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Abstract 

We present an atomic-scale teleoperation system that uses a 
head-mounted display and force-feedback manipulator arm for a 
user interface and a Scanning Tunneling Microscope (STM) as a 
sensor and effector. The system approximates presence at the 
atomic scale, placing the scientist on the surface, in control, 
w h i l e  the experiment is happening. A scientist using the 
Nanomanipulator can view incoming STM data, feel the 
surface, and modify the surface (using voltage pulses) in real 
time. The Nanomanipulator has been used to study the effects of 
bias pulse duration on the creation of gold mounds. We intend 
to use the system to make controlled modifications to silicon 
surfaces. 

CR Categories:  C.3 (Special-purpose and application-based 
systems), 1.3.7 (Virtual reality), J.2 (Computer Applications 
Physical Sciences) 

Keywords :  haptic, force, scientific visualization, interactive 
graphics, virtual worlds, scanning tunneling microscopy, 
telepresence, teleoperation. 

visualization of data from and control of a Scanning Tunneling 
Microscope with the UNC/UCLA Nanomanipulator system. The 
virtual-world interface demonstrably contributes to the power 
of the instrument. 

The Scanning Tunneling Microscope (STM) was conceived in 
1978 by G. Binnig and H. Rohrer at the IBM Zurich Research 
Laboratory and first demonstrated in 1981. It was originally 
designed to aid in understanding the growth, structures, and 
electrical properties of very thin oxide layers. [4] [5] 

An STM consists of a piezoelectric positioning element, a 
conducting (usually metal) tip and a conducting sample (the 
surface under study). In our instrument, built by E.A. Eklund at 
UCLA, the piezoelectric crystal elements are arranged as three 
orthogonal bars, each of which controls one axis (see figure 1). 
As voltages are applied across the crystals, they change their 
lengths. Since the tip is rigidly attached to the crystals, they 
can be used to position the tip relative to the sample. Our STM 
can scan areas up to 200 nanometers (nm) on a side. 

1. Introduction 

We are just beginning to have fast enough graphics engines 
and acceptable trackers to allow us to provide scientists with a 
real- t ime immersive vir tual-world interface to their 
instruments. We have brought this power to bear on the 
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Figure 1: A Scanning Tunneling Microscope. The 
feedback control maintains the tip at a constant 
distance above the surface. 

A bias voltage is applied to the sample with respect to the tip. 
At very close range (on the order of a few tenths of a nm), a 
tunneling current flows between the tip and the surface. This 
current decreases exponentially with increasing distance 
between the tip and the sample. In our configuration, the X and 
Y piezoelectric crystals are used to raster the tip back and forth 
across the surface in a boustrophedonic* pattern and the Z 
crystal is controlled by a feedback circuit that attempts to 

*Literally, "as the ox plows." 
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maintain a fixed tunneling current and thus a constant distance 
between the tip and sample. A scan of the surface proceeds by 
repeatedly moving the tip in X and Y and then reading the 
voltage on the Z axis to determine surface height. 

The STM is capable of resolving individual atoms in a sample. 
The radii of atoms range from 0.03 to 0.27 nm, or 
approximately 1 billionth the size of common objects, such as 
a golf ball or a basketball. Typical chemical bonds range from 
0.15 to 0.25 nm. For comparison, a typical feature on a current 
integrated circuit might be 1 micron (1,000 nm) across. Optical 
microscopes are limited in resolving power to approximately 
the wavelength of the radiation used in imaging, which is 400- 
700 nm. 

The STM uses a very sharp physical probe to gather 
information about the sample surface, rather than analyzing 
reflected photons or electrons. The key to the resolution of the 
STM is that the length of the piezoelectric positioners can be 
accurately controlled to 0.01 nm, and that the tunneling current 
is extremely sensitive to tip-to-sample separation (moving the 
tip 0.1 nm closer to the surface increases the tunneling current 
by a factor of 10). 

