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ABSTRACT 

Improvements in technology of the microelectronic areas have allowed researchers 

to develop Integrated Circuits (ICs) with higher speed and smaller size. However these 

improvements have also increased the difficulties for diagnostic testhg of the circuits in 

the radio fiequency (RF) range. The ideal measwment technique must be non-invasive 

with high spatial resolution, high temporal resolution, high sensitivity. It must be easy to 

use and cost effective. The current techniques do not meet the above combined criteria. 

This thesis introduces a simple non-contact technique, based on the Electrostatic 

Force Microscope (EFM), for intemal testing of microelectronic circuits. A heterodyne 

technique which utilizes short electrical pulses for sampling is implemented to extract an 

abitrary periodic digital pattern. This thesis also evaluates three narrow pulse generation 

techniques. An Integrated Circuit version of the Non- Linear Transmission Line (NLTL) 

was designed, fabricated and tested. 

Using the heterodyne technique, measurernents of O S  Gbls and 1 Gb/s are per- 

formed on 50Q transmission line as well as on intemal nodes of BiCMOS and CMOS 

integrated circuits. Results show that the proposed technique is a capable tool for diagnos- 

tic tesing of high fiequency microelectronic circuits while satifj4ng the above require- 

ments. 



ACKNOWLEDGEMENTS 

1 praise and thank the Almighty God, AUah, for making the completion of this 

project possible. 

Special thanks to Dr. Thomson for al1 of his help through out the e n t h  project. His 

guidance, support and open door policy whenever problems arose is greatly appreciated. 

My sincere gratitude to him for giving me the oppominity to continue my education as a 

graduate student. 

1 would also like to thank Dr. Bridges for his assistance. His helpful suggestions 

play a major role in the completion of this project. Thanks also to Dr. Rad Said for his 

help with the experimental part. The in depth explanations of Dr. Said's written thesis is 

and will be of benefit to those follow in this research area. 

My acknowledgments also go to the technical staff of the Elecûical Engineering 

Department for their assistance. Thanks to Richard Qi and Hugh Pollit-Smith for design- 

ing the test circuits. 1 would also like to thank Sunny Cheung for his help in the proof 

reading of this thesis. Other mernbers of the SPM group are not to be forgotten for their 

helpfid inputs. 

Finally, my sincere thanks to all mernber of my family especialiy my parents for 

their loves, support, patience and understanding through out the entire program. 

The research reported in this thesis was financially supported by the University of 

Manitoba and the Federai Goveniment's Networks of Centers of Excellence Program/ 

Micronet. 



Absfnct ........................................................................................................................ i 
a. 

Acknowledgement ,......................................~................*.............................................U 
List of Figures .,.......................~...............................~...........e.......................................vii 

List of Table~............,~..................................~~....~.....~..........................~........................~~ 

CEiAPTERI 

1. INTRODUCTION., ....,~....................................~...~e....~.....................~........~.......l 
. . ............................................................................................... 1 . 1 Motivation.. 1 

1.2 Thesis Outline .......................................................................................... *2 

CBAPTEM 

2. MTERNAL TESTING TECHNIQUE ............................................................ 3 

On Wafer Contact Probing ........................................................................ 3 

.................................................................................. Near Field Probing ..6 

Electron Beam and Photoemission Probing .............................................. 9 

Electro-Optic Sarnpiing ................................... .... ............................... 1 I 

..................................................................... Optoelectronic Sampling 1 4  

CHGPTER3 

................................................. 3. ELECTROSTATIC FORCE MICROSCOPY 16 

................................................................ 3.1 Scanned Probe Microscopes 1 6  

....................*... .........*...........*........**....*........... 3.2 Brief Overview of EFM .. ..20 

............................ 3.3 Experimental Set-Up of EFM ................................... 23 

3.3.1 Micro-rnachined Probe Characterization ................. ...,. .......... 24 



3.3.1.1 Spring Constant .............. .. ............................................ 25 

............................. ............ 3 .3.1.2 Natural Resonat Frequency ... 26 

...................... ............................ 3.3.1.3 Frequency Response .... ... 27 

....................................................................... 3.3.2 Deflection Sensors -28 

3.3.2.1 Detlection Calculation using a Simple 

.............................................................. Mode1 for the Tip 29 

............................................ 3.3.3 Beam Bounce Detection Technique -31 

............................................................................... 3.4 EFM Characterization 35 

......................................................................... 3.4.1 Spatial Resolution 35 

................................................................................. 3 .4.2 Invasiveness -38 

........................................................................ 3.4.3 Voltage Sensitivity 39 

............................. 3.5 Existing Voltage Measurement Schemes Using EFM .42 

................................ .......*.....**...... 3 .5 . 1 DC Measurernent Technique .... 42 

