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Scanning probe nanolithography of conducting metal oxides

Chen-Jen Hung, Jianian Gui, and Jay A. Switzer®
Department of Chemistry and Graduate Center for Materials Research, University of Missouri-Rolla, Rolla,
Missouri 65409-1170

(Received 30 May 1997; accepted for publication 24 July 1997

The scanning tunneling microscog&TM) was used to form nanometer-size holes in thin
conducting films of thalliun{lll’) oxide. Hole formation was only observed when the process was
performed in humid ambient conditions. The hole formation was attributed to localized
electrochemical etching reactions beneath the STM tip. Etching reactions consistent with the
observed hole formation are a direct electrochemical reduction of thaflilijoxide to soluble TI

(I) at negative sample bias, and local reduction of pH at positive sample bias. The fastest etching
was observed at negative sample bias. Holes as small as 10 nm or as layg® asdiameter could

be etched in the films. €997 American Institute of Physid$S0003-695(97)00138-1

Scanning probe microscopes, such as the scanning tuthe average grain size is 150 nm. All STM experiments were
neling microscopgSTM) and the atomic force microscope performed in ambient conditions with the relative humidity
(AFM), can be used to both image and modify the surface oibove 50%. Chemical dissolution rates of thalligih) ox-
materials. Several groups have shown that nanometer-scalde films in solutions of various pH were measured using a
features can be formed on surfaces in the presence of adeiko EG&G quartz crystal analyzémodel QCA917. The
sorbed watet® Snow and Campbell have usatsitu elec-  thallium (I11') oxide films were electrodeposited on gold sput-
trical measurements to control the fabrication of 10 nm di-tered, 9 MHz, AT-cut quartz crystal substrates at a deposi-
ameter Ti wires and Ti-TiQTi junctions with the tion current density of 5 mA/ct

conducting tip of an AFM, and Matsumotct al. have pro- We first observed hole formation on the thalliuhl )
duced a single electron transistor by nanometer-scale oxid&xide films during an attempt to probe the electronic energy
tion in a STM structure by scanning tunneling spectrosc@yrS in air.

We have previously shown that we can electrodeposiBTS has been used to characterize the band structure of semi-

various metal oxide thin films and superlattiéési®n this ~ conductors under ambient conditions by several grotps.
letter we discuss STM tip-induced oxidation and reduction'Ve had previously shown that the STM can be used to image
on the surface of electrodeposited thalliftl) oxide thin ~ cleaved electrodeposited superlattices in cross settioh.
films. Thallium (II1) oxide is a degenerate-type semicon- Our goal in the STS experiment was to probe the band struc-
ductor that can be electrodeposited from an agueous solutidH'® in the supperlatiices on a nanometer scale. The STS
at room temperature. It has a bixbyite crystal structepace ~ SPectra were obtained by sweeping the bias voltage between
group 1a3. Films grown at 300 mV overpotential for this +1 and—3V, after setting the tip height with a current of

study have an intrinsic band gap of 0.50 eV, resistivity of0-> A and bias o200 mV. Although the I-V curve in Fig.
7.8x10°5 O cm, majority carrier concentration of 8<2.0%° 1 could be interpreted in terms of tunneling into the conduc-

cm™3, majority carrier mobility of 93 cfiV s, and conduc- tion band at positive bias and out of the valence band at
tion £)and effective mass of 0.29 jnt® The'band-to-band negative bias for an-type semiconductor with a band gap of

optical transition is shifted 1.15 eV by the Moss-Burstein
effect!® These optical and electronic transport properties are 60 , . .
similar to tin-doped indium oxid€éITO).

A commercial STM(Nanoscope E, Digital Instruments
Inc.) for surface modification and imaging was employed for 4o}
this study. The tunneling probe tips employed here were
electrochemically etched platinum-iridiu80:20 wire. For
surface modifications, a bias voltage 2.5 V) was either
scanned or applied between the tip and substveitb the tip
stationary with the feedback of the STM disabled. All STM
images reported in this study were acquired at a 200 mV bias
voltage and 0.5 nA set-point current. A positive bias voltage
indicates that the sample potential is positive relative to that
of the tip. The thallium(Ill) oxide thin films were electrode- 20 ]
posited with an overpotential of 300 mV from an aqueous . .
solution of 100 mM TINQ in 1 M NaOH (caution: thallium -3000  -2000  -1000 0 1000
salts are extremely toxicThe film thickness is 0.um and Voltage (mV)

N
o
T

-1500mV 90mV

f
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FIG. 1. Scanning probe current-voltage spectrum of thalliliy oxide in
3E|ectronic mail: jswitzer@umr.edu air.
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FIG. 3. Schematic illustration of possible) cathodic etching reaction and

