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L ocal anodic oxida tion of m etal s usin g scanning probe tec hni ques is
mostl y used for fabrication of isolated gates . The high -resis tance oxide cre-

ated in such a manner di vides a thin metalli c Ùlm into isolated regions. T he
tip- induc ed metallic oxide has not so far been used in nanolithog raphy pro-
cesses as a masking material. The aim of this contribution is to study the

technological p otential of a T iO x mask prepared by the local anodic oxida-
tion of a T i Ùlm. Such a mask can b e used to complete a nanotechnology
pro cess using atomic force microscopy , which can be easily combined w ith
standard optical lithograp hy techniques. W e have found that the insul atin g

prop erties of the oxides prepared in contact and non-contact modes di˜er
strongly | they represent an energy barrier of 200 meV and 400 meV , re-
spectively .

PACS numb ers: 07.79.Lh, 81.16.N d

1. I n t rod uct io n

T he local anodi c oxi dati on (LA O) techni que using the ato m ic f orce m icro -
scope (A FM) is an e˜ecti ve to ol for the fabri cati on of structures and devi ces on
the nanom eter scale [1]. The potenti al of the techni que for fabri cati on of nano-
structures has been recogni zed several years ago and has been real ized in vari ety
of appro aches. Great adv anta ge of the m etho d is i ts uni versa li t y | the techni que
can be appl ied di rectl y to metals (Al , Ti ) as well as to semiconducto rs (G aAs, Si).
It can be combined wi th tra di ti onal resist expositi on, wi th di rect resist exp ositi on
by AFM- ti p vol ta ge, or wi th resist scratchi ng of thi n resist layers. Al l metho ds
m enti oned above are used for fabri cati on of quantum point conta cts (QPC) [2]
tuned by in-plane as well as by to p gate bi asing, for quantum wi res realized by di -
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rect semiconducto r oxi datio n, and for room-temperature sing leelectro n tra nsistors
(SETs) [3] wi th pro nounced Coul omb oscil lati ons.

LAO appl ied to semiconducto rs (G aAs/ Al GaAs) is used to lower the car-
ri er concentra ti on in hetero structure s below the oxi dized region, so by wri ti ng
two para l lel l ines a quantum wi re can be easily deÙned [1]. Mo reover, oxi di zed
semiconducto r can serve as an etchi ng m ask for further pro cessing. The LAO of
m etals is m ostly used f or the fabri cati on of isolated gates, uti l i zed, for exampl e,
in SETs. The techni que is used to oxi dize ¤ 5 À 10 nm thi ck meta l Ùlm s along
the l ines wri tten by the ti p. The high-resistance oxi de created di vi des the m etal l ic
Ùlm into isolated regions tha t represent indep endent gates. But the ti p- induced
m etal l ic oxi de has not, so far, been used in nanol i tho graphy processesas a m asking
m ateri al .

The aim of thi s contri buti on is to study the techno logical potenti al of a
Ti O x mask prepared by the LAO of a Ti Ùlm . Such a m ask could be used to
compl ete the nanotechnology pro cess usi ng AFM, whi ch can be easily combi ned
wi th standard opti cal l itho graphy techni ques. For thi s purp ose we have studi ed
the appl icati on possibi l i ti es of ti p- induced local anodic oxi datio n of Ti Ùlms using
AFM in conta ct and non-conta ct mode, under constant vol ta ge appl ied to the ti p.
W e expl ore also insul ati ng properti es of Ti O x prepared in both modes in planar
m etal { insul ato r{ meta l (MIM) diode conÙgurati on.

2. Ti O x m ask p rep ar at ion u sin g L AO

LAO of thi n Ti Ùlm s is an analogue of electrochemical anodic oxi dati on
[4]. Li tho graphy m ode, hum idit y, ti p speed, and appl ied vo lta ge are the basic
condi ti ons tha t a˜ect the structure of the Ti oxi de form ed. Usual ly, a positi ve
potenti al is appl ied to the sampl e and a negati ve one to the ti p.

