




















































3.3.2 Z controller 

The existing Z controller was implemented by the author as part of his MTech thesis 14. It is 

important to note that the Z controller implements a PI (proportional - integral) control 

system: 

Zout = k(ie.p + k, fie dt) (I) 

where k is a scaling constant, p is the proportional constant, k/ the integral constant and ie the 

error current. If we take the first-order digital approximation to this: 

Zout(n) = p.ie(n)+ [Zout (n-l) +kl.ie(n)] (2) 

then the control system is an integer in - integer out system. It must be noted at this stage 

that there are several ways of implementing a first order PI control loop. The accuracy 

obtained by using floating-point calculations is not needed, negating one of the basic 

advantages of the DSP approach. (It has recently been shown that the use of integer variables 

in the control loop is fundamental in eliminating limit cycling, which is a substantial source of 

errors in this application l\ It is however easier and cheaper to implement the Z control loop 

on a microcontroller. 
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Figure 3.5. This graph shows the first resonant peak at around 10 kHz of the PZT-5H tube 
that is mounted in the scan head. The piezo tube can only be controlled up to a third of this 
frequency 13. 
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The error current input to the Z control system (ie) is digitised using an 8-bit ADC. The 

setpoint tunneling current is of the order of 1 nA. For a very small change in tunneling 

distance, a large change in current can be expected; hence, 8-bit resolution is more than 

adequate. The measured current is then subtracted from the setpoint current to give the error 

current ie in the algorithm shown above. 
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Figure. 3.6. Typical setpoint on the tunneling current vs. tunneling distance curve. 

The output value of the loop (lotin» is passed to a 20-bit DAC and also fed back into the 

control loop as Zout(n-l). The 20-bit resolution is required to meet the requirement of 0.0 I A 
in the Z direction (given that the full scanner range is at least 111m). This fine output 

resolution also helps to reduce limit cycling and co-operative behaviour 32. The DAC output 

has a third order low pass Butterworth filter with a cut-off at 60 kHz. The filter is needed 

because the digital controller is a discrete in - discrete out system. The DAC output has an 

unavoidable zero at half the sampling frequency (the Nyquist frequency). It is frequency 

folded at the Nyquist frequency, hence a post-sampling filter on the output is required. 

The Z controller in our case was implemented using a 33MHz Microchip PIC17c43 

controller, with an 8.25 MbitJs synchronous serial link running to the XY controller. The 

programming of the PIC rnicrocontrollers is simplified by their RISC instruction set. The 

previous implementatlon 13 used Intel 805 I based controllers, which had over 200 assembler 
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instructions compared to the 58 of the PIC 17cxx series. The Microchip PIC series can also 

implement a synchronous serial port that has speeded up communications between the two 

processors. 

It (8-bit) 

+ 
+ 

k 20-bit 

Z output 

Figure 3.7. The Z algorithm, showing the PI control loop, 8-bit current input from the 
tunneling junction and the 20-bit output to the piezo tube. P is the proportional gain constant, 
i is the integration constant and k is an offset adjust constant. 

During any scan only .:1 very small fraction of the full 20-bit range is used to scan the surface. 

It is only during the dp approach stage that the tip is fully extended. This is because no 

tunneling current is measured and the control system tries to compensate by extending the tip 

to contact the surface (0 get a current reading. The coarse distance approach is done by hand 

with a very fine pitd. screw movement. An oscilloscope is used to see when a tunneling 

current is obtained at which stage the user can configure the PC to do a scan. 
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Figure 3.8. The Z controller block diagram, showing the data inputs and the DAC output 
with the 3rd order Butterworth LPF. The high-speed serial link is common to the DAC and 
the XY controller. 
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The Z controller soft""are loop executes in 13.3!lS (7SkHz) and a software delay is added to 

bring the speed down to 60 kHz. It can thus be seen that a fast microcontroller can do the Z 

directional control as well as a DSP system, but at a fraction of the cost. 

