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Relaxation of nanopatterns on Nb-doped SrTiO 3 surface
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By atomic force microscopyAFM), we have realized nanolithography and changed the physical
properties within a desired nanosized region on Nb-doped SrEgle-crystal substrate.
Importantly, a considerable relaxation of these written patterns was observed directly, which
evidently indicates that a significant chemical transport occurs during and after the AFM
lithography. Furthermore, we found that defects introduced by Ar bombardment can stabilize these
patterns, which is quite effective for the application of AFM lithography in perovskite
oxides. © 2004 American Institute of Physic§DOI: 10.1063/1.1699478

Nanoscaled patterning of surfaces has received considewritten patterns was investigated by means of AFM and
able attention due to its potential application in the miniatur-current—voltage I(—V) measurements situ. Considerable
ization of electric devices. In 1990, Dagataal® oxidized relaxation of these written patterns was found, which offers
hydrogen-passivated silicon surfaces using scanning tunneimportant information for understanding the underlying
ing microscopy. The oxide feature with 100 nm resolutionmechanism of SPM lithography in perovskite oxides. More-
can be used as an etching mask or an insulative barrier. Sinawer, we found that defects introduced by Ar bombardment
then, scanning probe microscoffyPM) lithography became can depress the relaxation and stabilize the patterns, which is
a highly promising method for nanolithography and fabricat-important for the application of SPM lithography in perov-
ing nanodevices. This technology has been used to creaskite oxides.
nanopatterns on met&Ti, Al, Nb, and Cr,..)>~" and semi- AFM (JEOL JSPM-4200 mounted with WC or Pt-
conductor(Si, Si/SiGe, and InAs/AISb heterostructufés®  coated tip was used to perform AFM lithography on a
surfaces. The mechanism of the SPM lithography mentione®&r(TigodNby )O3  single-crystal  substrate. A 65
above has been considered mainly based on a simple eles-0.5 mn? Sr(Ti,Nb)O; substrate was fixed on a copper
trochemical oxidation induced by intense electric field orsample stage by conductive paste. The AFM tip was
current. grounded. The AFM lithography was performed by tapping

In order to fabricate multifunctional nanodevices, theor contact mode. After the AFM lithography, topologies were
perovskite oxides dubbed an “inorganic chameleon” shouldobserved by AFMn situ with a tapping mode. The relative
be excellent candidate materials due to their rich physicahumidity was 16% during our experiments.
properties such as ferroelectric, ferromagnétiwossal mag- As shown in Fig. 1a), by tapping mode, three lines were
netoresistive manganitessuperconductor, and semiconduc- written on the atomically flat $Fi,Nb)O; (100 surface with
tor. Undoubtedly, extending SPM lithography into perovskitea Pt-coated tip under a sample biasio#, + 6, and+8V,
oxides is very important especially for the realm of nanodetespectively(from left to right). The tip scanning speed was
vice. Investigations on SPM lithography in oxide materials2000 nm/s. Similar to that in metals or Si, the height of the
focus mainly in highT. superconductor materials?* so patterns on Sii,Nb)O; surface decreases with decreasing
far. Recently, Pellegrinet al?® performed nanolithography sample bias. The threshold voltage is about 2 V, below which
in oxygen-deficient SrTi@Q s film by atomic force micros- no patterns appear. Up to now, patterns with a width below
copy (AFM). As described by those authors, the mechanismi00 nm have been obtained. Under a negative sample bias,
of the SPM lithography in perovskite oxides is more compli-no patterns were obtained up t010 V. It is proposed that
cated and more difficult to understand. In this letter, we haveAFM lithography causes an electrochemical reaction by
performed the AFM lithography and changed electric prop-scanning a biased probe close to the sample surface. Due to
erties within nanosized regions on 1%tm ratio Nb-doped  ambient humidity, a water meniscus is formed between the
SrTiO; (SK(Ti,Nb)O3) single-crystal surface. The stability of probe and the sample surface. An electrochemical cell is thus
formed, and the sample surface is oxidized in case of semi-

author to whom correspondence should be addressed: electronic maffonductor(such as Siand mEt?KSUCh as Ti, A] Fro_m this
kawai@sanken.osaka-u.ac.jp analogy of SPM lithography, in order to assist this type of
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FIG. 1. (Color) (a)—(e) Topography of patterned §ii,Nb)O; (100) surfaces TlmE {ITI ""I]

as a function of time after patterning; the scanning scaleX$ nm; (f)

