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ABSTRACT

“ACHIEVING GREATER HEIGHTS,APPLYING SMALLER TECHNIQUES AND TOOLS”

The world is shrinking day by day.We have started coming closer in the media of developed technology and developing technology.Nanotechnology otherwise known as Molecular manufacturing is a branch of engineerig that deals with the design and manufacture of extremely small electronic circuits and mechanical devices built at molecular level of matter.

The scanning tunneling microscope (STM) has given experimental access to the fascinating world of nano-scale. The development of the family of scanning probe microscopes started with the original invention of the STM in 1981. Gerd Binnig and Heinrich Rohrer developed the first working STM while working at IBM Zurich Research Laboratories in Switzerland.

The scanning tunneling microscope (STM) is widely used in both industrial and fundamental research to obtain atomic-scale images of metal surfaces. It provides a three-dimensional profile of the surface which is very useful for characterizing surface roughness, observing surface defects, and determining the size and conformation of molecules and aggregates on the surface. Examples of advanced research using the STM are provided by current studies in the Electron Physics Group at NIST and at the IBM Laboratories. Several other recently developed scanning microscopes also use the scanning technology developed for the STM.

The STM is based on several principles. One is the quantum mechanical effect of tunneling. It is this effect that allows us to “see” the surface. Another principle is the piezoelectric effect. It is this effect that allows us to precisely scan the tip with angstrom-level control.

The STM is cabable of acquiring remarkable images on the most extreme scale, easily resolving atomic structure in the right environments.

Thus Scanning Tunneling Microscope is a very powerful tool used not only to study the structural and electrical properties of surfaces but also for nanoscale modifications. It is best suited for studying conducting and semiconducting surfaces with angstrom level resolution.
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INTRODUCTION:

 Nanotechnology is building, with intent and design, and molecule by molecule, by means of which systems and materials can be built, with exacting specifications and characteristics. 

One of the most basic component in this way of approach is STM(Scanning Tunneling Microsope).The scanning tunneling microscope (STM) is widely used in both industrial and fundamental research to obtain atomic-scale images of metal surfaces. This technique offers the opportunity to image conducting and semiconducting surfaces and to perform tunneling spectroscopy with atomic scale spatial resolution. Depending on the operating parameters, it can also be used to modify the investigated surfaces, either by manipulating single atoms or molecules, or by carving well controled nano-scale structures into the surface. It provides a three-dimensional profile of the surface which is very useful for characterizing surface roughness, observing surface defects, and determining the size and conformation of molecules and aggregates on the surface.
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BACKGROUND:

The scanning tunneling microscope (STM) was the first of several "proximal probes" that in the past decade have revolutionized our ability to explore, and manipulate, solid surfaces on the size scale of atoms. Gerd Binnig and Heinrich Rohrer of IBM's Zurich Research Center were awarded the 1986 Nobel Prize in Physics for discovering the STM. . 


The first scanning tunneling microscopes operated in ultra high vacuum, were equipped with sophisticated vibration isolation systems, and had minimal computer control. Early experimental work in controlled vacuum tunneling provided some of the groundwork for the first STM built by Binnig and Rohrer. Their first STM was a complicated design that operated in ultra high vacuum and used a primitive liquid helium suspension system for vibration isolation. Analog electronics generated the scanning waveforms and storage oscilloscopes recorded the topographic information. Since then, several designs using a combination of computer instrumentation and analog electronics have been tried but only a few designs have proven successful due to the constraints of STM operation.

Since then, STM and its related techniques have revolutionized many fields of research, allowing researchers to see and understand nature from the atomic level.
NEED FOR STM:


To study the surfaces of materials,there is a subsection of solid state physics often called 'Surface Science'. It is pure science which aims to answer very basic questions about the nature and behaviour of surfaces.Today's surface science encompasses a very broad range of activities, from problems in catalysis and corrosion in the world of physical chemistry to studies of the geometric and electronic structure of semiconductor surfaces that are vital for the growing fields of nanotechnology and quantum electronics. There are no really good, predictive models for what goes on at the surfaces of even very simple crystalline materials. The problem is that the surface breaks the symmetry of the crystal lattice, and all sorts of rearrangements of the atoms and their accompanying electrons can take place because the atoms on the surface only have half as many neighbours as those deep inside the crystal. 


