NANOWIRES AS BUILIING BLOCKS GF NEW DEVICES: PRESENT STATE AND
PROSPLECTS

F. Ilcmmdcz-{{umirczl'?, I 1 Pradcsz, K. Roc!rigue;f—l')iaz:, A R(,srnaﬂo—R(.‘dl'iguwg, 1R
Morzmicl‘;, &, Mathur”

"Electronic Nanws yslems 5.1 Barcelona, Spain

:' EME/XaRMAE IN'UR, Dept. d’Electronics, Universitat de Barcelona, Barcelona, Spain

IREC, Catalonia institute for Energy Rescarch, Barcelona, Spain

? Department of Inorganic Chemisiry, University of Cologne, Cologne, Gennany

ABSTRACT

Single-erystalline semiconductor nanowires have emerged as poential building blocks of
new devices and cireuit architectures due to their astonishing perfonmance derived from their
reducced size and well-controtled chemical and phyvsical properiies. To date. a great effort has been
made in the synthests and the electrical eharacterization of these nanomaterials. Nevertheless, the
development of real proof-of-concepts nanodevices is still in the preliminary stages. [n this
contribution, the use of individual metal-oxide nanowires w oblain competitive deviees and their
infegration In porlable platforms will be reviewed. Nanowires, which are among the most
promising  nonomaterials, have demonstrated  their suiiability to  Fabricale gas sensors or
phowdetectors with high sensitivity, stuble and reproducible charscterisiics; and they are generally
considered excellent candidates to study some of the phenomena arising at the nanoseale. Finally,
future work 15 outlined which would provide both more complex nanowire based cirguin
architectures as well as methods lor producing these structures in @ commercializable fashion,

INTRODUCTION

Monocrystalline semiconductor nanowires have unigue properties derived tromn their high
surfuce-to-volume ratio and well-defined atomic arrangement [ 1] This facilitates their integration
in many differem individual nanowire-based devices such as gas sensors or photadeieetors [ -3,
overcoming some of the major technological drawbacks which are commonly found n their thin-
Tilm counterparts {i.c. high power consamption, luck of stability and drift problems), Mevertheless,
the development of competitive devices based on nanomaterials is sll in ihe preliminary stages,
and the launch of commercial products remainsg a major and wisolved challenge due w the
ditficulties in electrically contacting nanowires and making the best use of their full potential [3]. Tn
this paper, the ultimare advanlages of using individual metal-oxide nanewires as building blucks of
advanced Tunctiongl devices are briefly swrveved, and the first portable protolypes bused on themn
are shown,  Finally, a discussion on currenit chslienges for the production of commercializable
nanowire based complex circuit arehitectures will be outlined.