3.4 DSP implementation 

The previous work l4 was concerned with the implementation of a new control and imaging 

system. A literature study was done to determine the best solution for a DSP based control 

system implementation. First. an off-the-shelf system was looked at, using plug in boards that 

are available from Data Translation48 and Nationallnstruments44
• 

The Data Translation board was designed to plug into a standard Pc. It had a TMS320 DSP 

type processor with dual port memory and various DACs and ADCs onboard. It could easily 

be programmed in C to control the STM. It was decided not to use this well designed plug in 

board because of its "ery high cost, which wa. .. outside the available budget for the MTech 

thesisl4. The placing of the analogue circuits in the PC is questionable since the PC produces 

a lot of electrical switching noise. The ADC and DAC circuits on these cards may at best be 

good up to 12 bits unless the analogue circuits are very well shielded. It is better to place the 

analogue circuits with their controllers outside the PC in a shielded box. 

It must be noted that with all the available software that a company like Data Translation48 

and Nationallnstrumtnts44 offer, it is possible to build an off the shelf system but at very high 

cost. This system might be easy to develop because of the visual block diagram based 

programming language of Labview44
• 

The next option was to use a small DSP development board that is available from Texas 

Instruments49. These use the TMS320c30 processor with some outside logic, a DAC, an ADC 

and a serial port. The system was too restricted to allow easy interfacing to a STM system. 

The DSP chip had the speed to run the system fast enough, but was Jacking in the 

environment that it was built into. namely the development board. It was available at a 

relatively low cost. A paper that became available near the end of the author's work 

confirmed that this option was the wrong path to follow. Paillard et aP7 used a TMS320cSO 

development board th at is the same as the one that the author considered except for a more 

powerful DSP processor. The results that they obtained for their Z directional controller gave 
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only a sampling rate of 25kHz. It must be noted that the onboard ADC and DAC were used, 

which were optimized for speech processing. Paillard also noted that the DSP processor still 

had lots of spare processing capacity. The system was priced at US $250.00, which is too 

expensive when it was compared to the cost of producing the PCB with the microcontroller, 

ADC and DAC to foml a Z controller. The cost of the latter worked out to about $65.00. 

A second DSP system was also evaluated. The Analog Devices SHARC 2106x development 

board is a very capable system50
• This board was available at US $179 and came with the C 

compiler, C libraries and a simulator. It was finally also not selected because the cost in 

developing the PCB for this DSP chip would have been too high. 

3.5 Multi processor system 

A multi processor system using cheap microcontrollers was also considered. In this 

configuration, each processor is given a simple task to do. The tasks are coordinated by inter 

processor communications or handshaking. The advantage of a multi processor system is that 

the control process can be chopped up into many pieces to give each processor a simple task 

to do. The processors can then communicate with each other to determine which is doing 

what. In this mannel a parallel execution of instructions is obtained without using a fast 

processor that does time slicing to simulate a parallel process. 

In the context of the STM system. a parallel process would occur when the Z control 

algorithm is running and data is read from the XY control system without an interruption to 

the Z control algorithm's execution. 

The choice for the final selection was between an Intel 8051 style processor51 and the much 

faster Microchip PIC17 series of microcontrollers52
. Other microcontrol1ers were not 

considered because the development tools for these two processors were readily available and 

the author was familia with these two products. The final choice was based on the fact that 

the Microchip PIC series have more peripherals available on the microcontroller, and that the 

development tools were available from the Microchip company free of charge. This was a 

major selling point of the Microchip product. 
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The PIC17c43 devices that were selected for the project had several features that made them 

very suitable. The most important feature was the 8x8 bit unsigned multiplier that can 

multiply two bytes in a single machine cycle. This was very useful for calculating the Z 

directional control algorithm in real time. The second important feature was the high-speed 

serial port, which can be used in a synchronous mode. In this mode, it generates a data stream 

with a clock signal, which is what the serial 20-bit DAC requires for its input. The third 

feature was the 16 bit wide external bus that was used to load the 16-bit DACs for the X and 

Y directional signal generation. The PICl7 series is also capable of doing low-end DSP 

functions53
. The PIC17 series of microcontrollers are therefore ideal for this kind of 

application when the system was originally designed in 199i4. 

In the previous STM design, the embedded system is only divided between two processors, 

but it was further di vided to make some parts of the system easier to work with and to correct 

some design errors. If the communication to and from the PC is separated from the XY 

control system, a third processor could perform it. The X and Y control processes can also be 

split to put yet a fourth processor in. The inter-processor communications can manage the 

synchronization of the data, but the communications protocol will probably be very complex 

to program. This is described in more detail in chapter 6 where the splitting of the system into 

4 controllers is discus~ed. 

