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TABLE JIk Molar Fraction Fb of B o d  Water and the NMR 
Rcl.utioa Parameters (Cdculated As Explained in tbe Text)' 

B w ,  T2, temp, 
O C  ob bound free Fb g of water/g of DNA 
0 72.3 30.51 2685 0.42 0.37 

25 152.7 48.41 4806 0.31 0.28 

' T2(ob): observed NMR relaxation time. T2(bound): calculated 
value for bound water using Tdb. T2(free): calculated value for free 
water using f h  Fb: molar fraction of bound water. Bw: the relative 
amount of bound water. 

interaction between two nearest protons prevails in the free water. 
Therefore, the rotational correlation time stands for the correlation 
time of the dipoledipole interaction of free water. 

If we use r = 1.5 1 X lo-* cm' 1*12 for the interproton distance 
in HzO, we calculate the rotational correlation times T, listed in 
Table 11. The values of T, obtained from eq 4 using the ex- 
perimental value of T2 and the dielectric relaxation times obtained 
from the TDR measurements are given in Table 11. 

Since the rotational correlation time is theoretically related to 
the dielectric relaxation time:" 

we can compare the T, values obtained from the NMR with that 
obtained from the TDR. As shown in Table 11, this value T, is 
between the Td/3 values for bound and free water. This suggests 
that fast exchange between bound and free water takes place on 
the NMR time scale. In this case, the NMR relaxation time T2 
is described as f01lows:~ 

(7) 

where T2 is the observed relaxation time, T2b and TZ are NMR 
relaxation times of bound and free water, respectively, and Fb is 
the molar fraction of bound water. 

The relaxation times T z ~  and T2f can be calculated by sub- 
stituting the ~ ~ / 3  values in Table I1 into T, in eq 4. Thus, the 
molar fraction of bound water is calculated from eq 7 and are 
given in Table 111. Our results are comparable to the solvation 
sphere required to maintain the B form of DNA in solution.2" 

Our results demonstrate that the exchange between bound and 
free water in the DNA solution takes place as fast as experimental 
NMR time scales, and therefore the observed relaxation time T2 
is a weighted average. On the other hand, the rate of this proceas 
is slow on the TDR time scale, and therefore separate measure- 
ments associated with bound and free water are possible. 
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Controlled Nanofabrication of Highly Oriented Pyrolytic Graphite with the Scanning 
Tunneling Microscope 
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The formation and selective etching of recessed features of various shapes in highly oriented pyrolytic graphite (HOPG) 
in air were accomplished by ust of the scanning tunneling microscope with positive substrate bias voltages of +1500 to +3000 
mV and tunneling currents of less than 2 nA. Etching of the surface was restricted to the scan area and only occurred with 
positive biases, which suggests that etching occurs by an electrochemical mode of oxidation of the graphite under the tip. 
Lines with widths as small as 10 nm and squares 25 X 25 nm could be formed with monolayer depth (0.34 nm) in the HOPG 
by varying the time that the tip was rastered over a designated area. 

Introductioa 
We describe here a highly controlled method for the fabrication 

of nanometer size structures on highly oriented pyrolytic graphite 
(HOPG) using the scanning tunneling microscope (STM).' 
Recessed lines, squares, and disks could be formed on the basal 
plane of HOPG by using the STM to etch the surface. Bias 
voltages (vb) of +2800 mV (substrate vs tip) with tunneling 
currents ( i t )  of 0.06-2 nA caused layer-by-layer removal of the 
carbon atoms directly under the tip. Selective etching of existing 
defects (exposed edgeplane graphite) occurred at bias potentials 
greater than or equal to +1500 mV. The rate of etching depended 
upon the magnitude of the bias but was controlled best with +1500 
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mV I vb 5 +2400 mV. Negative substrate biases of the same 
magnitude did not cause etching of the HOPG. Low biases 
(5k500 mV) and high tunneling currents (1-4 nA), which bring 
the tip closer to the HOPG, did not cause removal of material, 
indicating that etching is not due to physical interaction of the 
tip with the HOPG. These results suggest that the etching proass 
is probably electrochemical in nature. 