O THE ARVANTAGES OF USING NANOWIRES IN FUNCTION AL DEVIUES

The grounds of many meml-uxide devices are based on the chemico-electrical ransduction
reactons svhich take place al their surtaces |4, 6]. For this reason, increasing the surface-to-volume
ratio i< considersel the best sivategy o maximize their response towards dilterent external stinwli
such as gas molecules or hnpinging photons. Individual single-crvstalling nanowires meet this
condiion, and thanks to their low mass they are excellent candidates 1o be integrated in a new
generation of lew-consumpion deviges | 7], Nevertheless, the controlled manipulation of individual
nanowires is by no means 4 straightforward process, making necessary the development of well-
cantrolled und advanced nanofabrication techniques [2]. To circumvent this technological obstacle,
must of the averwhelmning number of articles on metal oxide nanowires published up to now Is
based vn the use of bundies of nanowires instead of individual ones. However, the typical
drawbacks of thin-Alm metal-oxide devices are also found in the charasterizaton of multiple
nanowires {i.e. parasitic cleetrical contributions and stability probtems). Figure 1.a shows a diagram
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of u thin-filn metal-oxide device formed by a large amount of nanoparticles put wgeiher onto a
supperting, subsirate. ITercin vrain boundaries work as Schottky barriers that represent the main
coniribution 1o the overall elecirical resistance [3]. The spread in both the size and the imrinsic
properties of these nanopariicles complicates the interpretation of fundamental stadies on the
physicul and chemical reactions which detenmine their performance, and the complexity of the inter
and intragrain electrical ransport is considersd a major obatacle w improve present metal-oxide
deviges and icchmologies, Tf is poteworthy that the same conclusions are reached if multiple-
nanowire devices are characterized, since the experimental set-up 1s similar to the former
deseription, just as Fipure | shows. In fact and from a theoretical point of view, there are not
gignificant differences in using hundles of nanowires instead of conventional thin-tilms o fabricate
[unclional devices with metal-oxides.
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Fig. 1 Schematic diagrums of different types of conductometric gas sensors based on metal
oxides. (a) Comniercial thin-filn sensor formed by a layver of nanoparticles. Here, electrons must
g0 through @ network of nanacrystals with differemt size and shape. Frowm an energy point of view,
electrons are to overcome potential barriers [(i) metal-semiconductor barriers (Vb und (i)
iniergrain boundary barriers (eVy)]. The overail influence of the exposure gas on the height of the
barriers determines the final response of the sensar. This is aquivalent to a network of resistors [(i)
metal-semiconductor coniacts (R, {1i) grain boundary mterfaces (Rp) and (iii) metal-ovide grains
{Ri;)]. (h) Mutti-nanowire sensor. The above mentioned discussion is valid here as well

im the contrary, the development of devices based on individual nanewires has many
advantages. Nanowires, which are usually described as pure resistors Ruw (Fig 2} 9], have well-
defined swfaces and exhibit good electrical and physical stability as function of time, enabling the
tabrication of lusting devices. Furthemmeore, the complere absence of nanowire-nancwire boundaries
eliminates one of the major sources of drifi und aging of the devices [10]. in fact, these two
problems typical of metal-oxides are usvally altibuted (o the aforementioned grain boundary
effects [10].

In shert, individual nanowires. whose electrical propertics and responses wwards differem
chemico-physical stimuli can be deterrined by fixing their dimensions and inirinsic paramstars
such as the free carrier concentration ng and mobiiity p [ 100 117, wre considered exceilent building
blacks to fabricate new semiconductor devices with well-defined properties.
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Fig. 2 Sn(; nanowire electrically cantacted with FIB nanolithugraphy iechnigues.

ONTHE FIRST PROTOTYPES USING INDIVIDL AL NANCDWIRES

To date, e practival sbricalion of complex circeil archilecturss based on individual
HANOWIIES Temdins a1 unattainable objective. Neventheless, many oi the thearetical potentials of
mrangwires have already been demonstrated in simpler devices, for Inslance their wse as guas sensors
or LY pholodelectors gre extensively reported elsewhere | 10-14].

The outstanding responses towards boih reducing (COV and oxidizing (NO9} pas species of
individual Sn¢3: nanowires confirmed most of the advantugres outlined in the former section (Figure
33 Moreover, the detailed analysis of experimental data allowed the development of a theoretical
model able 1o describe the gas sensing mechanisms in a simple way.
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Fig. 3 (2 Response ot a So0: nanowire towards different CO pulses at 'l = 373 K. (b) Respense of
4 SNz nanewire towards N pulses at U= 448 K. In bath cases, fast and reproducible behaviors
are monitored, with excellent recovery of the synthetic air baseline resistanca

While interaction mechanisms between gas molecuies and nanowires are extremely
complex; the sensing principle can be described by pure surlace offeers (10, 11]. Ta 2 rough
approximation, adsorption of gas molecules at the nanowire modoiates the widih of a depleted
region close to the extemal shell, This modibies the conducticn channel through it and as 2
consequence Ryw. According o this assumption, Ryw under exposure 1o gas is given by:

Hanestructurad Materials and Nanotechnology il - 3



Manowires as Building Blocks of Mew Devices: Prasent State and Prospects

pL

Row = ;'(r _aF (1

where p s the panowire resisivity, L the napowire’s lenpgth, r the nanowire's racds and # the
width of the depletion laver created by adsorbed molecules. Equation 1 lays down a connection
between the nanewire's radius and the gas response: the thinner the nanowire is, the higher the
2as response [10].