3.6 Hardware Results 

The results of the hardware design were mixed. Several faults were discovered during the 

testing procedure and corrective action was implemented to minimise the effect of these 

problems. Each one of the potential problems and solutions is discussed below. 

3.6.1 Timing problem 

Each component of the hardware was tested and an unfortunate hardware-timing problem was 

discovered on the XY controller during the previous studyl4. The write pulse that the PIC 

microcontroller genef;ltes during its 'table latch write' operation is only 30ns long which was 

20 ns to short to drive the Burr-Brown DAC712 16-bit DAC. This problem can be overcome 

by lowering the clock frequency of both XY and Z controllers to 20MHz. 
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The reduced sampling frequency for the Z controller means that the control loop bandwidth 

was reduced to 42kHz for the unoptimized code. The code was optimized at the beginning of 

the MSc project and the 60kHz Z scan update rate was achieved again. 

3.6.2 Opto·Couplt~rs 

It was found that the opto couplers for the XY controller were not fast enough to give good 

square shaped waveforms at 100kHz. The opto coupler used was the 4N32. This opto 

coupler uses a Darlington pair for an output stage. These opto couplers were changed for 

4N25 devices. which Ilse only a single BJT transistor for their output stage. Slightly better 

results were obtained with the 4N25. They were still not good enough because the waveforms 

began to lose the square shape around only 40kHz. A future design should then use fast 

digital opto isolators like the 6N137. which can handle a data throughput of IOMbitls. 

Again. it was decided not to implement the new digital opto-couplers straight away, but rather 

to wait and do all the corrections at the same time in a completely new PCB layout. The cost 

of producing a single double sided through hole plated board is in the region of R200.00 and 

it is therefore not a good idea to build new PCBs for every discovered mistake. The 4N32 and 

4N25 devices are pin compatible, but the 6NI37 is not pin compatible with the existing PCB 

layout. The new PCB layout will also split the XY controller into three parts. This is 

described in more detail in chapter 6. 

3.6.3 PC·14 card 

The parallel port communications bus formed a major bottleneck. The problem here is more 

software related than hardware related. The Windows NT system has too many security 

checks before the infoJ1nation gets down to the hardware level. or from the hardware level, to 

the user level. The sl!Cond part of this problem is that the Eagle Technology54 software is 

written to comply witn a wide range of hardware and is not designed with high throughput 

speed in mind. The Eagle software is called by functions from the Visual C++ or Visual 

Basic software that the programmer uses. The only feature of the Eagle software apparent to 

the user. is an include file with the function names in it. 

The hardware was tested and a throughput of only 250 Hz was obtained with the Eagle EDR 

software under Windows NT 4. The throughput calculation is a bit arbitrary here because it is 
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taken as the time taken for a low to high to low transition on the output of the card. This 250 

Hz throughput figure shows up as a 125 Hz oscillation on an oscilloscope. It was found that if 

the debug information was removed from the Visual C++ program, then the hardware 

response increased from 250 Hz to 300 Hz. The obtained throughput rate with the EDR 

software was unacceptable for the embedded-system-to-PC data link. The software support 

section of Eagle Technology said that this is an expected figure for the configuration that was 

used. The configuration that is referred to here is the combination of Windows NT and the 

Eagle software. Eagle's software support said that the throughput would have been a lot 

faster under Windows '95. Windows NT was however chosen as the operating system for 

this study because it is a lot stabler than Windows '95. 

At this stage, a cursor y investigation was made of the PC-14 card and it was found that with 

the available hardware it should be possible to run the card at speeds in excess of IMHz. This 

ruled the hardware out as a possible cause for the low throughput. 