Many real-world properties of the material can and do change because of such surface rearrangements. The STM can take atomically resolved pictures of the electron clouds surrounding surface atoms. It can tell the difference between electrons with different energies, and map their positions independently of each other. Thus STM is a very powerful tool for investigating surfaces, particularly when the information it provides can be cross-referenced with that given by other techniques. 

PRINCIPLE:


The underlying principle of the microscope is the tunneling of electrons between the sharp tip of a probe and the surface of the sample under study. STM image information is derived from measurements of the electron current that can flow when two electrodes, one a sharp metal tip, and the other a relatively-flat, conducting sample, are brought to within about one nanometer of each other. When the two electrodes are so close together  (a few atomic radii), electrons can pass from one electrode to the other by tunneling through the potential energy barrier (think of it as a wall)due to the quantum mechanical effect called “barrier tunneling” that normally confines them inside each electrode. Electrically biasing the tip electrode relative to the sample allows more electrons to travel in one direction than in the other, so a net current flow (which can be measured) is established.
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This is our probe signal, the tunneling current. The magnitude of the tunneling current is a very strong function of the distance (we'll call it s) between the probe tip and the sample and it is given by the equation 
I ~ U * k/s * exp(-2ks)

Where,

I := tunneling current

U := tunneling voltage

1/k := range of wavefunction out of solid

s := distance tip-sample
CONDITIONS FOR TUNNELING TO OCCUR:


Two conditions must be satisfied for tunneling to occur. 

· First the tip to surface distance must be in the order of a few Angstroms.

· Second, a bias voltage has to be applied between the tip and the surface to promote tunneling.

CONSTRUCTION:



The main components of STM are

· Tunneling Probe

· Piezoelectric transducer

· Electronics and the Feedback Loop

· Current comparator

· Current preamplifier

· Computer and DSP card

· Power supplies

Figure shows a block diagram of the system
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An IBM compatible computer with a digital signal processor (DSP) interface card generates the waveforms necessary for scanning. To drive the piezoelectric transducers in the STM head, a two stage amplification system provides a gain of approximately 10. A current amplifier reads the tunneling current from the STM head and then the DSP card digitizes this information. Three power supplies provide DC power for the piezoelectric amplifiers and the current amplifier. 

PIEZOELECTRIC TRANSDUCER:
        


Piezoelectric transducers are central to the operation of the STM. These transducers provide the finely controlled motion necessary for the demands of STM operation. No other motion control system (e. g. stepper motors) could operate with the precision of piezoelectric actuators.


Lead zirconate titanate (PZT) ceramics are the material used in the piezoelectric transducers of an STM. These materials change shape under an applied electric field. Figure 6 shows the behavior of a block of piezoelectric material under an applied electric field. By convention, the poling axis is defined to point from positive to negative. A piezoelectric material expands along the poling axis when a voltage is applied with thesame polarity as the poling axis (V = +). 
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In the direction perpendicular to the poling axis, the material contracts. An applied field opposite to the poling axis (V = -) contracts the material parallel to the poling axis and expands the material perpendicular to the poling axis.

Piezoelectric tube scanners generally have the tunneling probe mounted in a concentric fashion to one end of the tube. Bending the tube produces the scanning motion (x and y), and changing the tubes length creates the z motion for the scanner. The tube scanner has several advantages over the tripod scanner. Being one piece of piezoelectric material, the tube scanner is more rigid. Calibrating the deflection in each direction is easier since only one piezoelectric constant must be determined. Most importantly, the piezoelectric tube arrangement allows for the construction of very small scanning tunneling microscopes with high resonance frequencies. [image: image6.png]¥ Electrod
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The piezoelectric tubes used for scanning tunneling microscopes are poled radially usually with the outer electrode positive. 

With this arrangement, applying a negative voltage to all four quadrants of the tube while grounding the inner electrode expands the length of the tube by L and it given by the equation,
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where,



 V is the applied voltage,

           

 h is the thickness of the material between the electrodes,

         

 L is the length of the rectangular piezoelectric arm,

         

 d31 is the piezoelectric coefficient.

              This coefficient is defined as the ratio of the strain coefficient to the applied electric field . 
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The standard convention labels the direction x, y, and z as 1, 2, and 3. Thus, d31 is the ratio of the strain in the x direction to the electric field applied in the z direction. The mechanical design of the scanning tunneling microscope is directly related to the piezoelectric arrangement used to produce scanning motion.