Unlike other microscopes, the STM provides its information as 
an elevation map rather than a projected image. The scientist 
wants to understand the geometry of the three-dimensional 
surface, so these values must be interpreted. The most natural 
method of interpretation is to reconstruct the surface from the 
sampled height information, a common process in computer 
graphics. 

In addition to its ability to map the surface, the tip of the STM 
can be used as a local probe to modify the surface. [2] This 
makes the STM useful for nanofabrication. There are at least 
two ways this can be accomplished. The first is to physically 
contact the surface with the tip, which causes large and 
unpredictable modifications to both the tip and the surface. The 
second, more controlled method is to apply a voltage pulse 
between the tip and the surface. Since the distance between the 
two is so small, even moderate voltages produce a strong 
electric field. Both Lyo and Avouris and Kobayashi et al. have 
shown that it is possible to alter the surface of a silicon crystal 
with such fields. The former authors have successfully removed 
clusters and even individual Si atoms from a surface by 
applying voltage pulses of +3V to the sample under study (with 
the tip grounded). The amount of material transferred in each 
pulse depended on the distance from the bottom of the tip to the 
sample surface (the smaller the distance, the larger the field and 
thus the more material transferred). They were also able to 
transfer atoms from the tip back onto the surface by applying 
voltage pulses of -3V to the sample. Kobayashi et al. have 
been able to form trenches only a few nanometers wide. They 
scanned the tip over the surface at a speed of 50 nm/s while 
holding the sample at a constant voltage of either polarity in 
the range from 4-10 volts. They used tip-sample separations 
significantly larger than those used by Lyo and Avouris. These 
studies have demonstrated the feasibility of altering the 
structure of a surface literally one atom at a time. What they 
lacked was the ability to interactively view the surface while it 
was being modified. [14] [11] 

We have built a virtual-worlds interface that converts the STM 
from a remote batch data collector to a real-time user-guided 
data collector, and from a remote batch surface modifier to a 
real-time user-guided surface modifier. The material surface 
under the STM is sampled and then graphically reconstructed, 
lighted, and presented to the user at human scale, magnified 

approximately a billion times. In January 1992, an STM built 
at UCLA was brought to North Carolina and interfaced to the 
existing hardware and software of UNC's Head-Mounted Display 
project and the GROPE force display project. [18] We named 
the system the "Nanomanipulator" because it allows the user to 
see, feel, and manipulate matter at the nanometer scale. 

The STM functions as both the imager and effector in this 
atomic-scale teleoperator system. The system operates in three 
modes. In raster-scan mode, the STM tip moves back and forth, 
continually streaming in new surface height data on a user- 
specified grid. This data updates the reconstructed surface model 
in real time. Independently and asynchronously, the viewer 
may fly about the surface, or hold it at arm's length and tilt it so 
that the directional illumination reveals and highlights surface 
detail. The surface model serves as the buffer converting 
between the back and forth slow scanning of the STM and the 
TV-like fast scanning of the display system. 

In feel mode, the scientist uses the manipulator arm to move 
the STM tip directly (as the crow flies) over the surface, feeling 
the contours, and perceiving particular point heights, as the 
STM visual cursor traverses the surface image. 

In pulse mode, the user also moves the tip directly over the 
surface, and, with a hand trigger, may select locations to fire 
bias pulses, modifying the surface. 

The user interface through which the human user perceives the 
microscopic world consists of a stereoscopic head-mounted 
display and a force-feedback handgrip. The viewpoint changes 
of the user's head and control gestures of the user's hand are 
scaled down by the Nanomanipulator to control the viewpoint 
from which the microscopic world is seen by the user and to 
control surface modifications enacted by the STM. 

Figure 2 shows the user interface for the Nanomanipulator. 

Figure 2: User interface for the Nanomanipulator 
system. The user can control the action of the STM 
tip with the force-feedback ARM, feel surface 
contours, and specify bias pulses by pressing the 
finger trigger. The user sees the sample surface 
through the head-mounted display. 

The graphics system that generates the stereoscopic images for 
the HMD provides highly detailed shaded 3D color images in 
real time. The HMD and head-tracker allow the graphics to be 
generated in coordination with the user's voluntary head 
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motions, so that users perceive themselves to be surrounded by 
the microscopic environment. 