To meel (his requirement, nanowires with radii below 1 — 40 nm are commonly used for this
purpose, giving rise to technological issues derived from working at the nanoscale such as high
confact resisfance at the metal-nanowire interfaces [%]. Neverstheless, most of these problems
are circumvented with difierent operating sirategies reported elsewhere [9], paving the way to
berter gas nanosensors than their thin-fihn counterparts.

On the other hand and as far as the use of nanowires as photadetectors is concerned,
Prades ct al. demonstrated that individeal SaCs and Zni) nonowires exhibit owstanding
response towards impinging UV photons, and determined systematic fabrication strategies to
enhance their responzes.

photacurrent (n.
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Figure 4. 1ynamiec behaviowur of the photoresponse £ measured with ane single Zn) nunowire

gh

when a UV pulse is applied {dashed line} (&, =3.3 A0 phm s U2 =3404100m b =11,

Photodetecturs based on individual n-type metal-oxide nangwires can be studied using the
fundamental principles ruling light carrier generation on semiconduciors {14]. Thus and according
1o this assumption. photocurtent 7, i nanowires is given by

Low ~ i o e If]?'):q S Bora Vb, i

where three difterent comributions are cleardy idemtified. The first one is related to geometric
pavamieters of the device (%4, the second one to the intrinsic properties of nanowires { Anru’)
oL

and the third one only depends on the working conditions (Fd

density, « ¢ the absomption profile of the material, W is the width of the photedetecior, L is its
length, q is the findamental electrical charpe, {1 is the fraction of photons not reflected by the
surface, 1) is the quantum afficiency of paies genaeations by ong photorn, T is the carrier lifetime, u°
is the eflzctive carmer mobility, ¥ iy the applied vollage and Oy 15 the photon .

1 [14]. Rere, jiu is the current
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As far as the geometry of phomdercctors 15 coacerned, v s clear from B2 that £, Is
enhignced by increasing the width (W) ol the photosctive area. A comvenienl way 10 reach this
sbjeciive s electrically contacting several nanowires in parallel {14). On the other hund, distance
botween contacts (L3 alse determines the respoase of the photodetector {see Eq 2 £ ovt only
influences the photocaptured area {W-L) but also determings the ¢ffective electric ficld & inside the
nanowire due o the bias voltage Voapplied exrernally. Indeed, this second aspect dominates the
vverall contribution of L o the photeresponse. Therefore, it can be concluded thar higher-gain
photedetectors are obtained by diminishing this parameter {14], The luwer lmg for L will singtly
depend on the precision of the nanolithography fechnigue we use te labnicaie the electrical contacis.

In short, it can be asserted thar single-nanowire prototvpes are extremnely useful 1w
demaonstrate the patential of nanowires. Nevertheless, the present resulls and respunses can only fic
improved i complex architectures, such as iuitiple-nanowires comacted in paraliel. are fabricated
and charucterized. For this reason, many research offorts are corrantly heen devoled 1o reach this
amhttious goal.

TOWARDS REAL DEVICES

The possibility of monitoring the elevtrical properties ol individual panowires with portable
cost-effective and consumer-class electronics (Fig.5) was recently demoustrated [12]. These low-
cost instruments, compared to lab equipments, were able to detect and quantity the response ol
individual nancwires towards UV light puises and differant gases with long-term stability thunks to
the low current injected by the platlorm w the nanowire | 12].