To create a horizontal deflection in the end of the tube, a voltage is applied to one of the quadrants while the other quadrants are grounded.This voltage changes the length of the corresponding quadrant of the tube creating a horizontal deflection in the end of the tube.
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The amount of deflection is given by the equation, 
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where,



 V is the applied voltage, 



 D is the diameter of the tube, 



 L is the tube length, 



 h is the wall thickness of the tube. 


The sensitivity of a piezoelectric tube may be found by dividing both sides of the above equation by V.The above equation depends on the piezoelectric coefficient d31, which is usually expressed in Å/V. Typical values for d31 range from -1.2 Å/V to -3 Å/V depending on the type of piezoelectric material.


The calculated value for the piezoelectric tube sensitivity may not correspond to the actual tube sensitivity for several reasons. For a given type of piezoelectric material, the piezoelectric coefficients are nominal values and vary for individual piezoelectric tubes. Determining the actual values of the piezoelectric coefficients can be done by scanning a material with a known lattice size, such as highly oriented pyrolytic graphite (HOPG) and  determining  the d31 coefficient for the scanning tube. Many piezoelectric materials suffer from hysteresis and creep effects. Furthermore, at high voltages the piezoelectric tubes do not respond linearly. 

Thus, at large deflection the actual displacement is difficult to determine. 
   

TUNNELING PROBE:        

The condition of the tunneling probe is critical for obtaining atomic resolution. The first STM probe used a tungsten rod 1mm in diameter which was mechanically ground at an angle to produce a sharp probe.17 Since then, many superior techniques have been developed for manufacturing probes for scanning tunneling microscopes. The most common method utilizes electrochemical etching. Etching the probe with a solution of potassium hydroxide (KOH) or sodium hydroxide (NaOH), produces probes with the properties important for scanning tunneling microscopy. The tunneling probes need an extremely small radius of curvature at the tip. Ideally, the probe needs atomic or near atomic sharpness. Also, the probes need to be short and rigid to prevent vibrations. Electrochemical etching produces very sharp probes. With this technique tungsten probes with radii or curvature of less than one micron can be produced. 

The etching process also forms an oxide coating on the surface of the probe. This oxide prevents tunneling current from flowing, causing the probe to crash into the sample. The oxide must be removed prior to using the probe. Sophisticated methods, such as ion milling, have been developed to accomplish oxide removal; but most of these techniques only work in a vacuum. A simple solution to this problem is to gently crash the probe into the sample so that the oxide breaks, allowing current to flow.

Electrochemical etching of the tungsten rods is a simple procedure.18 The first step is preparing the tungsten rod. The amount of etching current is proportional to the area of tungsten exposed to the solution. To minimize the etching current, the end of the rod is coated with shrink wrap. Maintaining a low etching current is essential. Higher current produces more bubbles at the etching surface. These bubbles make the etching uneven and can cause the lower portion of the tungsten rod to break off prematurely. After coating the end of the tungsten rod, it is lowered into a 1-2 M solution of NaOH or KOH in a 50 mL beaker until approximately 50-80 mA of current flows. At this current level a meniscus forms around the rod just above the heat shrink wrap. A variac provides an AC voltage of approximately 6 volts. When the etching is complete, the lower portion of the rod falls off, breaking the etching circuit. The usable probe is just above the surface of the solution. This method of preparation automatically shuts off the etching current as soon as the lower portion of the rod breaks away. 
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Producing a sharp probe depends on several factors, the most important being the time of etching after the lower portion of the rod has fallen away. The procedure selectively etches away a small portion of the tungsten rod. Eventually the rod becomes so thin that the lower portion falls away. The etching current must be shut off as quickly as possible after the rod falls away to produce the sharpest probes. Several methods employing electronic circuits can automatically shut off the etching current; but, as mentioned previously, by etching the rod at the meniscus of the solution-air interface, the etching current is automatically shut off when the rod falls away. 

Several tunneling probes have been produced with the aforementioned method. In some cases, the rod was positioned too low in the solution, resulting in the etching of the probe after the lower portion of the rod had fallen away. Under a scanning electron microscope, many of the probes produced appear to have a radius of curvature of less than 1 micron. 

  The figure shown below specifies the control flow in a STM:
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 ELECTRONICS AND FEEDBACK LOOP:

Obviously, we need electronics to measure the current, scan the tip, and translate this information into a form that we can use. A feedback loop constantly monitors the tunneling current and makes adjustments to the tip to maintain a constant tunneling current. These adjustments are recorded by the computer and presented as an image in the STM software. Such an setup is called a “constant current” image. In addition, for very flat surfaces, the feedback loop can be turned off and only the current is displayed. This is a “constant height” image.