2. Previous STM Visualization 

The standard method of STM data visualization during data 
collection is to construct gray scale images where dot 
brightness corresponds to surface height at each point in the 
image. For later offline viewing or publication, most 
visualization is done using various graphing routines on 
personal computers. These packages draw a connected line for 
each scanline the tip has made, possibly doing hidden line 
removal on areas that would be occluded. Color is used 
effectively to show either surface height or other surface 
properties. For presentation, shaded surface images are 
sometimes computed. [7] [15] [20] [21] 

Dr. Joe Lyding at the Beckman Institute of the University of 
Illinois has produced an  Application Visualization System 
(AVS) interface module that gives data from the STM scans to 
other AVS modules for high-quality interactive rendering of 
surfaces using Gouraud shading. This results in shaded images 
from a given point of view at rates on the order of one image 
per minute. Dr. Lyding has found that his interactive viewing 
system guides experiments by showing interesting areas of 
study while the data is still being collected. [personal 
communication] We have found the same effect in our system. 

Dr. Besenbacher et al. at the University of Aarhus, Denmark, 
have taken another approach. They still draw the images on a 
personal computer, but they make images from successive 
scans and put them onto videotape for later viewing. This 
allows them to view surface dynamics that happened during the 
experiment. The dynamics cannot be viewed while the 
experiment is in progress, but nonetheless they have found the 
motion display to be very useful. Referring to his videotaped 
images of the scanned surface, Dr. Besenbacher writes "...one 
can record STM movies and thereby visualize in real time and 
space dynamical processes on metal and semiconductor 
surfaces. Such information, which cannot be obtained by any 
other means, is very decisive for a full understanding of both 
the growth mode of reconstructed phases and the resulting 
static structure." [3] We have also found this property of our 
system to be valuable. 

3. The Nanomanipulator 

The goal of this system is to approach an ideal interface for the 
scientist - -  presence on the surface itself, with the ability to 
interact with the surface in real time. The Nanomanipulator 
system mediates between the human-scale actions of the user 
and the atomic-scale actions of the STM. A Head-Mounted 
Display (HMD) and Force-Feedback Argonne-III Remote 
Manipulator (ARM) provide an immersive virtual environment 
in which the user is given the ability to act at the atomic scale. 
The purpose of this system is to scale the STM environment 
(nanometer scale) up to human size (meter scale) and to provide 
a means for making changes in this environment - it seeks to 
create teleoperation at the atomic scale, which requires a 

scaling factor of 109 . 

3.1 System Structure 

The Nanomanipulator system comprises several parts, 
including the STM itself, the Pixel-Planes 5 graphics engine, a 
real-time control computer (currently an IRIS 240) to control 
the STM, and a user interface subsystem (running on a Sun 4). 
See figure 3 for a system diagram. 

Due to the varying requirements of its different parts, the 
system has been segmented into a distributed set of 
heterogeneous processors. These subsystems act as 
communicating sequential processes. The ARM, STM, and user 
interface sections communicate over an ethernet. The user 
interface and Pixel-Planes 5 communicate over a VME bus. The 
various graphics processors within Pixel-Planes 5 
communicate over a 640 MByte/s ring network. 

Our ethernet LAN provides about a 1 megabit/second sustained 
path between hosts on the network. This bandwidth is adequate 
to handle the data coming from the STM, which is limited in 
scan rate by the electronics and piezoelectric crystal 
resonances to less than 50 kilobits/second. 

Figure 3: Nanomanipulator system diagram. User 
Interface code running on the Sun 4 mediates between 
the atomic-scale operations in the STM and the 
human-scale operations of the user. Pixel-Planes 5 
provides real time shaded stereo images. 