3.5.2 High Frequency Vector Waveform Measurement 

..................................................... ........................... Technique .. 46 

...................................................... 3.5.2.1 Sinusoidal Modulation 46 

................................................. 3.5.2.2 Square Wave Modulation -50 

CHAPTER4 

4 . NARROW PULSE GENERATION TEC EINIQUES ..................................... . 52 

4.1 Non-Linear Transmission Line (NLTL) ................................................... S2 

........................................................................................... 4.1.1 Theory 52 

.................................................... 4.1 . 1. 1 Ideal Transmission Line 52 

4.1 . 1.2 Diode Junction Capacitance ............................................. 55 

4.1 . 1.3 Non-linear Transmission Line ............................. ... ......... .57 

................................................. 4.1 .1.4 Fa11 Time Limiting Factor 61 

4.1.2 Design Parameters .................. .... .... .... . ... ......................... -64 

4.1.2.1 Co-Planar Waveguide Transmission 

Line Design ............... ......................... ..................... 64 
....................... Evduation and Construction of the Desing NLTL 66 



............................................... 4.1.3.1 Simulation and Calculation 67 

4.1.3.2 Construction ..................................................................... 71 

............................................... ..........*................... 4.1.4 Experimental .... 73 

4.1.4.1 DC Measurement Experimental Set-up 

and Results ....................................................................... 73 

............................. 4.1 .4.2 HF Measurement Experimental Sebup 74 

.................................................. 4.1.4.3 HF Memurement Results 76 

................................................................................................ 4.2 AND-Gate 77 

....................................................................................... 4.2.1 Overview 78 

4.2.2 Results ........................................................................................... 79 

............................ 4.3 Impulse Generator (Comb Generator) ................... .. 80 

................................................................................... 4.3.1 introduction 80 

.................................................................... 4.3.2 hpluse Generation 1 

............................................... 4.3.3 Experiemental Set-Up and Results 83 

................................ Overview of the Technique ........................... ........... .86 

Sensitivity of the Paneni Extraction Technique ...................................... 92 

Experimental Set-Up ................ .... ..................................................... 93 

5.3.1 Characterization of the Sampling Pulse ...................................... *.95 

.............................................................................. Experimental Results 97 

................. 5.4.1 Technique's Characterization using Microstrip Line 9 7  

5.4.1.1 Rise and Fall Time Measurement and 

Pattern Extraction ........................................................... -97 
5.4.1.2 Propagation Dealy Measurement Capability .................... 101 

5.4.1.3 RepetibilityoftheTechnique ....................................... 103 

........................ 5 .4.2 Measurernents of  the BiCMOS Integrated Circuit 104 

........................... 5.4.3 Meamements of the CMOS Integrated Circuit 108 



References ................... ...............I..I0,...........................I..I......................... 124 



List of Figures 

Figure 2.1 : Schematic diagram of the on-wafer probing technique ............................ 4 

Figure 2.2: 3 different types of microwave wafer probes (a) coaxial 

(b) microstrip (c) coplanar waveguide. . . .. . . . . . . .. .. . . . . . . . . . . . .. . . . . . . . =*. . . . ... . . ... .5 

Figure 2.3: capacitive coupling between the circuit and the centre conductor 

of the coaxial probe ... ... ............. ........ . . .. . . . .... .. ....... .... . ...... . ... ...... ... . ..... .... 6 

Figure 2.4: Inductive coupling [34] (a) microstrip (b) coplanar waveguide.. ... .. .... .... 7 

Figure 2.5: Double loop probe[34]. ...... . ....... . .. ... .... ...... . .. ... ... . .. ...... . . ...... ....... .... . .... .... 7 

Figure 2.6: (a) Diagram of the coplanar configuration of the cornbined 

SFMkoaxial tip (b)close-up view of the tip and electric field 

lines between two conductors[54] .... .. ......... . ... ............ ...... . . ... . . .. ...... ... .... 8 

Figure 2.7: Block diagram illustrating the e-bearn operating principle [60] .............. 9 

Figure 2.8: Three possible probing geometries for electro-optic sarnpling 

(a)front side probing for coplanar geometry (b) front side probing for 

microstrip lines (c) extemai probing for coplanar waveguide device ...... 12 

Figure 2.9: Diagram for the operating principle of electrooptic sarnpling 

technique[49] . . . . . . . . . . . . .. . . . . . . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 3 



Figure 2.10: A drawing of the photoconductive probe. A typical probe consists 

of a titanium contact tip with 8p.m in diameter and 3pm height, and 

a photoconductive switch with 2pm width and spacing. The tip and 

switch are usually deposited on a MBE-grown Low Temperature 

GaAs layer.[l9] .................................................................................... 15 

Figure 3.1 : Schernatic view of the AFM operating principle ..................................... 18 

