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LETTER TO THE EDITOR 

Controlled nanometre-scale line and symbol formation 
on graphite in air using a scanning tunnelling 
microscope 

C J Roberts, M C Davies, D E Jackson, S J B Tendler and P M Williams 
The VG STM Laboratory for Biological Applicationst, The Department of 
Pharmaceutical Sciences, University of Nottingham, University Park, Nottingham, 
NG7 ZRD, UK 

Received 13 lune 1991 

Abstrad. Here we demonstrate the fist reported production of etched lines on a highly 
oriented pyrolytic graphite surface using a scanning tunnelling microscope. This has been 
achieved by moving the imaging tip, biased at a minimum of 3.5 V of either polarity, in a 
controlled fashion over the substrate at a velocity of 10 nm s-' or greater. The potential of 
the techniquetocontrol thewidthanddepthofthelinesisinvestigated. Theresultant etched 
structures may be used to evaluate the performance of the piezo-aystal tube and tip. The 
potential of this technique in the study of bio-molecules is noted. 

The achievement of controllable surface modification at a nanometre-scale has appli- 
cations in fields such as high-resolution lithography, mass data storage and the provision 
of binding sitesfor bio-molecules[l]. In addition, the symmetry and integrity ofpatterns 
etched into the substrate can be used as a test for linearity and creep in the piezo-crystal 
scanner and an analysis of the image of the trough can reveal information concerning 
the shape of the tip. 

At present, lithographic techniques employing electron beams on thin films are 
commonly limited to lOnm lateral resolution due to secondary-electron effects [2, 31, 
whereas scanning tunnelling microscopy has been shown to be capable of surface modi- 
ficationsat anatomicscale [4,5]. In the widerfieldofsw surface modification, materials 
such as gold [6-91, metallic glasses [lo] and semiconductors [U] have been modified 
locally at the 2 to 20 nm range. All these experiments rely to some extent upon raising 
the voltage bias across the tunnelling gap, usually in a short pulse, to promote a surface 
fabrication event. 

To date, experiments with highly oriented pyrolytic graphite (HOPG) have been 
limited to the production of pits down to a minimum of 2nm in diameter by the 
application of voltage pulses of either polarity from 2 to 8 V and a duration of 1 .us to 2 
minutes [I, 12-15]. The features produced are then stable in time, unless defoliation of 
the upper graphite layers is caused by too much etching around a single area [12,13]. 
Rabe er a1 have found that the presence of water is a necessary condition for the 
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Figure 1. A series of etched lines in  HOP^ forming the legend VG STM, recorded in.the 
constant-current modewithatipbiasof -330mV andacurrentof360pA. Theselineswere 
formed by moving the tip, biased at -4.26 V ,  a1 a velocity of 17 nm s- '  over the graphite. 
Each letter i s  150 nm high and 200 nm wide and is made up of lines an average of 9 nm in 
width and 2.4 nm in depth (i.e. seven graphite layers have been removed). 

fabrication process to occur [14], which is thought to be based on the chemical reactions 
which follow the equations below [13]: 

C(soiidj + HzO(i~,~idj f 175.32 kJ mol-' = Co(g,~j + H2(gas) 

C,so,id) + 2H,0~,i,,id, + 178.17 kJmol-I = CO,,,,,, + 2H2(ps,. 

Here we  extend this surface modification work to etch troughs reproducibly into a HOPG 
surface using a scanning tunnelling microscope (STM) in air, with the potential for 
controllable line widths and depths down to approximately 2 nm and 0.35 nm (i.e. the 
graphite inter-layer spacing) respectively. 

The HOPG for this study (Union Carbide Corporation, OH, USA) was prepared by 
removing contaminated surface layers with adhesive tape. Initially to ensure a hydrated 
surface, 30 pI of triple-distilled deionized water was allowed to dry upon the graphite. 
This approach, however, has proved to be unneccesary as sufficient surface water has 
been found to be present under ambient conditions to promote the etching reaction. A 
VG STM 2000 microscope (VG Microtech Ltd, Uckfield, UK) using a cut platinum/ 
iridium tip (80: 20) was employed for the STM experiments. 