Windows NT uses a system of device drivers to communicate between different levels of the 

operating system. It is possible to write data straight to any memory location in a Windows 

'95 system. In Windows NT, the operating system will simply not allow this memory write 

operation without working through a device driver. Improving the throughput of the card 

required a new, purpose-specific device driver to be written. The test software that was 

developed along with the device driver proved that the throughput could be as high as 50kHz 

on a 166MHz MMX Pentium machine that was used by the device driver programmer. If the 

port-write-routines for the Intel 8255 chips that make up the PC-14 card are hard-coded in the 

device driver itself, the throughput jumps up to 550 kHz. This 550 kHz shows up as a 

275kHz oscillation on an oscilloscope. Hard-coding the port-read and write routines in the 

device driver means that the code is in the device driver and not in the user program. The 

data that the device driver collects during a data scan, can then be sent as an array up through 

the NT security layen from the device driver to the user level. The user only gets the results 

and does not control the actual read routine. Most of the software had to be rewritten to 

accommodate the ne"" device driver based interface to the PC-14 card. This means that all the 

EDR software had to he removed from the existing STM scan software. 

On the 486 DX4-100 MHz machine that is used for the STM development the speed of the 

later method drops to 170 kHz due to the difference in hardware design between the two 
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generations of PCs. The way that the 550 kHz throughput and the 170 kHz throughput on the 

PC were obtained is to just switch any port on the PC-14 card on and off as fast as possible. 

These numbers are arbitrary and are just used to learn more about the capability of the system 

under test. 

It was found that the opto couplers had insufficient bandwidth, as was mentioned previously. 

The PC-14 card will read in different values due to the deformation of the waveform. The 

problem was solved by doing several reads of the port and only taking the last read as a valid 

read. The throughput that was obtained was 12.3 kbytes/s with the handshaking signals 

between the PC and th,~ embedded system included. The read sequence is delayed by a factor 

of three and the three bytes are then assembled in a double word. On a Pentium 166 MMX, 

the speed should be 3 23 times faster at 40.4 kbytes/s. It would however be restricted to a 

throughput speed of about 12kHz because of the signal deformation of the 4N25 opto­

couplers. It must be noted that the 12.3 kbytes/s throughput on the existing system is enough 

and no more speed is really needed. It would however be good to send other information to 

the PC, such as also like the actual value of the tunneling voltage or the position of the tip in 

the X and Y space. These features are again not required for the operation of the STM. but 

would be good to have in a future iteration of the hardware and software. 

The factor of 3.23 is derived from previous testing and is an empirical number. If the device 

driver is used to just switch a port on and off, a throughput of 550kHz is observed. This drops 

to 170kHz on a 486DX4-100. 

If the opto-couplers are replaced. the device driver can be recompiled to do fewer reads on the 

device driver level and give an even faster data throughput. The data is then just read once 

instead of three times. This means that the 40.4 kbytesls will jump up to 121.2 kbytes/s on a 

166MHz Pentium based machine. The 121.4 kbytes/s throughput is an absolute maximum for 

the system and is dependent on the bus speed of the PC that is used and the device driver read 

sequence. 

3.7 Recommendations from the previous work 

The best way to implement a fast, low cost STM control system in hardware would be to split 

the XY controller into more parts. This will ease the computational load on each processor 
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and still keep the cost down. The alternative is to implement a DSP processor. This means 

that the XY DACs and the communications part must be split. Ideally. the X and Y 

controllers must also be placed separately. 

The next generation of the X. Y and Z directional controllers should be very carefully 

designed to minimize noise in the system. It would be best to construct the whole system 

inside a metal enclosure. The individual components can also be built inside their own metal 

enclosures and all pov.er and signal connections can be made via shielded cable. An example 

of this would be to enclose the sensitive DAC output and filter stage of the Z controller in a 

separate metal enclosure that is mounted on the PC board. 

Z controller 
20-bit DAC 
8-bit ADC 

PC with PC- I 4 card, 
throughput = 12.4 Kbytes/s 

D Parallel link with U "'111.-1---- custom control lines 

High Speed Communications 
Interface and master 
controller 

X controller 
16-bit DAC 
2 x 8-bit ADCs 

2 wire, 8.25 Mbits/s 
Serial link 

/ 

Y controller 
16-bit DAC 
2 x 8-bit ADCs 

Figure 3.9: Block diagram of the proposed system that will replace the eXlstmg XY 
controller. The system is split up into a high-speed interface that does the communications 
between the PC and the various sub-systems. The Z controller stays the same from the 
previous iteration, but the X and Y control signals are now generated from two separate 
control boards. The X and Y control boards are supplied with two 8-bit ADCs each to 
implement a possible Image correction algorithm or an STP function. 
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3.8 Software Results 

The results for each section will be considered separately. The software was the most 

important section of the MTech thesis and it took the longest time to complete. The more 

complex the software, the longer it took to get it working properly. 