Figure 3.2: Schernatic view of the Ballistic Electron Emission Microscopy 

(BEEM) ................................................................................................. 19 

Figure 3.3: EFM illustration using the micro-machined probe and beam bounce 

sensor system ........................................................................................... 2 1 

Figure 3.4: physical set-up of the EFM using the Beam Bounce Systern ................... 23 

Figure 3.5: (a) EFM cantilever with its principal parameters (b) SEM 

micrographs of Si3N4 cantilever (top) and pyramidal ti p 

(bottom). [58] .............................. .. .......................................................... .24 

.................................... Figure 3.6: moment of inertia for a rectangular cross section 26 

Figure 3.7: Experimental and theoreticai fiequency response curve of a 

typical Si3N4 cantilever which has a resonant Equency of 12.275 

kHz with Q of 32 [32] .......................................................................... 28 

Figure 3.8: A sphericai mode] is used to represent the tip and the circuit 

under test is modelled by a ground plane ............................................. 29 

Figure 3.9: Diagram of the beam bounce detection technique .................................. .3 1 

Figure 3.10: Deflection of the optical bearn.. .................. ......... ................................... -32 



.............................................. Figure 3.1 1 a: Tip-circuit separation at different heights .3 7 

Figure 3.1 lb: The simulated force density (force per effective area) at different 

tip-circuit separation, h(100nm, 200nm, 500nm) versus x-direction 

in nm.[27] ................................................................................................ 37 

Figure 3.12: Block diagram of the null-force technique. The probe's tip is place 

as close to the circuit as possible. The deflection of the probe is 

detected using the beam bounce measurement system. The 

deflection is recorded by the lock-in amplifier which is reference to 

the probe signal fiequency % The probe signal vp is the 

summation between the ac component at ap = 0, and the 

integration of the output of the lock-in amplifier. .................................. 44 

Figure 3.13: Block diagrarn of the heterodyne measurement technique. The 

technique is implemented to measure high frequency signal. 

A high fiequency signai source is used to generate the circuit and 

probe signal. The phase shifier is used to adjust the phase applied 

at the probe. A sinusoidal signal is used as a modulation signal at 

.................................................................. the probe resonant nequency. 4 7 

Figure 3.14: Relative cantilever deflection as a f'unction of the probe-circuit 

phase difference for the case of A = V,, A > V,, and A c V,. ................ 49 

Figure 4.1 : 

Figure 4.2: 

........................... Lumped Elements Modelled of the Transmission Line 53 

Lurnped element modelled of the traosmission line connected to a 

............................ source and tenninated with a load .................... ... 54 



Figure 4.3 : Diode physical structure and symbol [23] ............. ........ ............................ -55 

Figure 4.4. Junction diode in reverse bias mode [23] ................................................. 56 

Figure 4.5 : structure of  a single NLTL section .......................................................... S8  

Figure 4.6. Lumped Elements Representation of a single NLTL section ................... 5 8  

Figure 4.7. 1 GHz Sinusoidal Input Wavefonn ........................................................... S9 

Figure 4.8. Output waveforrn of NLTL ..................................... .. ................................. 60 

Figure 4.9. Derivative of the Output Wavefom ......................................................... 1 

Figure 4.1 0: Sawtooth Waveform .............................................................................. 62 

Figure 4.1 1 : Denvative of the sawtooth wavefonn ...................................................... 62 

Figure 4.12. waveform at the output of the low pass filter ........................................... 63 

............... Figure 4.13. Derivative of the waveform at the output of the low pass filter 63 

........ Figure 4.14. Top View of the Co-Planar Waveguide Transmission line structure 64 

. .....*...............*.................*...... Figure 4.15. Zo of  CPW vs k ........................................ 65 

Figure 4.16. circuit used to simulate the cut-off fiequency of the line ....................... 68 

Figure 4.1 7: Frequency response of a single Ihe section .......................................... -68 

...... Figure 4.18.comparison between the simulated and calculated compression t h e  69 

X 



Figure 4.19: Simulation results of the falltime and compression of 40 nltl 

sections with d=5.65mm for input signals ranging between 

720MHz to 1.4GHz ................................................................................. *70 

Figure 4.20a. Photograph of the nltl chip .................................................................... 71 

Figure 4.20b. Close-up view of the nltl chip ............................................................... 72 

Figure 4.20~. Close up view at the input terminal of the nltl circuit ............................ 72 

Figure 4.2 1 : DC measurernent set-up ........................................................................... 73 

........ Figure 4.22. Current-Voltage characteristic of the NLTL for a dc input voltages 73 

Figure 4.23 : HF measurement set-up .................................. 