STM Control ler  Process The STM is controlled by 
one of the processors on an IRIS 240. The X and Y position are 
controlled by D/A cards and the Z value is read back in through 
an A/D card. The bias pulses are provided by an HP8131A pulse 
generator that is interfaced to the computer through an 
IEEE488.2 (HPIB) bus. The pulse generator is capable of 
producing controlled pulses as narrow as 500 ps. We have 
carefully controlled the impedance out to the end of the sample; 
however the tip side impedance is unknown. As a result, we 
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expect the pulses to be repeatable but of unknown shape as 
they cross the sample-tip boundary. 

The control process accepts commands from the user interface 
and produces geometry information. When the process is 
scanning, it streams data to the user interface continually, 
sending up to 30 packets per second with whatever results have 
accumulated from scanning during that time. The process is 
also capable of moving the tip to a given location and 
returning the height there immediately or applying a pulse 
there. 

User In te r face  Process The user in te r face  
process routes information among the various parts of the 
system and translates user commands into system commands. It 
is built on top of several existing software systems that were 
developed at UNC. The tracking, display, virtual-world editing, 
menus, and force feedback ARM control were all provided by 
existing libraries. [10] [17] 

The HMD that we currently use is made by Virtual Research. 
This is a stereo color display helmet that is tracked by a 
Polhemus tracker. The HMD group has written a software 
library to handle the interface between the Polhemus and user 
code. Several projects at UNC have designed virtual worlds for 
building walkthrough, radiation treatment planning, molecular 
visualization, and particle systems. [10] The Ultrasound 
project has interfaced incoming data to Pixel-Planes 5 and 
overlaid the data on the real world. [1] 

The ARM is an Argonne III Remote Manipulator that is 
interfaced to an IBM PC through A/D and D/A cards. A control 
library has been written by the GROPE project to access the 
ARM. Several systems have been designed that use the ARM, 
leading to the force feedback molecular docking program. [6] 

P ixe l -P l anes  5 The images that are generated for 
the HMD are produced by Pixel-Planes 5 (Pxpl5). This is a 
massively parallel graphics engine that was developed at UNC- 
CH under the direction of Henry Fuchs and John Poulton [9]. 
Along with the hardware itself, the Pixel-Planes team has 
created the PPHIGS library as a programmer's interface to the 
machine. This is a graphics library modeled after the PHIGS 
standard. Pxpl5 has dozens of I860 processors used as graphics 
processors (GPs). These processors run the display code and 
can also be programmed via C code callbacks within the 
display list. 

Pixel-Planes 5 is optimized for drawing static display lists of 
triangles in real time; performing many updates to the display 
list ordinarily slows the update rate down unacceptably. New 
height data arrives from the STM at a rate of up to 500 samples 
per second, which is 25 data points per frame. Each data point 
affects the normals at the four surrounding points, and each 
normal affects up to six surrounding triangles. The system must 
therefore be able to perform about 600 triangle updates per 
frame while still maintaining the 20 Hz update rate. 

Fortunately, it is possible to program the GPs on Pxpl5 
directly, and the display list is split among the GPs. Each GP 
makes a list for each point of where it is stored in the display 
list (usually in 6 different triangles) and this list is used to 
propagate changes into the display list. We send the new point 
information to the GPs and each one modifies its portion of the 
display list in parallel. This provides sufficient speed to handle 
the changes. 

3.2 Towards the ideal user interface 

The data from the STM is presented to the user as a three- 
dimensional surface drawn in the head-mounted display. The 
surface appears to be made of shiny plastic and is colored 
according to height, with lower areas bluer and higher areas 
redder. The user sees a line sweeping across the surface as new 
position updates are received from the STM. The surface is 
sampled on a regular grid whose spacing is specified at run 
time. We typically use 80 samples per line and 80 lines on the 
surface, but the user can interactively trade speed for resolution 
by re-running the program. 

The user's hand is tracked with the ARM. An icon is drawn at 
the hand location to graphically indicate the current mode of 
operation, much as the cursor on a Macintosh computer 
changes shape to indicate current mode. The user selects 
between modes using a pull-down menu system that is brought 
up by a thumb trigger on the ARM handgrip. The menu also 
allows saving the STM data to disk for later analysis. 