3.8.1 The Z controller 

The Z control loop is only 119 instructions long and the result is that it is very easy to 

program and test. 

The main problem that was found with the Z directional controller software was when the 

input clock frequency was lowered to 20MHz from 33MHz. The reason for the lowering of 

the clock frequency was due to a hardware-timing problem. The DAC712 chip required a 

write pulse of minimum 50ns in duration at 33MHz the PIC was generating a pulse of width 

30ns, which is to short. The resulting problem was that the execution speed of the Z 

directional controller dropped to 42 kHz from 69 kHz. 

The splitting of the XY controller will have the indirect effect of bringing the clock speed of 

the Z controller back up to 33 MHz and thus the control loop execution speed back up to 

60kHz. 

3.8.2 The XY controller 

The amount of data (hat the XY controller has to handle, coupled with the amount of 

signalling in the 3 kHz time frames, is the downfall of the XY controller. The XY controller 

has to do the X and Y code generation for the raster pattern and write it out to the 16-bit 

DACs. It has to receive 20 data sets of three bytes each from the Z controller, which have to 

be kept or discarded. The 20th set of three bytes must be transmitted to the PC. 

It was found that the existing XY controller slows the whole system because it has to do too 

many tasks. The XY controller should be split into three separate components, namely 

separate X and Y controllers and a high-speed interface that controls them and does the 

complete PC interfacing. 
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3.8.3 The PC software 

The PC software is working satisfactorily and achieved the goal of providing an environment 

for viewing the data and using the STM with ease. It also provided easy storage and retrieval 

of data. and the facility for easy upgrading of the PC software. This is done by means of 

object-orientated programming. 

3.9 Recommendations on the software 

Several problems car be solved with the next version of the STM software. Both the 

embedded software for the Z and XY controllers. and the PC can be improved. The main 

software upgrades are described below. 

3.9.1 Embedded system 

The PIC microcontroller software was written to produce software modules that can easily be 

used to create new software for the STM embedded system. It is suggested that the X and Y 

control is done on separate microcontrollers. The X. Y and Z controllers will then be 

controlled by a master controller that will also do the interfacing to the PC. 

The communications interface can be equipped with a circular buffer to hold the incoming 

data from the Z controller. It will keep sending the data from the buffer unless it has some 

other housekeeping ta ,ks to do. 

3.9.2 PC software updates 

The PC software has only the very minimum of functionality. The online help file system 

must still be constructed along with a better system for setting the various variables of the 

STM. It is possible to place menu options that are used a lot on the shortcut menu list. or to 

make the menu available with a click of the secondary mouse button. 

More functionality can be added by using the functions that are available via Matlab. These 

would include convelting the image from raw data to a TIF or JPEG formatted image. A 

colouring scheme can also be added to show differing heights. It is also highly recommended 
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that the line-scan type image be transfonned into a relief type image. This type of image will 

show the surface topo!!raphy better. 

It is also possible to program the embedded system to restart itself without a reset by just 

forcing the controller to wait for a download when it has finished scanning the required 

number of data points. 

The bottom line with the PC software is that it needs a lot more functionality and the way the 

infonnation is presented must be improved. 

3.10 Conclusion from the previous work 

The combined effect of this was that cheap processors could be used while still maintaining a 

very fast execution time for the embedded system. The cost of the two PIC17c43 processors 

with their "glue" logic was still below the cost of a single DSP processor when this system 

was originally designed in 1997 14
• Currently with new technology. it is not the case anymore 

because the price of DSP processors has dropped to the level of $2 per piece. The 

perfonnance advantage comes from the ability to make the system modular. In this way 

components like the XY controller can be removed and replaced with a different module, 

without redesigning th{: rest of the system. 
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Chapter 4: STP implementation 

4.1 Introduction 

This MSc dissertation is about the implementation of the full STP capability in two 

dimensions and at high frequency, with the associated control and scan electronics. Currently 

the STP circuit operales at 50 kHz; this must be upgraded to at least IMHz with a later 

iteration. The reason for this is to make use of the skin effect to try to obtain a sub-micron 

image of the material structure below the surface of the specimen. As the frequency increases 

(of the voltage applied across the surface of the specimen) the penetration depth of the current 

decreases. By decrea,ing the skin depth, with increasing frequency, it is possible to take 

progressively thinner 'slices" through the material of the specimen. By combining these 

different images, a three dimensional image of the sub-surface structure of the material can be 

generated. 

