compostion, and despite
thelow amplification imaging chemistry in these systems [19]. On the other hand the
demanding process imited the qudity of the obtained lithographic feaures egecially
due to the need for aggressve etching steps tha resuted in high roughnas
Neverthdess isolaed lines of less than 80nm were receved with this type of
materials as damondrated in Hg. 7.
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Fig. 7. (a) Dense 500nm lines (50|JC/CITF) and (b) isolated 80nm lines (32uC/cn®) on
polyoxomet#ate containing PVA electron beam resist after etching. E-bean energy was
50keV. Theline profile wasobtainafteretching.
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Fig. 8. Line width vs. dosein the caseof PMMA/Tungstateformulationin the caseof dense
200nmand500m lines. Thelinewidth variationis limited to 8nmfor a 1% dosevariation.
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Fig. 9. DenstOOnm(887 pC/cmZ) linesandisolaed 60nmlines(920uC/cm2) patternedy
50keV e-beanlithographyon a PMMA/Tungstateformulation.

Pogtive materials were formulated besed on PMMA and POMs. In this case
imaging with e-beam wasbased onthe well known PMMA chain sdasson chemistry.
Conventiond PMM A processng was used aswell. The unexposed pat of thefilmin
this caseseeaned intad after the devdopment and spectroscopic studies showed that



the POM content in the film was not reduced. Thus the mogs se&ious problem
encounered in the negdive systems, which led to the use of unconventiond addic
devdopes, wasna encouniered hae. Dense and isolaed lines in therange50-500nm
where written at 50keV and the optima dos was seached for in ead case It was
proved tha geneally the dose required for high resoluton lines was about 30%
highe than for pure PMMA ressts. This is attributed to the fad tha a consderable
pat of theinddent energy is absorbed in the excitation of the polyoxometall ates thus
not contibutng to PMMA chemistry. On the othe hand the presace of
polyoxometalates in the PMMA film enhances etch redstance, therefore thinne
resst films suitable for high resoluton paterning and effedive pattern transfer are
possible. From thelinewidth vs. dose diagran shown in Fig. 8it may be deduced tha
1% do< variation resuts in a variation of the linewidth by 7-8nm providing an
excellent process windown for the redst. High resoluton lines of 60nm are
demondrated in theright pat of Fig. 9.

2.3 Electron Beam Lithography - Simulation

Microcolumn eledron beam lithography was conddered at the beginning of the
mill ennium among the candidaiesfor the produdion of future geneation sub-100m
devices Use of low energies in the 1M 20008&/ range cdls for new lithogrmphic
tedhniques involving thin films of thicknesslessthan 100 nm and surfaceimaging
methods An eledron beam lithogaphy simulator is required in order to suppot
experimentd work in this region. A simulator based on ealier techniques based on
the well-known Partial Wave Expansgon Method (PWEM) [25] is presentd here. In
confrary with previousapproaches (e.g. [26]) though,all cross sedionsare evaluaed
in detail avoiding the use of semi-empiricd relations.

Fig. 10. EnergyDepositionfunctionfor a 50 nm oxometalatdilm overanSi substrate.

Thefirst step is to evaluae the differenta cross sedion in the energy range 1M
2000eV and compare the resuts to thos obtained by the Born approximation. The
difference in the caseof 1000eV is small and it is limited to large angle scdtering.
However, the differences are significantin the caseof the oxonetalate resst. It is
obvioustha the Born approximation is not succes$ul even for small angle scdtering
events This scdtering cross sedion is used by the Monte-Carlo codeto evaluae the
energy depostion fundion (EDF) inddetheredst film. The EDF wasevauaed in the
caseof PMMA films of 50 and 100nm thickness over Si in the caseof e-beam
energiesin therangeof M 2000eV. In Fig. 10,the PWEM is compared to the Born
approximation in the caseof a 50-nm polyoxonmetalate redst film over Si. It is
obvioustha athoughthe Bom cross sedions are quite diff erent than those obtained
with the PWEM, the EDF is not sgnificanty different

The PSFis used asan input to the simulation tod SELID in order to oltain the
find developed profilesof theredst films. The PSFis convoluted in order to oltain a

red beam with pdnt size 5nm Resuts are demondrated in the caseof 1keV in Fig.
11. In agreament with experimentd daa [27], energy of 1keV is adequae for the
exposure of a50-nm PMMA film. Dueto the large angle scatering in the caseof the
oxometalate redst the deviation from the verticd of the line paternsis sgnificant
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Fig. 11. Final devdoped profilesobtainedfrom the SELID simulatorfor beamenergyof 1kev
(@) 50-nmPMMA film and(b) 50-nmPOM film.

3

Conclusions

Trangport propeties as well as lithographic performance of polyoxometalate

containing materials were presentd in this work. The adequae condudivity shown
by mog of the formulations studied as long as the abiity for patern trander,
advocates for continuing the work to the diredion d usng the materials in future
molecula devices
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