The advent of the STM has led to many advances in the 
C- ' tion of conducting and semiconducting surfaces. There 
have also been several applications to "nanofabrication" of sur- 
facesa2 Such studies are motivated by a desire to understand 
different approaches to the controlled modification of surfaces 
at the atomic level with ultimate applications to devices or 
structures like masks for X-ray lithography. In these the tip 
voltage is usually pulsed to higher bias voltages to remove or place 
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material on the substrate of interest. Modification of the surface 
of HOPG in the presence of water or water vapor by voltage pulses 
has been demonstrated by several groups and has been attributed 
to an electron-induced or enhanced ion etching.3d Usually, 
monolayer deep pits of 4-5-nm diameter were produced. These 
pits were quite stable under normal STM imaging conditions (it 
= 0.1-1 nA, v b  = 10-500 mV). Pits have been reported to form 
with either positive or negative bias pulses, although the repro- 
ducibility using a negative bias pulse was poorer? More extended 
structures have been produced by this method by making arrays 
of holes in the HOPG surface with the most elaborate being an 
English phrase consisting of four words.2 

We show here that complex structures can be written into 
HOPG in air by controlling the bias potential, tunneling current, 
and tip raster area during scanning in a systematic manner. For 
example, use of it = 0.25 nA and v b  = +2800 mV allowed us to 
fabricate monolayer-deep lines with widths of 10 nm as well as 
squares with dimensions from 25 X 25 nm to 300 X 300 nm. 
These features, as well as pits formed by thermal treatment' or 
voltage p~lsing,~" can be enlarged (without damaging the rest 
of the basal plane around the feature) by scanning the feature 
area with biases of 1500-2400 mV. Only the edgeplane sites are 
reactive enough to be removed in this potential range. Lower 
biases (50-500 mV) with high tunneling currents (1-4 nA) did 
not cause etching, which indicates that etching occurred by a 
chemical reaction rather than by abrasion of the surface by the 
tip. We believe that the etching is due to an electrochemical 
oxidation of the graphite directly under the tip in a layer of 
adsorbed water. Previous reports of pits formed by potential 
pulsing have shown that water is necessary for successful pit 
f ~ r m a t i o n . ~ ~  Adsorbed water allows localized oxidation of gra- 
phite at the HOPG surface under the tip and reduction of water 
at the tip within the very thin layer (approximately 0.5 nm thick) 
of water on the surface.* 

Experimental Section 
I n s ~ t a t i o n .  Images were obtained with a NanoScope I1 

scanning tunneling microscope (Digital Instruments, Santa 
Barbara, CA) using mechanically cut (GC Electronics diagonal 
cutters) Pt/Ir (8020) wire or electrochemically etched (10 V ac 
in 1 M KOH) tungsten wire. Images were obtained in the to- 
pographic mode (constant current) with v b  = 50-500 mV and 
it = 0.25 nA. If necessary, images were slightly filtered using 
the low pass filter option of the NanoScope I1 software. 
cbemicala All chemicals were reagent grade or better. Highly 

oriented pyrolytic graphite (a generous gift from A. Moore at 
Union Carbide, Parma, OH) was freshly cleaved before each 
experiment. 

Results and Discussion 
Pit Forumti00 with P O W  pulse& Several groups have noted 

the reproducible formation of pits in HOPG by pulsing the po- 
tential of the substrate positive (with respect to the tip) in humid 
environments or in water.% Use of negative potential pukes was 
also reported to give qualitatively similar results.6 We were not 
successful, however, at producing reproducible pits with negative 
pulses with either Pt/Ir or W tips and observed the following. 
Negative pulses with Pt/Ir tips always tended to deposit material 
onto the HOPG, presumably from oxidation and removal of 
material from the tip. Usually the tip was so heavily damaged 
and image quality so poor after a negative pulse that a new tip 
had to be used. When we used electrochemically-etched W tips 
in the negative potential pulse mode, the HOPG surface was 
damaged by what appeared to be either the tip touching the 
surface or material being deposited from the tip. Here, application 
of a negative pulse probably caused the tip to be oxidized and 
material to be transferred to the HOPG surface? With a W tip, 
oxide formation at higher potentials would cause it to become 
insulating and to make physical contact with the surface and 
damage the HOPG. We provide further evidence for this in the 
section below conceming etching of the HOPG. Penner et a1.6 
used only W tips and did not show images of the HOPG surface 
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Figure 1. Plot of pit initiation bias for 8-nm-diameter pits versus initial 
tunneling current. 