............ Figure 4.24. 1 GHz sinusoidal input signai generate by HP Sweep Oscillator 75 

Figure 4.25: IGHz sinusoidai input signal measure at the first input bond pad 

of NLTL and the output waveform using a contact probe ....................... 75 

Figure 4.26: Output wavefonn of the NLTL for a lGHz sinusoidal input . 0-1 00% 

falltime is -286ps . 1 0-90% falltime is 1 85ps. and 20-80% falltime 

is 1 3ûps .................................................................................................... 76 

Figure 4.27. Derivative of the Compressed Waveform . The FWHM is 280 ps ........... 77 

........................ Figure 4.28. Function dia- for the two input AND gate Chip [29] 78 

..................... ............... Figure 4.29. Input Signals to an AND Gate 79 

xi 



................................................... Figure 4.30. Output Signal of the 2 Input AND Gate 79 

Figure 4.3 1 : Schematic view of an ideal mode1 of the Step Recovery Diode .............. 80 

Figure 4.32. Illustration of the fast step generation process of the SRD ...................... 81 

Figure 4.33. A typical impulse generator circuit [50] ................................................... 82 

......................................... Figure 4.34. Typical output of an impulse generator [50] 82 

Figure 4.35. Experimental set-up for testing the impulse generator ............................. 83 

Figure 4.36: Characteristic of the high pass filter . the -3dB cut-off fiequency is 

300MHz ........................*......... ........... ...................................................... 84 

Figure 4.37: Experimental output of the impulse generator . The FWHM is 

120 ps ....................................................................................................... 85 

Figure 5.1 : Block diagram of the pattern extraction technique using the 

......................... ........*....* heterodyne electrostatic force microscopy ..... 87 

.................... Figure 5.2. (a) an arbitrary waveform v&y. t) (b) sampling signal v, (t) 88 

Figure 5.3: (a) illustration of the sampling signal modulated by a periodic 

square signal with fiequency f, (b) zoom-in view of the sampling 

.......................... .*.*.....................*.................*...*.... pulse train ............... 89 

Figure 5.4. ExpeMiental-set up of the pattern extraction technique . .................... . 93 



Figure 5.5: Sampling pulse at the probe tip as captured on the oscilloscope with 

the help of a 10: 1 coaxial coupler. The pulse has a repetitioa rate of 

250MHz and FWHM of 130ps. ............................................................ 95 

Figure 5.6: SOOMHz applied signal, sampling pulse with large ripples and the 

................................................................................. convolution output. 96 

Figure 5.7: 5OOMHz applied signai, sarnpling pulse with small ripples and the 

convolution output. Also shown is the plus and minus 3% emor 

bars representing the enors of the applied signai. ................................. 9 6  

Figure 5.8: Schematic diagram of the 5OR microstrip line. ....................... .. ............ 97 

Figure 5.9: A 500 MHz digital test pattern (1010) with the EFM measured data 

(with 1 0 pts smoothing). .......................................................................... 98 

Figure 5.10: EFM measured data (with 10 pts smoothuig) and convoluted signal 

between the sampling pulse and the signal applied to the DUT. ............ 98 

Figure 5.1 1 : A closed up view of the applied test pattern, measured data from 

the EFM and the signal resulting fiom convolving the sampling 

pulse with the applied signal. .......................... .. .................................. 99 

......................................... Figure 5.12: Applied signal and the deconvolved signal. 1 0 0  

Figure 5.13: Applied signal, EFM data and convoluted signal of a 10 10 10 10 

....................................................................... digital pattern at 1 Gbls. 1 O0 

Figure 5.14: Applied signal, EFM data and convoluted signal of a 000 1Oûû1 
. * digtal pattern at IGWs .................. .. ...................................................... 10 1 



Figure 5.15: (a), (c) Applied and EFM data of the rishg edges with 0,20,50 and 

100 ps delay, respectively. (b), (d) close up view of (a) and (c). ............. 102 

............................ Figure 5.16: EFM data of the fdling edge being sampled 10 times. 103 

Figure 5.1 7: Photograph of the BiCMOS invezter ........................................................ 1 û4 

Figure 5.18: Schematic view of the BiCMOS inverter .............................................. 104 

Figure 5.19: Measurement of 8 bits, 0.5 Gb/s digital pattern (1 01 0) at pad 1. 