There is no instrument in the world that can do the tomography at the moment. The use of a 

transmission electron microscope (TEM), will give you the structure of the bulk of the sub­

surface structure, but not a three dimensional image. The STP technique has potential 

applications in the semiconductor industry. 

4.2 Implementation of STP 

During STP measurements, if a DC bias is used for the tunneling current, the tip position (in 

the Z direction) becomes dependent on the tunnelling voltage at that point on the specimen 

surface. The control loop compensates by adjusting the tunneling distance so that the correct 

tunneling current is flowing again. This means that a change in potential would not be 

distinguished from a variation in specimen height. The contributions from AC components 

can however be easily separated out from the tunneling current. The DC current component 

that is extracted from the tunneling junction is used to obtain conventional topographic 

information. The following four figures show the effect of an AC and DC bias on the surface 

of the specimen. The specimen surface shows an electrical field distribution on the surface 

that can be measured by the STM tip. 
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Unifonn electrical field caused by DC bias 

" 
Contact point 
on the surface 
where the 
current is 

• ~ applied 

t------------------.... l +- Specimen 

1 surface 

A ~ 

Figure 4.1 Effect of a DC bias as it is used in S1M topography scans. The area • A' is an 
electrical field caused by the bias. 

Varying field due to grain boundaries 

~--------~0v~----------~ 

Figure 4.2 The effect of an AC bias across the specimen surface. The electrical field is 
caused by the grain boundaries in the material, which has a resistance to the current flow in 
the material. The AC bias has two contact points on the surface of the specimen; hence there 
is a current flow across the surface. 

S1M tip and 
piezo scanner 

~----------~0v~------------~ 

Figure 4.3 The effect of an AC only bias on the Z feedback loop. The Z controller does 
not "see" the topography of the surface of the specimen, but rather the electrical field caused 
by the grain boundaries in the material. This causes the controller to settle at what it thinks is 
a distance( d) above the surface corresponding to a I nA current flow between surface and the 
tip. 
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STM tip and 
piezo scanner 

Corrected high 
above specimen 

Figure 4.4 The effect of a DC and an AC bias over the surface of the sample. The Z 
controller filters out the AC component and only uses the DC bias to determine the correct 
distance(d) above the surface of the sample. 

The usual way of doing STP is only in one direction on the surface plane. An assumption has 

to be made as to the electrical connectivity of the sample surface in the direction 

perpendicular to the varying vOltage11
. The direction in which the AC signal is applied may 

not be the direction that contains the best potentiometric information. An example of such a 

problem material is graphite. By applying a second electrode perpendicular to the first set in 

the plane of the specimen, and applying a slightly different AC signal to the AC signal across 

the sample, scanning tunneling potentiometry in two dimensions can be done55
,56,57. This set­

up creates a set of signals that is orthogonal. In our system, the first AC signal is at 50kHz 

and the second is at 51kHz. The two applied signals are at different frequencies to enable the 

synchronous detector to distinguish between them. 

The frequencies for the STP were chosen to be as high as possible to enable maximum use of 

skin effect. Skin effect increases current flow close to the surface, which causes the surface 

potential to more closely reflect the near surface potentiometric information rather than the 

bulk resistance. The potentiometric information for both the X and Y directions are extracted 

simultaneously using a demodulation circuit. This is shown in Figure 4.5 along with the 

electronic implementation of one of the channels in Figure 4.6. 