The finger trigger on the handgrip has different behaviors 
depending on the mode the user is in. The modes dealing with 
viewing the virtual world are fly, grab, scale up, and scale 
down. [19] The modes dealing with controlling the STM are 
feel, pulse, select part, and select all. 

F l y  In fly mode, the user holds down the finger 
trigger to translate through the microscopic landscape in the 
direction pointed by the handgrip. 

Grab  In grab mode, the user can change the 
orientation of the virtual world by, in effect, grabbing the 
"fabric of space" and rotating it. The user moves the handgrip 
to the desired center of rotation and then holds the trigger down 
while rotating the handgrip. 

Scale One wants to dynamically change the scale 
factor between the user's scale and the virtual world that 
represents the microscopic landscape. Such a change is 
perceived by the user as the virtual world expanding or 

shrinking. At a magnification of 10 9, a 10 cm gesture by the 
user would move the STM tip a distance of 0.1 nm on the 
sample surface, whereas at a magnification of 10 7 the same 
gesture would move the tip 10 nm. In scale up mode, when the 
user holds down the trigger, the virtual world expands at a fixed 
rate, using the handgrip location as the center of expansion. 
Scale down mode is similar. 

F e e l  In feel mode, the user moves the handgrip 
around on the surface and feels a force that pulis it up or down to 
the surface. As the handgrip moves about in X and Y, the STM 
tip follows the motion. As the user moves, the height of the 
surface at the cursor location is sampled and a linear restoring 
force is applied to the handgrip in the Z direction towards the 
surface. The X and Y position do not have to correspond to grid 
locations in this mode, so it can be used to supersample the 
surface. At no time does the user actually control the Z motion 
of the tip; that is controlled by an electronic feedback circuit. 
This was a design choice that prevents the user from crashing 
the tip into the surface. The forces felt are simulated spring 
forces based on the handgrip height versus the surface height at 
the given (X,Y) location. 

P u I s e In pulse mode, the user can cause the STM to 
produce bias pulses. The user moves the handgrip cursor over 
the place on the surface where the pulse is to go and presses the 
finger trigger. The STM moves the tip to the indicated spot, 
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pulses the bias, and then resumes scanning the image. This is 
the mode that allows surface modification; for example, 
placing blobs of gold from the tip onto the surface. 

S e l e c t  The select commands are used to examine 
part of the surface rapidly. The STM takes about 33 seconds to 
scan the whole surface, since the tip velocity is constrained. 
Faster updates for smaller surface areas are useful when making 
changes to the surface. The user can select a section of the grid 
to be scanned by pressing the finger trigger, dragging, and 
releasing to indicate a rectangle of interest. The faster updates 
allow the user to react to mistakes in the modifications as they 
occur and immediately see when modifications have been 
completed and with what result. 

Since all of the above interaction is possible while the surface 
is still under the microscope and being scanned, the user can 
direct the study of the surface based on data just obtained. If part 
of the surface looks more interesting and merits further study, 
the user can select that region of interest and get faster 
scanning, since only part of the surface is scanned. If there is 
some question whether an area contains a certain feature or if it 
contains only noise, it can either be rapidly scanned multiple 
times or felt (and thereby resampled) by moving the tip over it 
to see if the apparent feature persists. 

3.3 System Performance 

Performance tests were run for the system on a Pixel-Planes 
machine with 41 GPs and 20 renderers. The region examined 
was a 200x200 nm area of gold scanned with a cut gold tip. We 
took a 100xl00 grid of samples and tessellated each grid square 
with two triangles. For stereoscopic vision, this is 40,000 
triangles each frame. The display rate was 20 frames/second 
when viewing the entire data set (800K triangles per second). 
For an 80x80 grid, the rate was 24 hz. These rates are sufficient 
to make the user feel present on the remote (in scale) surface. 

The tip was acquiring new data at a rate of three grid lines per 
second. Since there were 100 lines in the grid, this means that 
the entire grid was scanned every 33 seconds. The world is 
updated as the samples come in, so the user sees a line of 
updates sweeping back and forth across the scene. Our scan rate 
is presently limited by the piezo resonance frequencies and the 
frequency response of our feedback circuit. 