HOW IT WORKS?

The scanning tunneling microscope  provides a picture of the atomic arrangement of a surface by sensing corrugations in the electron density of the surface that arise from the positions of surface atoms . A finely sharpened tungsten wire (or "tip") is first positioned within 1/100 of an atomic diameter or better approximately 0.002 nm of the specimen by a piezoelectric transducer, a ceramic positioning device that expands or contracts in response to a change in applied voltage. This arrangement enables us to control the motion of the tip with subnanometer precision. At this small separation,because of the quantum mechanical effect called “barrier tunneling”, electrons tunnel through the gap, the region of vacuum between the tip and the sample. If a small voltage (bias) is applied between the tip and the sample, then a net current of electrons (the "tunneling current") flows through the vacuum gap in the direction of the bias. This tunnel current' can be amplified and used to measure the size of the gap with tremendous accuracy. We use an electronic feedback system to keep the current (and hence the gap) constant as we move the tip sideways across the surface. Because the current detection is so sensitive the tip actually has to ride up over the atoms of the surface.

In practice, the tip is first approached toward the sample until a tunneling current is detected, at which point a constant current feedback loop is turned on.The feedback circuit responds to changes in the current and varies the voltage applied to the tip-positioning piezoelectric element until the current reaches the desired value (the set current). When the tip is moved laterally to a new position above the sample, the current will change if the tip-to-sample distance changes. The control unit then moves the tip up or down until the current matches the set current, which is equivalent to restoring the tip-to-sample distance to its previous value. Since the tip is moved to the same tip-to-sample distance above each point on the surface, the STM is actually tracing out a replica of the surface topography. A record of the voltage applied to control the tip height at each point can therefore be converted into a constant current image of the topography of the surface. A computer then takes this map and turns it into a picture. This type of imaging is known as CONSTANT CURRENT IMAGING.

An alternate mode of STM imaging is CONSTANT HEIGHT MODE  which uses the tunneling current directly as a measure of topographic changes. The scan rate of the STM is increased, while the gain of the constant current feedback loop is reduced to the point that the controller cannot respond to the current changes induced by individual features on the surface. The current changes themselves are then recorded as the image information. This mode has the advantage that images can be acquired more quickly, however, current changes do not provide as direct a link to feature heights.

CASE STUDY: 

Silicon has a crystal lattice of the so-called "diamond lattice" structure (see schematic view on the left). Si(111) notation refers to a specific set of atomic planes in that structure. In the cube shown on the left it corresponds to a plane outlined with red
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              fig(a)                             fig(b)                         fig(c)


Another way to see what the (111) crystal planes in diamond lattice look like is to use "cork-ball" models shown in fig(b). The fig(b) shows a top view of the atomic arrangement for the (111) plane. The fig(c) shows a 3-dimensional view of the same surface. In both cases atoms are color-coded: orange for the top layer and green for all the deeper layers. When (111) surface of Silicon is heated to sufficiently high temperature under the Ultra-High Vacuum conditions the surface atoms rearrange for a more energetically stable configuration called 7x7 reconstruction. Instead of a very simple pattern shown above, the new arrangement involves several types of atomic positions in the top three atomic layers to form a much larger unit cell. A schematic of this new unit cell is shown below on the left ie.. fig(d) with color-coding referring to different types of Silicon atoms. The new unit cell is outlined. Below on the right ie.. fig(e) is an STM image of Si(111) surface with several unit cells shown. 

The "corner-holes" correspond to the corners of the unit cell and the atoms imaged as bright protrusions correspond to the atoms highlighted in orange in the schematic view. 
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                                         fig(d)                             fig(e)


The image is 18x8 nm2, and the height of the "bumps" is only about 0.04 nm - a fraction of atomic size.
WHAT’S NEW WITH SCANNING TUNNELING MICROSCOPES? 