time dependence of line height on(BrtNb)O; (100 and(111) surfaces, the  FIG. 3. (Color) (a)—(e) Topography of patterned @ii,Nb)O; (100) surface

inset shows the relationship between the line height aftdria). bombarded by Ar ions, as a function of time after patterning; the scanning
scale is 5<5 um; (f) time dependence of the heights of “line” patterns on
Ar-bombarded SiTi,Nb)O; (100 surface(blue solid ling, compared with

reaction, electrons should flow from tip to surface with thethat of “line” patterns (black broken ling and “pole” (red broken ling on

energy to cut chemical bondingor to decompose Non-Ar-bombarded $fi,Nb)O; (100 surface.
material3.?’ Therefore, SPM nanolithography could be con-
ducted only in positive sample biases over the threshold voltence between the initial line heights, the patterns on both
age. Sir(Ti,Nb)O5 (100 and(111) surfaces show basically consis-
Surprising|y, these nanopatterns or('|$||\|b)03 surface tent relaxation behaviors, decreasing exponentially with
exhibit a significant relaxation after patterning. For examplefime.
as shown in Figs. (B)—1(e), the lines obtained under a As shown in the inset of Fig. 2, by contact mode, three
sample bias of+4 V became smaller with time, and almost lines were written on $Ti,Nb)Oz (100 surface with a
disappeared completely after 40 min except for severayV2C-coated tip under a sample bias-o.0 V. The tip scan-
“poles” remained. After long enough timé40 min, the  Ning speed was 500 nm/s=V characteristics for the unpat-
entire surface relaxed to an atomically flat surface except foferned and patterned regiospots A and O in the inset of
several “poles” on some special spots. Figuré)land its  Fig. 2 were measured by AFM mounted with \@¥-coated
inset show the time evolution of line height on(ByNb)O;  tip with a contact modén situ. The current flowed through
(]_OO) and (1]_1) surfaces. Though there is an obvious differ- the thickness of the substrate. As shown in Flg 2, the unpat-
terned region showed an insulative behavior due to Schottky
potential between the metallic tip and the semiconductor
sample. The patterned region is more insulative than the un-
patterned one. For example, under a sample bias ®V,
the resistance of the patterned region10' Q) is three
orders of magnitude larger than that of the unpatterned re-
gion (~10° Q). With prolonging time after patterning, the
diffusion potential voltage at which point the current started
to increase and the resistance under a same voltage of the
patterned region decreases. MoreoVely curve approaches
gradually that of an unpatterned region. Consistent with the
relaxation behaviors shown in Figsial-1(e), the evolution
o of | -V characteristics also indicates the written pattern is not
Spot A : so stable, and the height of the insulative pattern decreases
with extending time.
SR 0 1 2 3 The relaxation behavior of the written patterns is obvi-
Voltage(V) ously disadvantageous for constructing nano-devices by
FG. 2. (Colon Th ution o~V characteristics of the oatterned rec SPM lithography. Because the insulative material newly cre-
on & (T'ing)gi (15())9‘5’8#;32«% Sp(;’t grgﬁoe\’,rv'ﬁ :rﬁstr?e ingar;aithetri’;fe; ;ﬁge'on ated by SPM lithography can be directly used as a barrier, or

orange dotted line shows the-V characteristics of the nonpatterned region 1S femoved by wet etching to obtain a vacuum barrier, the

(spot A shown in the insgt relaxation behavior limits the lifetime of the barrier or re-
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quires a rapid wet etching soon after SPM lithographydefects introduced by Ar bombardment can be used to stabi-
(within several minutes which is a serious obstacle for ap- lize the pattern. The relaxation behaviors of the written pat-
plying this technology, especially in use of single crystalterns and stabilization by Ar bombardment observed herein
substrates. Fortunately, these remaining “polga8 shown evidently indicate that a significant chemical transport occurs
in Figs. Aa)—1(e)] suggest the patterns are stable at somealuring and after the SPM lithography. This offers important
special places. It may be defects that stabilize the pattern. limformation for exploring the underlying mechanism of SPM
order to verify this hypothesis, we bombarded thelithography in perovskite oxides. Furthermore, the stabiliza-
Sn(Ti,Nb)O5 (100 surface by Ar ions with 100 V accelerat- tion of patterns by Ar bombardment is quite effective for the
ing voltage to create more defects. After that, AFM lithogra-application of SPM lithography in perovskite oxides.
phy has been performed on the Ar-bombarde(rigib)O; ,
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