A. Imaging Conditions B. Etching Conditions 

Faradaic 
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Figure 2. Schematic of conditions for imaging versus etching. Probable 
reactions during etching are (tip) 2 H 2 0  + 2e- - H2 + 20H- and 
(substrate) C + nH20 - CO, + 2nH+ + 2ne- (n = 1 or 2). 

using negative pulses, although they reported qualitatively similar 
behavior for both positive and negative pulses. In our experiments, 
we have not been able to form reproducible pits on HOPG using 
negative potential pulses. 
Pits could be formed on HOPG using either Pt/Ir or W tips 

and positive potential pulses. The smallest pit we were able to 
make had a diameter of approximately 4 nm. Larger pits could 
be formed by increasing the magnitude or duration of the voltage 
pulse. To study the dependence of threshold potential for pit 
formation on the tipto-sample distance, we performed a series 
of experiments (using Pt/Ir tips) where the tunneling current was 
varied and the potential required for reproducible formation of 
a 8-nm pit was recorded. The results show that the curve a p  
proaches a minimum value of approximately 2300 mV at larger 
tunneling currents (Figure 1). We propose that this represents 
the overall potential for the oxidation of graphite and reduction 
of water at a Pt surface.l0 The hydroxyl radical is probably not 
involved in the formation of pits by potential pulsing, h u s e  the 
potential of such a reaction would be greater than the potential 
for the oxidation of graphite." Moreover, with HOPG that had 
been exposed to dilute acid solutions (1 M HC104), rinsed with 
water, and dried, pits could be produced at lower potentials 
(approximately 100 mV less at a given it) than for untreated 
HOPG. Deionized water blanks showed no difference. This 
indicates that the presence of hydrogen ion (which is more easily 
reduced than water at the tip) caused a decrease in the potential 
of the overall process. We cannot delineate the details of the pit 
formation mechanism, but from the above data and that which 
follows, we conclude that the pit formation is due to an electro- 
chemical process, as depicted in Figure 2B. 

Etching of DefecQ in H O E .  Figure 3 (t  = 0) is an STM image 
of a Cnmdiameter, two-monolayer-deep pit formed by applying 
a +3000-mV pulse with it = 0.25 nA for approximately 0.5 s. The 
pit was then imaged at v b  = +15m mV and it = 0.25 nA for 
different lengths of time. As can be seen in Figure 3, the pit grew 
outward with scanning time. The later images clearly show that 



Letters The Journal of Physical Chemistry, Vol. 96, No. 25, 1992 10091 

Figure 3. The 50 X 50 nm constant-current STM images of a two- 
monolayer-deep pit formed with a +3000-mV pulse with it = 0.25 nA 
and then etched with v b  = +I500 mV and it = 0.25 nA as a function of 
time in minutes. Z range is 0-5 nm. 

Figure 4. A 400 X 400 nm constant-current STM image (using a W tip) 
of an area where a pit was made with a +3000-mV pulse, followed by 
imaging at v b  = -1500 mV, it = 0.25 nA for 2 min. 

the second layer of the pit also etched, but the basal plane in the 
scanned area was unaffected. Similar experiments with + 1500 
mV I Vb I +2400 mV bias exhibited growth rates which scaled 
with the bias potential. At V, > +2800 mV, the etching was very 
fast and the basal plane of the scanned area also began to form 
pits. (At this tunneling current the threshold potential for pro- 
ducing pits by pulsing is approximately +3000 mV.) Higher 
tunneling currents also increased the etching rate, similar to the 
effect seen with the voltage pulsing in Figure 1. Low bias voltages 
and high tunneling currents during imaging, which bring the tip 
closer to the HOPG (Figure 2A), did not cause etching. Use of 
negative biases of up to -1500 mV with Pt/Ir tips did not cause 
etching of the defects. Potentials more negative than -1 500 mV 
caused the Pt/Ir tip to become unstable, and material was de- 
posited on the HOPG from the tip. When W tips were used at 
these high biases, the pit was not etched but rather torn open; the 
pit edges were peeled outward from the sides (see Figure 4). Such 
negative bias results were reproducible for various-sized pits. At 
such positive tip potentials (substrate negative) the W probably 
formed an insulating oxide by an anodic process that made the 
tip move closer to the HOPG to maintain the same tunneling 
current; this allowed the tip to make physical contact with the 
graphite and damage the edges of the pit. There was no damage 
done to defects, if the tunneling current was 0.25-8 nA with bias 
voltages of -25 to -500 mV (voltages insufficient to drive W tip 
oxidation). However, HOPG defects could be systematically 

Figure 5. Constant-current STM images of recessed lines formed by 
disabling the y-piezoelectric drive and scanning the x-piezo at 19 Hz with 
v b  = +2800 mV and it = 0.25 nA for 10,30, and 60 s for (A), (B), and 
(C), respectively. Z range is 0-5  nm. 