We were initially unable to maintain the desired update rate in 
the feel surface mode. In this mode, the position of the hand 
must be sensed, the tip moved to the correct location, and the 
force applied to the user. Doing all of this each frame halved 
the update rate until we pipelined the operation with the display 
operation. The user therefore feels the force for the previous 
video frame. When the user moves slowly over a surface, the 
effect of this lag is negligible. 

4. Results 

A prototype viewing system, called the Microscape, was set up 
at UNC before the actual STM was installed. This system 
allowed the user to fly around and feel a surface that was 
generated from STM data stored on disk. One of the data sets 
was an ion-bombarded graphite sample that contained several 
sheets of graphite that had been pushed upward out of the 
sample, much like the earth is pushed upwards along an 
earthquake fault. Previously, these features had been thought to 
be noise, but the real time shading of the Microscape system 
showed clearly that they were not aligned with the scan 
direction and that they were regularly spaced. This discovery 

convinced us of the power of the visualization and encouraged 
us to put the current system in place. 

Once the UCLA STM had been set up at UNC and the system 
could modify surfaces, we duplicated the experiments discussed 
in [16], depositing gold from the tip onto a gold surface. We 
used a cut gold tip, rather than an etched tip. We used a bias 
voltage of 235 mV and a tunneling current of 1 nA. For 5V 
pulse heights, we found that 20 ns pulses repeatably moved 
material but that 10 and 15 ns pulses rarely did. We also found 
that the gold mounds we made would anneal as they were 
repeatedly scanned, often disappearing entirely within a few 
scans, even though they persisted for long periods if not 
scanned. More robust structures could be formed by repeatedly 
pulsing the same location after each scan. One such feature 
remained in place for the duration of several experiments - tens 
of scans. Figure 4 shows a gold surface before and after voltage 
pulses were applied. 

Figure 4a: Gold surface before bias pulses were 
applied. Surface is colored according to height, with 
higher areas being redder. Scan area is 100 by 100 
nanometers. There are 80 samples each in x and y. 

Figure 4b: Gold surface after bias pulses were 
applied. Several gold mounds have been deposited on 
the surface. The large mound in the center is about 20 
nanometers wide. The smaller bumps were 
unintentional. 
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5. Significance 

The significance of the virtual-reality interface to the STM is 
that it gives the scientist simulated p r e s e n c e  on the sample 
surface. The benefits of this are: improved perception of 3D 
structures, more effective exploration of the sample, the ability 
to observe dynamic processes in near real time, and the ability 
to interactively modify the surface. To put it in plain language, 
when you are present somewhere, you can look around, you can 
look at things from different angles, you can feel interesting 
things at arm's length, you can watch the behavior of things 
that move or change, you can pick up things and rearrange 
them, and you can tweak things to see how they respond. 
People use all of these behaviors when they investigate places 
and things in the macroscopic world. Scientists, through the 
mediation of the Nanomanipulator, can engage in all these 
exploratory behaviors at the atomic scale, with their actions 
scaled down from meters to nanometers. 

The scientist's ability to recognize specific molecular 
structures within the noisy, sampled data is improved by using 
stereoscopic, shaded 3D color graphics with specular 
highlights. This improved perception of 3D structures, in 
comparison with 2D gray-scale images with brightness coding 
height, was evident from the first month of the collaboration; 
The Williams team at UCLA recognized the up-tilted graphite 
planes on the first viewing of their STM data rendered as a fly- 
through with shaded 3D color graphics. They had puzzled over 
the data for months previously. 

Providing stereoscopic, rather than monoscopic, viewing is 
useful to the scientist because the stereo provides a direct 
perception of depth for nearby virtual objects. Allowing 
accurate perception of the 3D spatial structure of STM data 
makes it possible for scientists to use their own specialized 
knowledge to recognize structures and features of interest in the 
data. 