W e have tested the Ti O x etching m ask prepa red by LAO on GaAs sub-
stra te for future appl icati ons in GaAs nanotechno logy. The techno logy can be
di vi ded into several steps. Fi gure 1 depicts the most importa nt of them . D ur-
ing the step (a) a clean layer of Ti of the thi ckness 10 nm wa s evaporated onto
(100)-oriented semi-insul ati ng GaAs substra tes in an ul tra -high-vacuum evapora-

Fig. 1. Schematic nanotechnology utili zi ng T iO x as a mask prepared by LA O: (a) evap-

oration of T i Ùlm ( ¤ 10 nm thickness), (b) local ano dic oxidation of T i using A FM either

in the contact or in the non- contact mode, (c) etching o˜ T i layer in H F, (d) etching o˜

GaA s using T iO x as a mask.
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ti on system . Then a periodic structure was deÙned by opti cal l itho graphy in Ti
usi ng HF{ H2 O soluti on. Conta cts were prepared by standard conta cti ng using Au
wi res di rectl y onto the Ti lay er. In step (b) LAO was appl ied to the structure
(AFM Topom etri x Expl orer used) under the fol lowing condi ti ons: appl ied vol tag e
| 8 V in the conta ct m ode or 13 V in the non-conta ct m ode, hum idit y 40%,
ti p speed 0 : 0 5 ñ m / s. The l ines were overwri tten 10 ti mes to ensure oxi dati on up
to the GaAs substra te. In step (c) the unoxi dized parts of the Ti layer were re-
m oved in HF{ H 2 O soluti on. Fi na l ly, 100 nm thi ck GaAs layer was etched o˜ in
H 3PO 4À H2 O2À H2 O soluti on [5].

It is wa s found tha t the resistance of Ti O x against etchants used depended
stro ngly on the oxi datio n m ode, most probably on the oxyg en content in the
ti ta nium oxi de form ed. Ti O x sui tabl e for m asks in GaAs nanotechnology can be
prepa red in the conta ct mode only, whi ch is documented by the fol lowing Ùgures.

Fi gures 2 and 3 show typi cal AFM scans of Ti O x À GaAs structures prepa red
usi ng LAO in the conta ct and in the non-conta ct m odes, respectivel y. In Fi g. 2a

Fig. 2. T iO lines written in the contact mo de af ter: (a) local anodic oxidation of the

lines, (b) remo val of the T i Ùlm in H F{H O solution, (c) nm etch o˜ of GaA s in

H PO H O H O solutio n.



556 J. çSol tÇys, V. C ambel, J. Fedor

Fig. 3. T iO x lines w ritten in the non- contact mode after: (a) local ano dic oxidation of

the lines, (b) remo val of the T i Ùlm in H F{H 2 O solution. Oxide lines have completely

disapp eared as well as the T i Ùlm.

the AFM scan of the Ti surface di rectl y after LAO is shown. Fi gure 2b shows
the scan after removal of the unoxi dized Ti Ùlm in HF{ H 2 O soluti on, whereas
Fi g. 2c shows the scan after 100 nm deep etching of GaAs in H 3PO 4À H 2O2À H 2O
soluti on. Here Ti Ox l ines rem ain resistant against the soluti on appl ied. In contra st,
the oxi de l ines wri tten in the non-conta ct m ode (Fi g. 3) were etched o˜ duri ng
rem oval of Ti in HF{ H2 O soluti on, al tho ugh the remaini ng etchi ng condi ti ons
rem ained the same. Several other etchants ha ve been tested wi th the sam e resul t
| oxi de l ines wri tten in the non-conta ct m ode were rem oved wi th any soluti on
used to rem ove Ti .

3 . E lect r ical ch ar act er i zat io n of t he Ti O x bar r i er

For a better understa ndi ng of the experim ental results presented above, we
have prepared a special structure to test the insul ati ng pro perti es of Ti O x form ed
by the AFM ti p in the conta ct and in the non-conta ct modes (see Fi g. 4a,b).
The structure enabled us to study the tra nsp ort of therm al ly acti vated electrons
between Ti electrodes di vi ded by the ti p- induced Ti O x . It wa s a planar MIM- typ e
di ode prepared on a Si substra te wi th a 100 nm thi ck SiO insul ati ng layer. In our
design the Ti layer wa s 10 nm thi ck and m wi de in i ts narro w part (Fi g. 4b).
The ends of the Ti layer form ed source and a dra in conta cted by Au wi res and
silver conducti ve paste. In the narro w part of the layer Ti -oxi de l ines were form ed
by AFM in the conta ct or non-conta ct m odes. T o oxi dize the layer com pletel y,
the l ines were overwri tten 10 ti mes wi th low ti p speed (0.05 m / s). The appl ied
vo l tage was 8 V in the conta ct mode and 13 V in the non-conta ct mode, and the
hum idi t y was 40%. Fi gure 4b shows the im age of the centra l part of the structure
wi th the oxi de l ine prepared in conta ct m ode.
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Fig. 4. (a) Planar- typ e of the metal{in sul ator{metal dio de prepared on Si substrate