The present accomplishments are more modest. We are merely learning to explore material properties atom by atom.The ability to see surface atoms was demonstrated with the first STM. The ability to move atoms was demonstrated next. STM allow us not just to look, but to touch.The properties of a material depend on how its atoms are arranged. Rearrange the atoms in coal and you get diamonds. Selective bond-breaking has also been demonstrated . The positioning of individual molecules is done at room temperature by purely mechanical means ie.. either by electrical pulses from the STM tip, or by vibrational excitation. Other molecules in the vicinity were not disturbed.This work is exciting because it involves construction at the level of single atoms: the ultimate frontier for lithographic miniaturization. STM are increasingly able to do more than report on one property of the specimen as a function of position.Thus they can map lateral force and conductivity along with height. As these instruments provide more robust ways for "getting small" and checking things out, vizualization facilities are improving rapidly as well. This also allows ray-tracing programs to seriously put our 3D pattern recognition abilities to work in the nano-world  and allows software like that in virtual reality markup language (VRML) browsers to offer human-viewpoint exploration & travel between nano-locations. With the development of techniques for studying devices,they have even revealed some of their electronic secrets including the location of single dopant atoms beneath their surface.The STM has also revealed how metal atoms of one type behave on metal surfaces of another type.

WHY ARE SCANNING TUNNELING MICROSCOPES ABLE TO IMAGE FEATURES AS SMALL AS ATOMS? 

The atomic resolution is the results of the the atomically sharp tip and the exponential dependence of tunneling current on tip-surface distance. The data collected is actually a map of electron density of the surface, which can often be interpreted as the actual topography of the surface. This effect decreases so  rapidly with distance that very small changes in position can be measured. This technique would not work however if we were not able to move the microscope tip with extreme precision. This is done using piezoelectric ceramics, which expand or contract very slightly when an electric field is applied to them. 
  
 

DO SCANNING TUNNELING MICROSCOPES REALLY “SEE” ATOMS? 

 
In the STM only half of the atoms are usually visible. Look carefully at the image. Notice that some sets of three atoms have a deep hole between them, while others show a faint "bridge". That's where the missing atoms should be. Why are they not visible? STM images do not directly show atom positions, the tunneling current depends on the density of electrons at certain energies and positions. Half the atoms of the surface are above atoms in layer below and this shifts the energy and position of the electrons so that they do not tunnel so easily. 
  
  APPLICATIONS:


The main use of the STM is to operate it in the spectroscopic mode in order to carry out Scanning tunnelling spectroscopy (STS). This is a very powerful tool which has been used over recent years to study high temperature superconductors, thus uncovering some of their unusual electronic properties: Unusual gap values, pseudogaps, localised states in the vortex cores etc. Transport properties can also be investigated with STM operating it to carry out Scanning tunnelling potentiometry (STP). This tool is being used to study the striking properties of manganites showing colossal magneto resistance, whereas all these tools are combined in the study of field induced conductivity in metal/ferroelectric heterostructures.

DISCUSSION:

Researchers who work with the “incredibly small” have long used the scanning tunneling microscope (STM) to make pictures of surfaces with such precision that individual atoms appear as bumps. With it, tiny structures can be built by moving one or a few atoms at a time. 


But working one atom at a time is a painfully slow process, especially for commercial applications. One way to speed up the work would be to use an array of tiny STMs working together, each one scanning a very small area. 


Cornell University researchers have taken a step toward such technology. They have built and tested an array of microscopic STM "nanoprobes" manufactured on the surface of an ordinary silicon chip. The way in which the probes are controlled is innovative and can easily be scaled down in size.


The largest prototype array they have built to date consists of 144 probes, arranged in a square consisting of 12 rows of 12 each, with needles about 200 microns apart. This is mounted on another comb-like actuator that can move it in the horizontal plane to scan a surface. The array must be moved only enough so that each needle can scan an area 200 microns square. Future development focuses both on increasing the range of movement and fitting more and smaller probes into the same space. 
CONCLUSION:


STM images not only display the geometric structure of the surface, but also depend on the electronic density of states of the sample, as well as on special tip-sample interaction mechanisms which are not fully understood yet. 

STM images are usually displayed as greyscale images with protrusions shown white and depressions black. Most images in our STM Gallery are raw data (except for background subtraction), which may be slightly smoothed by interpolation to the image size used for display; in a few cases image processing has been used for contrast enhancement to display both the atomic corrugation and a larger height range such as different layers of atoms.

Although the STM itself does not need vacuum to operate (it works in air as well as under liquids), ultrahigh vacuum is required to avoid contamination of the samples from the surrounding medium. 

Thus Scanning Tunneling Microscope is a very powerful tool used not only to study the structural and electrical properties of surfaces but also for nanoscale modifications. It is best suited for studying conducting and semiconducting surfaces with angstrom level resolution.
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