To etch a continuous line in HOPG the tip was moved from a known starting position 
to a predetermined location at a set velocity, with the voltage bias raised to, or above, 
the fabrication level. Upon reaching the end point of an etched line the tip voltage was 
immediately reduced to a normal imaging level (-330mV in the presented images). 
The bias threshold is defined as that necessry to produce a clear line in the graphite. This 
WBS established for several tips to be at approximately k3.5 V for a tip velocity of 
10 nm s-'. It should be noted that at thisvoltage level the STM will no longer be operating 
in a tunnelling regime but a field emission one [16]. 
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Figure 2. ( a j  A high-resolution scan of a trough produced by a voltage bias of -3 .6  V and a 
tipvelocityof 14nm s-',whose terraced natureisclearlyvisible. Thewidthanddepth ofthe 
line as revealed by the cross-section in (b)  are approximately 6 nm and I .O nm respectively 
(i.e. three graphite layers have been removed). 

The level of control that can be achieved with this as yet semi-automatic process is 
illustrated in figure 1, where the legend VG STM has been inscribed into the surface. 
Thesymholswere writtenintwo five-minutestages,atatip biasandvelocityof -4.26V 
and 17 nm sC1 respectively. Each letter is 150 nm high and 200 nm wide and is composed 
of lines of an average width of 9 nm and a depth of 2.4 nm. A higher-resolution scan of 
an etched trough, produced at -3.6 V and 14 nm s-',  is shown in  figure 2(a) and across- 
section taken through this feature is presented in figure 2(b). These data show the 
terraced nature of the etchedline, due to successive removal of graphite planes. Another 
common feature observed following the etching oi HOPG is debris that lines the edges of 
the troughs. This may arise from graphite that has failed to oxidize but was disrupted in 
the fabrication process, possibly by the effects of reflected and secondary electrons [17]. 
Support for this supposition may be gained from the observation that if a fabrication 
voltage set just below threshold is employed, some intermittent disruption of the basal 
plane is noted hut no trough is formed (data not shown [18]). 

We have found that the line width and depth can be controlled by varying the 
fabrication voltage and the tip velocity. Increasing the bias voltage causes greater 
damage and hence larger features, due to the increase in energy flux incident upon the 
surface and the additional effect it has of broadening the electron beam [17]. 

Conversely an increase in the tip velocity during etching reduces the energy input 
over any one point and therefore produces thinner andshallower lines. To date, voltages 
of magnitude 3.5 to 10 V and tip velocities of between 10 nm 5 - l  and 1 pm sC1 (the upper 
limit we can achieve) have been used. Within these parameters the line widths and 
depthsthat have beenachievedrangefrom2 to 100 nm and0.35 nmtotensofnanometres 
respectively. The durability of the platinum/iridium tips bas been demonstrated by their 
ability to etch troughs and to supply subsequently good images of these features for a 
number of days. There was, however, a gradual reduction in line and image quality with 
time and eventually a failure of the tips to produce any fabricated features. This may he 
due to the gradual coating of the tip apex in carbon deposits, that thus increases the 
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effective tip area from which field emission can take place. As a result of this, the current 
density at the surface will eventually fall below that necessary to cause an etch effect. 

In conclusion we have demonstrated a technique that produces controlled topo- 
graphic changes on a graphite surface. The resultant features can be used to test the 
performance of the piezo-crystal scanner. since any creep or non-linearity effects are 
made clear by the integrity of the symbol formation. The ability of the tip to image the 
narrower etched lines may be used in the future to estimate the tip's width and, by 
the use of deconvolution routines, its profile [19]. The complete automation of this 
fabrication technique will improve etched pattern definition and make the marking, and 
hence theunique indentificationofspecificsurfacesites, apossibility. Finally the possible 
use of purpose-built surface features on a HOPG substrate as binding sites for bio- 
molecules is at present under investigation [18]. 

We would like to thank VG Microtech Ltd for their support. 
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