(b) (b) anodic etching reaction.
duce protons on the surface of the thalligi ) oxide and
therefore reduce the local pH directly beneath the[Ep.
(2)]. Lowering of the local pH would cause dissolution of the
thallium (I11) oxide to soluble T* [Eq. (3)].
= 3
() E 3H,0=0,+ 6H" + 6e", 2
5.
E - + 3+
! . : A . TI,05 + 6H" = 2TPP"+ 3H,0. 3
Length [um]

This process can be reversed in the area away from the tip
FIG. 2. (8) A STM image of a hole formed with a scan biag2.5 vV for 20 and sample junction where the local pH is higher. The quartz
minutes. The hole is J.Lm_in diame_ter(b) The same image in illumination crystal microbalance was employed to monitor the chemical
mode.(c) The cross-sectional profile through the hole. dissolution of the bulk thalliunglil) oxide films in different
pH buffered solutions. The dissolution rates are listed in

approximately 1.6 eV, we observed that holes formed in therable I. The dissolution rate increases fronx @0 ° nm/s at
thallium (111) oxide after the I-V curves were obtained. We pH 6.7 to 1.6<10 ! nm/s at pH 0.
attribute the hole formation to localized electrochemical re-  Additional information about the mechanism of this
actions of the conducting metal oxide film. The I-V curve etching process was obtained under different conditions. In
could result from anodic reactions at positive bias and cafFig. 4, a grain 0.2um in diameter was completely removed
thodic reactions at negative bias rather than by direct elecafter applying a bias of-2.5 V for 1 minute as indicated in
tronic tunneling between the tip and surface. Fig. 4. By varying the polarity of the bias voltage, the

Fig. 2(a) shows the STM image of a hole formed after etching rate was decreased significantly. A positive bias volt-
sweeping a bias of-2.5 V for 20 minutes. Fig. @) shows age of 2.5 V was applied to the tip and sample junction for 1
the same image in illumination mode clearly showing theand 10 minutes as shown in Fig. 5. The holes are 10 and 160
features of the hole. The cross-sectional profile through them in diameter, respectively. There are some small grains
hole is shown in Fig. @). The hole is approximately &m around the edge of the 160 nm hole as shown in Fb).5
in diameter. The primary reason for use of this etching prowe attribute this to redeposition of the thalliuihi ) oxide in
cess is thought to be the presence of adsorbed water on badireas of higher local pH. Hole formation was not observed
the tip and sample surfaces. The tip and sample would thewhen the experiments were performed under low humidity
act as the anode or cathode of an electrochemical cell, whickonditions(<10%), and this is consistent with the proposed
is similar to the scanning electrochemical microscpéle  electrochemical etching mechanism.
propose that the etching reactions are the reduction of the
thallium (11l) oxide and oxidation of water at the surface of TABLE I. The chemical dissolution rates of bulk thalliughl) oxide films

the thallium(lll) oxide (Fig. 3). When the thalliun(lll) ox- in different pH solutions measured with a quartz crystal analyzer.
ide is biased negatively, the reduction of the thalligih)
oxide to soluble TI will proceed at the interface of the pH 6.7 4.0 11 03 0
thallium (lll) oxide and water according to Dissolution
_ _ rates 10° 1.4x10°% 4.6x10°° 1.6x102 1.6x10°?!
T|203 + 3H20 + 46" = 2TI" + 60H". (1) (nm/s

An anodic etching reaction occurs when we apply a sampl&) 5 m nitric acid.
positive bias voltage. The oxidation of the water would pro-1 M nitric acid.
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FIG. 4. STM images of the thalliurfill) oxide surfacga) before etching
and (b) after applying a bias of-2.5 V for 1 minute. A 0.2um grain
indicated in(a) was etched out irib).

(b)

FIG. 5. STM images of a hole formed with an applied bias-@5 V for (a)

In conclusion, we have shown that STS results obtained
in air may not represent direct electronic tunneling between
the tip and substrate. Our results are more consistent with
localized electrochemical reactions occurring beneath the
STM tip. Both cathodic and anodic etching reactions can be
performed on metal oxide surfaces. The size of the holes was
found to be dependent on the etching time and the polarity.
The different etching behavior of different polarity biases
provides additional support to the view that the etching
mechanism is electrochemical in nature. The etching rate is
faster at negative sample bias, even though the observed cur-
rents are higher at positive sample bias. The etching tech-
niqgue we have outlined for thalliurdll) oxide may be ap-
plicable to other conducting metal oxides with redox-active
metal ions such as ITO, SBOZn0O, PbQ, and RuQ@, and
can be extended to nanolithography applications of metal-
oxide devices. Although the emphasis of this letter was the
etching of conducting metal oxides in the STM, in future
work we plan to study the contribution of localized electro-
chemistry to thdmaging process under ambient conditions.

This work was supported in part by National Science
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Research Grant Nos. NO0014-91-J-1499 and N00014-94-1-
0917, and by the University of Missouri Research Board.
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