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Nanometer-scale pit formation by the application of pulse voltage was performed on highly
oriented graphite in air with the simuitaneous measurement of tip current. The tip current was
measured to be on the order of microamperes. Regardless of the high current, the pit was not
formed at pulse voltages less than a critical value. It is confirmed by the quantitative
measurement of the current that high current is less important for pit formation under
experimental conditions. The measurement of the critical voltage as a function of the tunnel
resistance suggested the significance of high electric field for pit formation.

Nanometer-scale features have been generated on sur-
faces of several conductive materials using scanning tun-
neling microscopy (STM).! The STM lithographic process
reported to date involves the formation of pits a few na-
nometers in diameter on a highly oriented pyrolytic graph-
ite (HOPG) surface.>* Hundreds of uniform pits were
successfully generated by applying the pulse voltage be-
tween the tip and HOPG surface.” Monolayer cutting of
HOPG was demonstrated by creating pits along the cir-
cumference of a circle.” The reproducible control over the
pit diameter and a well-defined threshold voltage were ob-
tained in aqueous solutions.® The graphite surface was
etched reactively under octylcyanobiphenyl ambient in
air.” More recently, it was reported that a polymer coating
inserted between the tip and HOPG surface increased the
probability of fabricating nanometer scale pits.®

From the mechanistic investigations performed on
HOPG surfaces covered with pure water or other organic
liquids, the requirement of the H,O molecule for modifi-
cation has been reported.>*® More recently, it was pointed
out that the role of moisture in pit formation on the HOPG
surface was physical as well as chemical in nature.® On the
other hand, the mechanism for a similar nanometer-scale
modification on noble metal surfaces was mainly attributed
to field evaporation. At present, the mechanism of pit for-
mation on the HOPG surface is not entirely clear. The
chemical reactions® between graphite carbon and water
molecules by current heating are possible processes in-
volved in pit formation. Although the surface temperature
rise caused by the modification process is calculated by
assuming the tip current,” there dre few reports on the
quantitative measurement of the tip current.

In this work, nanometer-scale pits were formed by the
application of pulse voltage on a HOPG surface in a humid
environment with the quantitative measurement of tip cur-
rent. The tip current and threshold voltage for pit forma-
tion were investigated at different tunnel resistances. The
mechanism of pit formation on the HOPG surface is dis-
cussed with respect to the tip current.

A STM system was fabricated for the experiments. The
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tripod piezoelectric (PZT) scanner (50 nm/V) was used.
The hysteresis of the PZT was minimized by inserting a
capacitor.!® The STM system was placed in an atmospheric
environment. The current-voltage transforming amplifier
(I/V converter) in the STM was constructed to measure
the tip current in the range from 0.1 nA to 10 uA. The I/V
converter consisted of two amplifiers (OPA128 and
OPA111) connected in series. The values of gain of the
two amplifiers were set to be 120 dB (OPA128) and 40 dB
(OPA111) through use of feedback resistors of 1 MQ and
100 kQQ, respectively. The total gain of the I/V converter
was high enough to obtain an atomic image of the HOPG
surface. The current flowing to the tip was measured by
monitoring the output signal from the first amplifier
(OPA128). The tips were fabricated by etching a tungsten
wire (300 um diameter) electrochemically in a solution of

- KOH (4%). The radius of the tip apex was evaluated by

the scanning electron microscope to be approximately
100 nm.

Samples used in the experiment were HOPG (Union
Carbide) freshly cleaved in air. The experiments were car-
ried out in air under atmospheric conditions. A short
square positive voltage pulse was applied to the sample for
the surface modification. The tip was earthed through the
input impedance of the I/¥ converter (approximately 10
Q). The amplitude ¥, of the square voltage pulse was from
2 to 4.4 V and the pulse duration was 110 us. The voltage
reduction by the input impedance during the modification
was less than 100 V. The voltage pulse was superimposed
on a constant dc bias voltage (¥ 5, sample positive), which
was used to image the surface in the constant-current
mode. The total voltage applied to the sample was equal to
V,+V g during pulsing. The bias voltage ¥ p was set equal
to 0.5 V and the tunneling currents J, were selected to be
0.1, 0.5, 2, and 10 nA to change the tip-to-sample distance
before the application of the voltage pulse. The voltage
pulses were generated with a computer (PC 9801 DX,
NEC) and were applied through a digital-to-analog
(D/A) converter (AZI-3301, Interface). When the volt-
age pulse was applied, the STM tip was retracted due to the
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FIG. 1. (a) Current measured as a function of time. The pulse voltage is
equal to 4 V and the starting and ending points of the voltage pulse are
shown by the dotted lines. (b) Image of the pit formed after the appli-
cation of the voltage pulse.

feedback control in constant-current mode. Since the speed
of the tip retraction was 7 nm/ms, the displacement of the
tip was equal to 0.8 nm during the application of a 110 us
pulse. The reduction speed was obtained from the change
of the output voltage of the feedback circuit, which was
applied to the PZT scanner. _

Figure 1(a) shows an example of the current due to
the application of the voltage pulse (¥,=4 V), and Fig.
1(b) shows the image of the pit fabricated on the HOPG
surface (¥ 5=0.5 V, I,=0.5 nA). As shown in Fig. 1(b),
a circular pit of 8 nm in diameter and 1 nm in depth is
produced. The current flow at the beginning of the voltage
pulse is shown in Fig. 1(a). In this case, the maximum
value of the current is equal to 1.5 A and the width of the
current pulse is approximately 8.2 us. In our STM, when
voltage pulse was applied, the current I, induced by the
instrumental capacitance (between tip holder and sample
holder) was always observed. In Fig. 1(a), the current
I (negative) is shown at the end of the voltage pulse. The
current I, (positive) having the same magnitude is super-
imposed on the measured tip current. The magnitude of I,
is 0.24 pA in Fig. 1(a). Since the value of I is approxi-
mately 16% of the maximum current, the current [, has
little influence on the feedback motion.