The simulation (a), EFM data (b), and contact probe [32] 

.......................................................................... (c) results are shown. 1 0 5  

Figure 5.20: Propagation delay measurements fiom the sinulation (a), EFM data 

(b) at pad 1,3,5 along with the contact probe (c) [32] at pad 1,3, 

5. 7 results are shown .................................................................... 1 0 7  

.................................. Figure 5.2 1 a: Photographie Mew of the CMOS inverter chah 1 08 

Figure 5.2 1 b: Schematic view of the CMOS inverter chah ............................... 1 08 

Figure 5.22: Measurements of a 8 bits, 0.5 Gb/s digital pattern (1 01 0) over 

unpassivated pads. The simulation (a), EFM data 

(b) (3 pts srnoothing), and contact probe (c) results at pad up 1 

are shown. ................................................................................................ 109 

Figure 5.23: Propagation delay meamernent over unpassivated pads. Results 

from sinulation (a), EFM (b), and contact probe (c) are shown. ............. 1 1 1 

xiv 



Figure 5.24: Measurement of an 8 bits. 0.5 Gb/s digital pattern . Results fiom the 

unpassivated pad up5 (a). 1.2 pm passivated line (b). and 

passivated pad pp5 (c) are shown ............................................................ 112 

Figure 5.25: Propagation delay measurement over passivated pad . Results from 

simulation (a). and EFM (b) are shown .................................................. 113 

List of Tables 

Table 1 : Tmth table for the AM) gate ......................................................................... 78 



Chapter l Introduction 

CHAPTER 1 

INTRODUCTION 

Over the past decade, continuing increase in speed and minimization of integrated 

circuits' size, made possible by the improvements in technology has benefited the microe- 

lectronic areas. Cornputers are now capable of operating at a 450 MHz rate and this is 

expected to go up to 1 GHz in the near fiiture. However, advances in a particular technol- 

ogy can only go as far as the ability to perfonn testing on that technology. Thus it is imper- 

ative to develop a measurement scheme that enables accurate evaluation of these devices. 

Measurements obtained from such testing can bp used to optimize the design parameters 

and ultimately lead to a better product. The Conventional method of testing the device 

extemally afier packaging is no longer adequate and can be expensive, especially at the 

early developmental stage. In most cases, the ability to record data within a device is cru- 

cial to the understanding of its peiformance and failure analysis. Interna1 testing becomes 

increasingly difficult due to the complexity of the Integrated Circuits (ICs). At high fie- 

quency, direct probing can cause large disnabances and alter the normal operation of the 

circuits. Thus, the ideal intemal testing technique must be non-invasive, and have high 

spatial resolution, hi& temporal resolution, high sensitivity* It must be easy to use and 

cost effective. Existuig techniques fail to meet the above combhed criteria. 



C hapter 1 Introduction 

This thesis investigates the pulse sarnple wavefom measwements technique (pat- 

tern extraction) which is based on the Electrostatic Force Microscopes (EFM). A member 

of a growing Scanned Probe Microscopes (SPM) family, EFM is a non-invasive insbu- 

ment which has demonstrated high spatial resolution. Using the heterodyne electrostatic 

force microscopy, measurernents of high frequency digital pattern are perfomed. Namow 

pulse generation techniques are also discussed. 

The primary reference used in understanding the operating principle of the EFM 

was a doctoral thesis by Dr. Raa Said [38]. Dr. Raa Said along with h: G.E. Bridges and 

Dr. D.J. Thomson are the originators of the on going research at the University of Mani- 

toba, regarding the applications of the electrostatic force microscope for non-invasive 

internai probing of high fiequency integrated circuits. 

Following this introduction, a brief discussion on the existing probing techniques 

in ternis of their advantages and disadvantages is presented in chapter 2. Chapter 3 intro- 

duces the Electrostatic Force Microscopy. A history of the Scanned Probe Microscopes is 

presented first. This is followed by a detailed characterization of the EFM. Existing meas- 

urement schemes using the EFM are also discussed. In chapter 4, three n m w  puise gen- 

eration techniques are evaluated. The outputs of each technique are also given. Chapter 5 

introduces the pulse sarnple wavefonn measurement technique for extracthg periodic dig- 

ital pattem. Measwements on a 5(NZ transmission line, CMOS and BiCMOS integrated 

circuits are presented. Finally this thesis is closed with a few concluding remarks in chap- 

ter 6. 
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CHAPTER 2 

Brief Review of Existing Probing Method 

Currently, there exist a number of diagnostic techniques that are used to character- 

ize high ûequency integrated circuits. This chapter will give a bief review of each tech- 

nique and also discussed their advantages and disadvantages. 

2.1 0WWAI;ER CONTACT PROBING 

As the speed of integrated circuits increases, the cost of packaging becomes 

increasingly expensive, therefore the conventional method of testing the circuit afier pack- 

aging is no longer economical. On wafer probing introduces a technique in which the cir- 

cuit can be characterized prior to it being packaged thus saving time and money. 