w ith 100 nm thick SiO 2 insulati ng layer and 10 nm thick T i layer ; (b) central part of

the planar M I M dio de w ith the oxide line prepared in the contact mode.

Fig. 5. (a) T ypical current{voltage characteristics of the planar MI M dio de prepared

in the non- contact mode for temp eratures from 166 to 297 K ; (b) and (c) depict the

temp erature dependence of the planar current of the MI M dio de prepared in contact

and non- contact modes, respectively .

Fi gure 5a shows typi cal current{ vo lta ge characteri sti cs of the planar MIM
di ode prepared in the non-conta ct mode f or tem peratures from 166 to 297 K. The
current stro ngly depends on tem perature. The oxi dized l ine represents an energy
barri er thro ugh whi ch the Ûowi ng current is rul ed by therm ionic-Ùeld emission.

Fi gures 5b and 5c depict the temperature dependence of the pl anar current
of the MIM diode prepa red in the conta ct and in the non-conta ct modes, respec-
ti vel y. Bi as vol ta ge from 1 V to 10 V is a parameter. Both graphs show tha t the
tra nsport current, I , stro ngly depends on temperature, T , i .e., i t is dominated by
the tra nsport o f therm al ly acti vated carri ers thro ugh a barri er of the height Â E

(ca rri er scatteri ng in the barri er is not assumed here, the e˜ecti ve wi dth of the
l ines is ¤ 1 0 0 nm ). In thi s case the therm ionic emission current is

I ¿ exp( À Â E =k T ) ;

where k i s the Bol tzm ann constant.
The slopes of the curves at low vol ta ge and at hi gher tem peratures (308{

200 K) di rectl y determ ine the height of the energy barri ers. For the l ines prepa red
by conta ct LAO (Fi g. 5b) i t is found to be ¤ 2 0 0 m eV, and for the non-conta ct
l ines i t is ¤ 4 0 0 meV.
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The di ˜erence in the values of Â E can be expl ained by the chemistry of
the Ti O x form ed using various AFM m odes: the oxi des obta ined by both metho ds
pro babl y di ˜er in thei r structure and/ or com positi on. The slope decreases for
hi gher vo lta ges. Thi s is pro babl y caused by the local heati ng of the tra nsport
current. The slope decrease in the curve at 166{ 200 K is pro babl y caused by the
tunnel ing current thro ugh the Ti O x barri er [6].

4 . Co n cl usion s

W e have studi ed the techno logical potenti al of Ti Ox m ask prepa red by lo-
cal anodic oxi dati on using ato m ic force m icroscope in conta ct and non-conta ct
m odes. It can be concluded tha t the non-conta ct mode is not suita bl e for Ti O x

m ask preparati on for GaAs nanotechno logy | the oxi de form ed is not resistant
to several etchi ng soluti ons comm only used to remove Ti . In contra st, the Ti O x

m ask prepared in the conta ct mode is prom ising for the appl icati ons in the AFM
nanotechno logy and processing.

W e have also studi ed the insul ati ng pro perti es of Ti O x l ines prepa red in the
conta ct and in the non-conta ct m odes in planar MIM- diode conÙgura ti ons. W e
show tha t the e˜ecti ve energy barri er height is ¤ 2 0 0 m eV for the insul ati ng Ti O x

l ines prepa red in the conta ct m ode, and ¤ 4 0 0 m eV for the lines prepa red in the
non-conta ct mode.

Etchi ng experim ents as wel l as current{ temperature characteri stics of planar
MIM di odes prepared by local anodi c oxi datio n have shown the im porta nce of the
AFM mode for the Ti -oxi de structure form ed.
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