The currents measured under several conditions of I,
and ¥, are summarized in Fig. 2. In Fig. 2, curve (e)
shows the current I, induced by the capacitance as a func-
tion of ¥, and it increases linearly with the increase of Vy.
Lines (a)—(d) in Fig. 2 show the peak values 7, of the tip
current measured as a function of Vy for I, of Q.l, 0.5, 2,
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FIG. 2. Peak current measured as a function of pulse voltage at (a)
I,=0.1 nA, (b) 1,==0.5 nA, (c) I;=0.2 nA, (d) I,=10 nA, with (e) the
current I, induced by the instrumental capacitance and (f) the threshold
voltage ¥V, for pit formation.

and 10 nA, respectively. When the voltage pulse was ap-
plied, an abrupt increase of the current was sometimes
observed at ¥,~3 V. We believed that this instability was
caused by the conductive deposition on the sample or the
tip.® We neglected the abrupt increase in current, and then
the repeated measurements of peak values of I, were aver-
aged. The scattering of the peak value of I, was evaluated
by the standard deviation of the measured values to be
typically 319 of the averaged value. The peak values
changed from tip to tip; however the averaged peak current
showed the repeatable variation when the clean tip and
sample were used. The measured ], increases exponentially
as a function of the pulse voltage as shown in Fig. 2. The
current I, is 6.7% of the total current J, at I,=2 nA and
V,=4 V. With increasing V,, I, increases faster than I,.
The influence of I, on the measurement of I, becomes
smaller at a large value of ¥,. When /, is equal to 2 nA, I,
can be expressed approximately by the equation:

I,=2.8X107% exp(1.3V,) (uA),

with ¥, in ¥, under our experimental conditions. When the
pulse voltage was lower than a critical value (threshold
voltage V), the pit was not formed. The value of ¥y, was
measured with variations in J,. Measured Vy, is shown on
the respective lines of 7, in Fig. 2 [dotted curve (DI Ltis
found that the pit is not formed at V,<Vy, even if I, is
considerably high. For example, when I,=0.1 nA, the pit
is fabricated at ¥,=3.7 V and the current I, is 0.3 pA. On
the other hand, when I,=2 nA, the current [, is much
higher than 0.3 uA at 3 V; however, the pit is not formed
at -V, lower than 3.4 V. Moreover, when I,==10 nA, al-
though the current 7, is as high as 10 pA, the pit is not
formed. Therefore, pit formation cannot be determined by
the current 7,. Although we investigated the relationship
between the pit size and the current /,,, a distinct relation
ship could not be found.
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FIG. 3. Threshold voltage ¥, measured as a function of tunnel resistance
R (=V/Ip).

The temperature rise AT at the surface after applying

the voltage pulse was evaluated theoretically using Eq. (2)
in Ref. 9; AT=0/27Kp, where Q, K, and p are heat
source strength, thermal conductivity, and diameter of
heat source, respectively. Under the conditions that 7, =3
LA and V,=4 V, was calculated to be 20 uW. AT was
evaluated to be about 2 K assuming that X of HOPG was
uniform and equal to 1550 J/(m k) and p was 1 nm. It
seemed that the temperature rise was too low for the pit to
have been formed by the thermal effect of the current 7, e
The threshold voltage Vy, for pit formation depended

on I, and V, under our experimental conditions. The
electric-field effect for pit formation was examined using
the same method as that of Mamin, Guther, and Ruger,11
and McBride and Wetsel.'? In Fig. 3, measured ¥, is plot-
ted as a function of the tunnel resistance R (R=Vg/I,). It
is noted that the value of R is obtained just before the pulse
application and thbs under the Jow-bias conditions. Ac-
cording, to the simple model of metal-insulator-metal
junction, 13 the'tunnel current depends exponentially on the
distance S betweéh the metals. Therefore, In R is linearly
proportionahto S. Although the tip moved at a constant
retraction speed during the modification, the flowing cur-
rent and electric field became maxima at the beginning of
the pulse. Moreover, the size of the pit was not changed
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when the pulse duration was changed from 10 uS to 1 mS.
Thus we believe that the surface modification occurred at
the beginning of the pulse. As shown in Fig. 3, since ¥y, fit
to a straight line, threshold electric field (d¥V,/ds) is con-
stant in the region of R=10"-10'" Q. This fact is direct
experimental evidence that a threshold electric field is
characteristic of pit formation on the HOPG surface. How-
ever, the role of high electric field in pit formation on the
HOPG surface is still unclear since the H,O molecule is
necessary for the modification.>*®

In conclusion, the tip current flowing during the ap-
plication of voltage pulse in nanometer-scale pit formation
on the HOPG surface was measured quantitatively in air.
The measured current was of the order on 1 uA, which was
larger by three orders of magnitude than the tunnel current
used for imaging. With increases in the pulse voltage, the
peak current increased exponentially. However, the pit was
not formed at pulse voltages less than a threshold value
even with a current as high as 10 uA. The threshold volt-
age for pit formation depended linearly on the logarithm of
the tunnel resistance. These results confirm that the cur-
rent caused by the voltage pulse is less important and the
effect related to the high electric field is responsible for
pit formation on HOPG in air under our experimental
conditions.
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