Microwave wafer probes (passive probes) which provide very high bandwidth are used to 

measure the signal at a desired point on the circuit under test. Cornmercially available 

since 1985, wafer probes have been used in FET, passive elernent and Monolithic Micro- 

wave htegrated Circuits ( W C )  characterization [48]. Figure 2.1 illustrates this tech- 

nique where the sharp tips of the conducting probes are directly touched on the test points. 
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Figure 2.1 : Schematic diagram of the on-wafer probhg technique 

It is desired for the probes to have SOQ characteristic irnpedance for matching pur- 

poses since most types of measurement equipment use this impedance. Three main config- 

urations of the wafer probes are coaxial, microstrip and CO-planar waveguide[36]. In 

coaxial, the centre conductor is sharpened and extended beyond the outer shielding to 

form the probe tip. Figure 2.2a shows a schematic diagram of the coaxial probe. The probe 

provides a SOR impedance line to within 3mm of the tip. A major drawback of the coaxial 

probe is the difficulty in providing a good RF ground to the circuit under test. Low signal- 

level and capacitance measurements are the main application for this probe. For the micro- 

strip configuration shown in figure 2.2b, a short needle probe is connected to the micros- 

trip signal line. Similar to that of the coaxial, the microstrip probe does not provide good 

RF grounding thus limiting its use at high fiequencies. One solution to eliminate the use of 

a short needle probe in the microstrip configuration is to reduce the width of the signal 

conductor to the size of the device pads. However, the fabrication process is proven to be 

very difficult. The third type of the w a k  probe is the copianar waveguide coiifiguration 

where the signal line is located in the middle of the two ground planes. Figure 2 . 2 ~  shows 
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a drawing of the coplanar waveguide probe. The signal line can be altered to match the 

size of the device test paâ. Also, direct contact to the wafer is made by the tip thus elimi- 

nating the problems associated with inductive needles. The probe's large size is a disad- 

vantage since only a lunited number of them can be used simultaneously on a circuit and it 

also decreases accessibility to certain circuit test points. Wafer probing method bas been 

used to characterize the S-Parameters of devices for MMIC development and manufacture 

at 26GHz [48]. 

Short ~eed l é~ robe  Nickel-Plated Tip 

Figure 2.2: 3 different types of inicrowave wafer probes (a) coaxial (b) microstrip (c) coplanar waveguide 

Al1 of the probes discussed so far in the on-wafer probing techniques involve pas- 

sive probes. However, active probes cm also be used in this technique. Active probes 

which possess very high input impedance, are monolithic GaAs directional tirne-domain 

reflectometer integrated circuit (TDR) mounted on a low loss rnicrowave wafer probes. 

The probes have been used in vector network anaiysis to I2ûGHz 1621. 

Disadvantages of the on watér contact probing include disturbance of the nomal 

circuit operation due to direct contact on the pads. Also limited nlmiber of points cm be 
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tested on the circuit due to wafer space consideration. Thus a complete characterization on 

a circuit may not be possible. 

2.2 NEAR FIELD PROBING 

In near field probing, electrornagnetic probes are used to measure the electrical and 

topographical characteristics of high frequency circuits. The technique utilizes coupling 

between the probes and the test point of the circuit under test. The two possible types of 

coupling are capacitive and inductive. 

In the capacitive near field probing, measwements of the fnnging elecûic field 

from the circuit to the probe are studied. An induced signal, generated when piacing the 

probe close to the cucuit, is measured. This induced signal can be related to the signal of 

the circuit under test. Illustration of this technique is shown in figure 2.3. The centre con- 

ductor of the coax cable is used as a coupling probe to the microstrip Iine. A spatial resolu- 

tion of 1 5 p n  has been reported for micromachined probes in near field probing[S]. 

n coaxial probe 

Microstrip structure 

Figure 2.3: capacitive coupiing between the circuit and the centre conduclor of the coaxial probe 
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Inductive near field probing utilizes the coupling of the magnetic field lines 

between the circuit and a loopshaped probe. The induce current which generated by the 

magnetic field lines is measured and can be used to characterize the test point of the circuit 

under test. Figure 2.4 a$ demonstrates the inductive coupling by showing the probe and 

the magnetic lines for the microstrip and coplanar waveguide configuration, respectively. 

To enhance the performance of the instrument, a double loop probe is recomrnended and is 

shown in figure 2.5. 

Figure 2.4: inductive coupling [34] (a) microstrip (b) coplanar waveguide 

To Spectrum Analyser 
if 

Width - 
Figure 2.5: Double loop probe[34] 
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Near field probing has been demonstrated to be useM in circuit design and 

antenna diagnostics[lS]. The miniature magnetic probe has proven to be a very capable 

tool for measuring the surface current distribution on high frequency planar circuits in the 

1-20 GHz band [ 151. 

Disadvantages of the near field probing technique include low spatial resolution 

and cornplex calibration requùed for absolute measurements. 

Recently, a new concept is introduced where by combining the scanning force 

microscope (SFM) tip with a broadband near-field antenna, simultaneous measurement of 

topography and local AC electnc fields can be obtained [54]. A diagram of the SFM tip 

with a planar transmission line integrated dong the cantilever is shown in figure 2.6. This 

technique is capable of observing 30 ps edges of the waveforms along with the cl Onm 

level topographical resolution. The spatial resolution depends on the radius of the tip. 