Displaying the STM data through a head-mounted display as an 
intuitively accessed surrounding virtual world allows the 3D 
graphical world seen by the scientist to be spatially 
superimposed with the force field felt through the force- 
feedback handgfip. This allows the user to see and feel a virtual 
object at a single location in space, just as occurs with real 
objects. This is harder to do without an HMD, since a large 
monitor screen tends to get in the way of the feeling gestures of 
the hand. Also, we believe that displaying the 3D data as a 
surrounding virtual world helps to better orient the scientist 
within the data. 

The Nanomanipulator allows the scientist to interactively 
explore the sample in the STM in new ways. First, since the 
data produced by the STM is a grid of elevations, it can be 
graphically rendered from any viewpoint. This means that 
scientists, by means of gestural commands, can translate 
themselves over the sample surface, scale the surface up and 
down, and rotate the surface to any orientation. This allows the 
scientist to fly down into canyons on the surface, and even to 
fly beneath the surface and see it from below. This ability to 
see the sample from an arbitrary viewpoint is not possible with 
imaging-type microscopes, such as optical and scanning- 
electron microscopes. 

The Nanomanipulator allows a second new type of interactive 
exploration of the sample: the user can interactively modify 
the scanning parameters of the STM. Current practice at most 
STM sites is to collect data with the STM first, and then to view 
and analyze it later, off-line. In such an arrangement, if a 
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feature of interest lies halfway off the sample grid, or if the grid 
is too coarse to get a good look at the feature, there is not much 
to be done. But with the ability to scan different areas and at 
different scales as the exploration progresses, the scientist is 
empowered to explore more effectively. For example, if a 
feature of possible interest is seen in a wide-area coarse scan, 
the user can then interactively focus the scan on the feature of 
interest to get a high-resolution view of the feature. Having an 
expert human observer in the control loop makes this sort of 
interactive exploration very powerful. 

Figure 5a: Gray-scale image of ion-bombarded 
graphite sample. This is the standard representation 
given in real time by STM user interfaces. 

Figure 5b: Shaded image of the same sample. This 
image shows clearly the tip scratches on the lower 
left part of the sample and the ripples in the upper 
right corner caused by sheets of graphite pushing 
upward out of the surface. 
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Since the data from the STM comes in as the sampling occurs in 
real-time, the scientist can observe dynamic processes with 
time scales of seconds as they evolve on the surface. 

The Nanomanipulator gives the scientist the ability to make 
controlled modifications to the sample surface. This capability 
takes the Nanomanipulator beyond being a mere passive 
observing instrument, and makes it rather a tool for conducting 
experiments on the atomic scale, for fabricating nanometer- 
scale structures, and perhaps ultimately for building molecular 
structures atom by atom. We foresee that this will allow the 
construction of new structures and materials, such as 
nanometer-scale electronic circuits, which are not now 
possible to fabricate in any way whatsoever. The advantage of 
using the Nanomanipulator in this process is that the operator 
can detect any mistakes or aberrations in the structure being 
built and correct them in real time. A skilled user can respond to 
surprise much more creatively than a computer algorithm, and 
when sculpting at atomic scale, there are bound to be many 
surprises. 

6. Future Directions 

The first applications of the Nanomanipulator will be for 
nanomachining of structures on surfaces. This will involve 
processes similar to those in present electronic device 
technology (which has about 1/2 micron feature size), where a 
thin film, in this case only a few monolayers thick, is 
deposited onto a substrate. The Nanomanipulator will then be 
used as a mill to directly remove material and pattern a structure 
on the deposited film, without going through the stages of 
resist deposition, exposure, and removal. Initially, these 
structures will be test devices, such as single-electron 
transistors or platforms for recognizing and immobilizing 
particular molecular species. The Nanomanipulator will also be 
used as a probe to study the properties of these devices. 

In order for nanomachined devices to become useful tools rather 
than laboratory curiosities or atomic scale artworks, they will 
have to be manufactured in massively parallel processes. This 
will only be possible after we have learned how to manipulate 
atoms as reproducibly as quantum uncertainty and the second 
law of thermodynamics will allow. The experience gained in 
working with the Nanomanipulator may provide the basis for 
that understanding. 
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