Figure 5. Low-cost electronic plaiform designed w characlerize nanowires

{t 15 well-known that metal oxide materials need 1o be heated at a specific temperature
maximize their response io a specific target {15]. Therefore, the use of a heater becomes a
necessary tool to modulate the final performance of these materials, To solve this issuve, both
hottom-up and top-down {abrication technigues have been successfully integrated in a single
process; nanowires are electrically contacted to a micro-hotplate with an integrated heater [12]
iFig.6}

Nanostruciured Materials and Nanotechnology B - &
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Figure 6. (right} Individual S0, nanowire electricaily contacted 1o two platinum electrades. (lefit)
Interdigitited platinuin elecirodes sumoonded by o micreheater. The nanewire s located in the
middie {red square)

This set up ailows modulating the effective temperaiure of ihe wire as function of the power
dissipated at the heater in a fast and completely reproducibic manner. Tt is noteworthy that this
solution combined with a gond clectronic interface, which integrates the thermal control of the
nanowire, is extremely usetul in many sensing applications [12]. Crher architectures are also heing
explored 1o solve one of the major issues of sensors: the lack of selectivily 10 interfering stimuli.
Typical examples are phiotodetectors sensible to a wide range of light wavelengths or gas sensors
responsive o parasitic species, such as meisture. For this reason, brand-new studies are attempling
to develop electronic systems based on arrays of ditferent individval metal oxide nunowires [1o].
According to this approach, their responses are menitored in parallel. and the specific sensing
characteristics of each one are determinicd and clecironically recorded following one of the
strategies previoush described. Later, the data are processed by patlemn recognition software (o
detenunine the composiion of the external stimuli [17]. Althowgh these studies are currently
ungoing, they are the most promising solution [ overcome the lack of selectivity, which is
characierisiic of metal oxide nunowires,

FUTURE CHALLENGES

Despite the advawes in unanolithography technigues which have made possible the
fabrication of devices based on individual nanowires, these techniques are only suitable for
prototyping and academic purposes. To extend the use of nanowires io low cost and large scale
fahrication processes, seli-assembling techniques must be taken into account. In this direciion, the
first steps had been made to sclf-alipgn one-dimensional metal-oxide nanostructores by means of
dielectrophoretic lechniques | 15-21],

Dielectrophoresis is an atlractive alternative for the positioning and alignment of nanowires

thanks w its low-cost, simplicity and flexibility |18, 221, This method is based on the well-known
forces thar sppear when dielectricully polarized materials are in a medium in which a non uniform
cleciric field is applicd [23,24]. Tt has been tested for different nanomaterials like single- [23-27|
and multi-walled carbon nanotubes [77, 78], polyvmeric [79], metal [80, 817 and semiconductor
rianowires [19, 22], and of course metal oxide nanowires [18-211.
Bielecteaphoreas can be applied to the fabrication of a new generation of nanadevices and it can be
ensily combined with other technigues like e-heam or conventional photolithography, 11 the right
desizn of electrodes is used, npanowires are not only aligned but also positioned at any desired
pasition, and thas, the time necessary o fabricate a device is significantly reduced. This advantaze
cun be applied 1o the fabrcation of the simplest electronic elements, like rectifving junctions [32]
and transistors [26], paving the way for the development of novel electronic devices exciusively
based on nanostructured semiconductors marterials.

6 + MNanoatruciured Materials and Manatechnology 1
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Nevertheless, hefore reaching this high control of self-assembly technigues, the performance of
hybeid designs which combine conventional components integrated in silicon and nanowires
devices must be investigated in order fo achieve new microsysienis with enhanced eapaaitics [33].

CONCLUSIONS

Semiconductor nanowires have novel properies derived trom theie reduced dimensions and
crecliont orysiallinity, which can be used o obtain functicnal devices such as pas sensors and UY
photadetectors berter than theiv bulk-connterpuriz. Up 0o aew, simple protypes based on few
nanowires have heen fabncated and studied. Nevertheless, caimplex device architcetures remain
unaitainabie objective due o the ditficulties af working a1 the nanoscale in a contrelled way For
this reason. self-assembly  technigues (e, diclectrophoresisd or other alternatives sach as
elecirospinning are considered excelleni fabrication allernative 1o overcome this echoological
toutlencek thus enabling the development of nanowie based commercial Jevices in the future,
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