I tip metal 

O air or dielectric material 

Figure 2.6: (a) Diagram of the coplanar configuration of îhe combined SFWcomhl tip (b)close-up view of 

the tip and electric field lines between two conductors[54] 
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23 ELECTRON BEAM AND PHOTOEMISSION PROBING 

Electron beam testing is an interna1 measurement technique. With the aid of an 

electron probe beam, this technique can be used to measure voltages on microelectronic 

circuits. Introduced to industry more than two decades ago, the E-beam testing has been 

used for verification and failure analysis of microelectronic circuits [6 11. The operating 

principle of the E-beam technique is shown through figure 2.7 [60]. 

Secondary Electrons (SE) 
/ 

Retarding grid voltage 
control and SE pulses 

Figure 2.7: Block diagrna illustrating the e-beam operating principle [60] 

As the name suggested, E-beam testing technique involves the use of a pulsed 

electron beam. As dernonstratecl in figure 2.7, &er focusing the electron pulses on the 

ara  of interest, an emission of the secondary electron is generated. A retarding grid spec- 
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trometer is placed in front of the detector which allows the analysis of the secondary elec- 

tron beam, thus enabling the characterization of the voltage at the circuit's interna1 node. 

The voltage level of the probe dictates the number of the secondary electrons that can be 

detected by the detector. A feedback loop is used to keep a constant detector signal level 

by readjusting the retarding grid voltage. In this way, the retarding grid voltage can be 

used to track the voltage of the test area. In order to maintain a constant voltage to be Sam- 

pled at a fixed phase relation, the beam control signal must be in synchronization with the 

repeated signal at the sample. The circuit's wavefom is detected and thus recorded by 

shifting the phase relation between the circuit's signal and the electron-beam pulses. 

By sampling the test signal with short electron pulses, the above E-beam probing 

technique cm be used for wavefonn measurement in the high GHz frequency range [60]. 

Due to high spatial and voltage resolution, the E-beam technique is widely accepted for 

direct voltage measurement at the intemal nodes of the integrated circuit (IC). Spatial res- 

olution of under l p  has been achieved for this technique [ l  I l .  The electron-beam pulse 

width dictates the temporal resolution of the technique. 

The E-beam technique has demonstratecl to be a very powerfùl tool for high fie- 

quency intemal testing. However, âraw backs of the technique include cornplex operation 

procedures and an expensive operating system. Measurernents must be performed in a 

vacuum and thus complicated set-up are required. ûther limitations of the technique 

include disturbance of the nomial circuit operation by the impact of the electron beam 

irradiation. 
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A similar technique to that of the electron beam testing is photoemission prob- 

ing[l O]. In photoemission testing, the electron gun and the beam blanlcing systern existing 

in the scanning electron microscopes is replaced by a pulsedl photocathode combination. 

This technique operates by focusing a continuous(rea1 time mode) or pulsed laser 

beam(samp1ing mode) ont0 a point of interest. Measurement procedures are similar to 

those of the E-beam technique. The temporal and spatial resolution of the photoemission 

technique has been reported to be 5ps and 0.1 pm, respectively (241. 

2.4 ELECTRO-OPTIC SAMPLING 

Electro-optic sampling technique utilizes the changes in the birefnngence proper- 

ties of the crystal when in the presence of an electnc field. This effect is known as the 

Pockel or electrooptic effect [53]. The result of the Pockel effect is an alteration of the 

polarization of light that travels through a crystal. The circuit's voltage can be detennined 

by recording the change of polarization of an optical probe beam. Direct probing can be 

perfonned for materials which possess electrooptic characteristics such as GaAs and InP. 

This is shown in figure 2.8 a and b. Extemal electrooptic probing is used for non-elec- 

trooptic materials as shown in figure 2.8 c. 
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Optical Beam 

Substrate 
Ground Plane 

Electro-Optic Crystal Tip 

I 

Figure 2.8: Three possible probing geornetries for electro-optic sampling (a)tiont side probing for coplanar 

geometry (b) fiont side probing for microstrip Iines (c) e x t e d  probing for coplanar waveguide device. 

Schematic diagram of the electrooptic sampling technique is shown in figure 2.9. 