30 

Univ
ers

ity
 of

 C
ap

e T
ow

n



DC bias added to AC 109 amplifier 
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Figure 4.5. The configuration of the STP circuit. The application of two spatially 
orthogonal signals across the specimen surface can be seen. The same tip is used to 
simultaneously measure the DC and AC components of the tunneling current before signal 
processing. 
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Figure 4.6 Drawing of the X channel of the 50kHz STP circuit. The high pass filter on 
the input of the detector circuit can be clearly seen. This is followed by an amplifier and an 
analogue multiplier that multiplies it with the signal generator signal. This is then low pass 
filtered and amplified again before it is digitized by the ADC. 
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The diagram in Figure 4.6 requires some more explanation. The signal from the Z pre­

amplifier contains both the DC and the AC components of the signals that were applied to the 

specimen. The STP analogue detector circuit requires only the AC part. For this reason, a 

high pass filter can be added that blocks the DC. The cut-off frequency is 20kHz in this case, 

because the lowest applied AC signal is at 50kHz, hence anything below a half of the lowest 

applied STP frequency can be filtered. The AC input of the detector is then amplified by a 

factor of 100 using a wide band LM6361 op-amp. That output is then fed into one input of 

the analogue multiplier. The other input for the AD63350 multiplier comes from the signal 

generator that is applying the orthogonal potential to the sample. The multiplication process 

produces various products at the same time, only the required signal must be retained and the 

rest must be filtered out. The required output from the analogue multiplier is a difference 

signal, but the process also produces a sum of products signal. The sum and difference can be 

explained as follows, where potential A comes from the tunneling pre-amplifier and potential 

B from the associated signal generator: 

(3) 

Where ro is the frequency of the signal and 4> is the phase of the applied signals, and A and B 

the amplitude of the applied signals. This is multiplied together and reduces to 

(4) 

A low pass filter is used to remove the right hand term, and we are left with only the 

difference term. 

(5) 

= '12 A B [cos (a.t + 0)] (6) 

For small phase differences and a small difference between the applied frequencies, cos(a.t+o) 

is approximately equal to one. This leaves only 

(7) 
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The B signal is applied from the signal generator and is constant in amplitude; however the A 

signal is a detected signal and any change in the amplitude of 'A' will be due to the desired 

potential contrast in the specimen. 

The applied signal from the signal generators can vary from 50 kHz to 1 MHz as long as the 

signals are orthogonal. This means that at the output of the analogue multiplier, a (2 kHz) low 

pass filter can be added to get rid of the sum and product signals. The signal is then 

multiplied again by a factor of 100 to get it into the range of the analogue to digital converter 

that is used to sample the signal. The only difference between the 50kHz and the IMHz 

detectors is the actual multiplier that is used. For the 1 MHz detector, a high frequency 

multiplier must be used, such as the AD734 instead of the AD633. 

A first detector was constructed on Veroboard using the AD633 analogue multiplier. It was 

only tested up to 50kHz since the multiplier IC has a bandwidth of I MHz. Results for this 

circuit are presented in Chapter 7. The second multiplier circuit was constructed using an 

AD734 analogue multiplier. This IC has a bandwidth of IOMHz. The second detector was 

placed on a PC board with lots of shielding in the form of shielded cable, and a massive 

ground plane. Like the STP measurement boards, it was also made compact enough to fit into 

a standard shielded metal box. A photo is shown in Figure 4.8. 

Figure 4.7 Photograph of the AD633 based STP detector that was built on Veroboard. 
The signal comes in from the left-hand side and is first amplified, then multiplied before it is 
amplified again on the right hand side. Both X and Y channels are shown; the X channel is 
the top row of components. 
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Figure 4.8. Photograph of the AD734 based 1 MHz detector. The wires are attached to the 
terminal blocks to help with easy removal of the PCB from the enclosure. The 103 Z pre­
amplifier is also included on this board to improve the signal distribution. It is visible on the 
left side just above the large cluster of capacitors. The diode banks on the right-hand side are 
there to ensure the signal is kept below the 5 volt input threshold of the sampling ADCs. The 
two AD734 mUltiplier ICs are visible as the 14- pin devices to the right of the photo, one for 
the X channel and one for the Y channel. 