etched using W tips at high positive substrate biases, under 
conditions similar to those described for the Pt/Ir tips. Thus, at 
high negative substrate bias, the tips (Pt/Ir or W) were oxidized, 
and depending on the type of tip, uncontrolled deposition of tip 
material or damage of the surface by the tip occurred, which is 
consistent with an electrochemical process where the tip is oxidized. 
The results with a positive substrate bias also give support to the 
electrochemical model (Figure 2B). Under these conditions, the 
tip is negative and reduction of H20  or H+ OCCWS, while oxidation 
of HOPG takes place under the tip. These results are similar to 
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I : ’  

Figure 6. Constant-current STM images of recessed features. (A) 50 
X 50 two-monolayer-deep square. 2 range is 0-5 nm. (B) Two 50 X 
50 two-monolayer-deep squares connected with a two-monolayer-decp 
line. 2 range is 0-10 nm. 

those we obtained during the deposition of metals and etching of 
surfaces using the scanning electrochemical microcxope (SECM), 
where the reaction was shown to be localized under the  ti^.'^.'^ 
Indeed, under high bias and low current conditions the STM may 
be operating largely in the SECM mode. 

Fabrication of Complex Structures. To test the specificity, 
range, and resolution of the STM etching of HOPG using high 
bias voltages, we fabricated various-shaped structures of different 
dimensions. Figure 5A is a constant-current image of a 1 0-nm- 
wide, 0.34-nm-deep line drawn in HOPG. This monolayerdeep 
line was made by disabling the y-piezoelectric drive and scanning 
the x-piezo at 19 Hz with v b  = +2800 mV and i, = 0.25 nA for 
10 s. increasing the exposure time to 30 and 60 s produced the 
lines shown in Figure 5,  B and C. The depth of the 30-s line is 
0.78 nm (two monolayers), and its width is only slightly larger 
than the 10-s line (13.2 nm vs 10 nm). Line width increased to 
45 nm and depth to 3.4 nm for the 60-s exposure time. This width 
increase was probably due to etching from the sides of the tip as 
the tip went deeper to maintain the required current at the recessed 
surface. We could reproducibly produce lines in HOPG of various 

depths and widths with tips which gave clean images (no doubletip 
effects). The narrowest, continuous line fabricated had a IO-nm 
width (Figure SA). Scanning the x-piem to give longer lines did 
not seem to affect the quality of the lines, and we have drawn lines 
up to 0.75 pm long with no loss in width or depth resolution. 

Other shapes such as rectangles or squares could be produced 
by scanning over one or multiple areas. Figure 6A is a two- 
monolayerdeep 50 X 50 nm square formed in HOPG by scanning 
a SO X 50 nm area at 26 Hz for approximately 30 s at v b  = +2800 
mV and i, = 0.25 nA followed by an ‘edge cleaning” etch at v b  
= +2000 mV and i, = 0.25 nA for approximately 3 min. The 
purpose of the lower bias etch after the pit was f9med was to 
decrease the jagged nature of the approximately square pit. 
Rectangles could be made by moving the scan area to an edge 
with v b  = +1500 to +2400 mV to selectively etch the pit edge. 
This defect etching d e  often exposed smaller defects in the lower 
HOPG layers, as shown in Figure 6A. These smaller pits are due 
to the initially high bias etching. More complex structures can 
be made by using this etching technique. In Figure 6B two pits 
were formed as previously described, and then a two-monolay- 
er-deep line was drawn to connect them by using the conditions 
from Figure SB. Structures such as these can be routinely fa- 
bricated next to others without damage to the existing features; 
pits and lines could be made as close as 10 nm to each other. 

We have demonstrated that the formation of complex, tectssed 
features on HOPG is readily achieved by use of the STM with 
high bias voltages in humid air. The etching of basal-plane HOPG 
occurred when the substrate bias was raised above +2600 to +2800 
mV with i, = 0.25-2 nA. Controlled etching of edgeplane HOPG 
was found to take place with biases of +1500 to +2400 mV and 
tunneling currents of 0.25-2 nA. Etching did not take place when 
negative substrate biases were used. We conclude that the etching 
occurs in the SECM mode by electrochemical oxidation of the 
graphite under the tip in a thin, adsorbed layer of water. Both 
the threshold potential for etching and the sign of the etching 
potential indicate that an electrochemical reaction caused removal 
of carbon atoms from the surface. 
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