The second multiplier was only tested to ensure that the power connections and signal 

pathways are working, but was never tested as part of a STP system. This was due to time 

constraints placed on the author. The board is however operational and will give low noise 

results when used in a future iteration of the system. This thesis was meant to only prove the 

concept of high frequency STP. Both the STP detector circuits that is shown in figure 4.7 and 

4.8 consists of 2 channels, one for X and one for Y. The connection diagram for 2 channel 

STP can be seen in figure 4.5. 
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Figure 4.9 Position of the Analogue detector in the STP measurement system. This 
diagram shows the complete STM/STP configuration of the system. This can be compared to 
Figure 2.1, which only shows the STM configuration. 

4.3 Skin effect re-visited 

By changing the frequency of the potential that is applied across the surface, the penetration 

depth of the current can be controlled. The signal wavelength becomes shorter as the 

frequency increases. When this signal is applied to a specimen, the signals beyond a certain 

point are attenuated rapidly giving rise to the skin effect. The skin depth is a measure of how 

deep the current penetrates into the surface of the material. The calculation for the skin depth 

first defines attenuation constant a.. 

(8) 
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wherefis frequency in Hertz, J.L is the permeability of the material and ais the conductivity of 

the material in S/m. 

The skin depth is then simply defined as 

.1,=1 
a 

[m] (9) 

A graph of the skin depth for various materials is shown in Figure 4.10. The values for the 

permeability and the conductivity are available in standard tables. The drop off in skin depth 

can be seen clearly With an increase in frequency. In Figure 4.11 the frequency range from 

100kHz to 10 MHz is shown in more detail. The high range of the frequency from I MHz to 

10 MHz clearly shows that the skin depth has not yet reached zero. 

From Figure 4.11, we can determine the useable range of frequencies for the STP scans. If 

we look at the graph for silicon, we see that at frequencies above 1 MHz the curve is quite 

flat. There is thus no point in using frequencies above 1 MHz because the reduction in 

penetration depth is wry small. 

The modelling of penetration depth will be complicated if a mixture of materials is used. This 

might be the case in a metal insulator composite. For example, the curve in Figure 4.11 

shows that the 3 db point of gold and silicon at 100kHz differ by about 50llm. This must be 

kept in mind whenever an image set in the X and Y directions is analysed. STP gives 

different information at different frequencies and with different materials. 
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Figure 4.10 Graph of skin depth versus frequency. The decrease In skin depth can be 
clearly seen for an increase in applied frequency. 

300 

250 

200 

E 
:::J 

.5: 
8 150 
c 
l!I ., 
C 

100 

50 

Skindepth (100kHz - 10 l\HIz) 

oL---~====~~~ 
I.E+05 l.E+06 

Frequency in Hz 

l.E+07 

--- Iron 

...... Aluminium 

- Gold 

- . - . Silicon 

Figure 4.11 The frequency range from 100kHz to 10 MHz clearly shows a usable range for 
the application of the STP technique. Above 1 MHz, some materials like silicon show only a 
small decrease in skin depth for a large change in frequency. 
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4.4 A simple model of STP tomography 

A simple model is presented below to highlight some of the issues in STP and tomography. 

This explanation can also be used as a basis for interpreting the images that will be presented 

in Chapter 7. 

In the first image we use a low frequency and hence have a high penetration depth. The STP 

scan should show something similar in the top view. It must be noted that the blob on the 

right side of the top view is due to a small grain in the material. If it is compared to Figure 

4.13, it is seen that the top view of the grain on the right side is unchanged . It would probably 

be impossible to determine whether the little circular grain on the right side is as it is shown 

or whether it is a tubular structure in the side view. A tubular structure will show up as a 

circular blob on the top view in both the low and high frequency cases. 

Top-view 

Side view 

_______ --l ~ 3dB point 

Figure 4.12 This is a possible image (top view) that might be obtained from the STP 
system. The side view of the specimen is also shown to show what sub surface structure will 
cause the obtained top view. This image is for a low frequency and a high penetration depth. 

It must be noted that the horizontal line that is used to indicate the depth of penetration is 

actually the 3dB point of the signal that is applied over the surface. The -3dB or half power 

point is an engineering term to indicate at which point the voltage level has dropped to 0.707 

of its original value. The implication of this for the image processing is that there will be 

information below the 3-dB point that makes a contribution to the scan of the surface. It is 
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