In this set-up, a laser beam is focused directly ont0 the electro-optic crystal probe which is 

being held in close proximity to the desired test point. A mirror at the bottom of the probe 

causes the laser beam to reflect back to the polarizing beam splitter which is used to mod- 

ulate the beam intensity. After passing through the crystai, the laser beam's polarization 

depends on the signai of the circuit. The beam is then detected and meamred by using a 

lock-in amplifier or a digital oscilloscope resulting in the knowledge of the circuit signal. 
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Laser beam 
1 1 1  Output waveforrn 
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t 
Digital scope or 
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Figure 2.9: Diagram for the operathg principle of elecnooptic samplhg technique[49] 

In high frequency signal measurements, narrow laser pulses are used as sampling 

gates. irnprovement in the laser technology have benefited the electrooptic sampling tech- 

nique. pulses with sub-100 fs width have been used in some cases which results in a tem- 

poral resolution in the ten picosecond range [59]. Other factors conmLbute to the temporal 

resolution include the response t h e  of the elctro-optic e k t ,  transit time effects and tim- 

ing jitter between the excitation signai and the probe pulse [59]. The spatial resolution 

depends on the spot size of the focused laser beam. Beam spot sizes of 0.Sp.m in diameter 

have been reported for the direct electrwptic sampling system [12]. It has been reported 

that the fiequency bandwidth of the sampling technique is about 10 GHz with a minimum 

detectable voltage of 0.4 m Y/  m z  [49]. 
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Applications of the electrooptic sampling cm be seen in intemal field mapping of 

MMIC's[25]. The technique has dso been used for measurement of signals at intemal 

nodes of integrated circuits [59] and evaluation of ultrafast pulses on MMIC devices[2 11. 

As in E-beam, the electrooptic sampling systern is quite complicated and cumber- 

some to operate. High cost and complex calibration procedures make the technique less 

attractive as a commercial tool for microelectronic testing. 

2.5 OPTOELECTRONIC SAMPLING 

Opotoelectronic sampling, often refmed to as photoconductive sampling, is an 

ultra-fast pulse generation technique in which photoconductive switches are used. The 

technique is used to intemally measure the signals in high speed electronic circuits. A typ- 

ical photoconductive switch is normally fabricated by using a doped serniconductor mate- 

rial with meiallic electrodes configwed as transmission line. A srnall gap exists between 

the metal electrodes where by the optical beam is focused. Photoconductive switches are 

key components in making the photoconductive sampling probes. A metaldemiconduc- 

tor-metal photoconductive sarnpling probe is shown in figure 2.10. The probe consists of a 

titanium tip and photoconductive switch deposited on a low temperature GaAs layer. 
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Figure 2.10: A drawing of the photoconductive probe. A typical probe consists of a titanhm contact tip with 

8pm in diameter and 3 p  height, and a photoconductive switch with 2 p n  width and spacing. The tip and 

switch are usually deposited on a MBE-grown Low Temperattut GaAs layer.[l9] 

Using a picosecond laser source to excite the photoconductive switch, this tech- 

nique has been known to generate ultra-short duration pulse signals thus enabling high 

speed signals at test points of integrated circuits to be sampled. The photoconductive sam- 

pling technique has been demonstrated to be extremely usetùl in broadband characteriza- 

tion of monolithic microwave integrated circuits (MMIC) at GHz range [2 11. 

The temporal resolution of this technique is lirnited by the carrier lifetime of the 

semiconductor material used to make the photoconductive gate. The photoconductive 

sampling probe shown in figure 2.10 is reported to have a temporal resolution of 2.3 

ps[19]. Voltage sensitivity of 4 pV has also been dernonstrated by the probe. The probe 

capacitance is less than 0.1 tF and its resistance of 100 MQ making it attractive to nonin- 

vasive testing of ultra-high speed devices and circuits. 
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CHAPTER 3 

Electrostatic Force Microscope 

In this chapter, a brief history of the Scanning Probe Microscope is given. Next, a 

member of the SPM group called the Electrostatic Force Microscope (EFM) is discussed. 

Operating principle of the EFM instrument used in this research dong with its characteri- 

zation are presented. Finally, existing measurement schemes using EFM are reviewed. 

3.1 Scanning Probe Microscopes 

Recent developments of the new scanning probe microscopy (SPM) technique 

[56] allows researchers to have a simple and direct observation of microscopie materials. 

The technique is capable of mapping electrical, magnetic, mechanical and thermal proper- 

ties of surfaces. The operating principle of the SPM involves a tiny sharp probe with its tip 

positioned above the surface to be investigated. As the tip scans across the surface, the 

interaction of the tip and surface is monitored and recorded, thus yielding the surface's 

propertîes. The SPM technique has a rernarkably high resolution due to the nanometer 

radius cwature of the tip. The high resolution of the technique allows observation of a 

single atom. 
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The Scanning Tunnelhg Microscopes (STM), which was inventeci by G. Binnig 

and H. Rohrer, is the first scanned probe microscope developed. STM enables m e m e -  

ments at the atomic scale level. The general operating principle of the STM involves the 

tunnelling of current fiorn tip to the surface. Beside having the ability to observe a single 

atom, STM can also be used to move each individual atom to a different location dong the 

s d a c e  [5 11. Stemming from the idea of the STM, a technique called Scanning Tunnelling 

Potentiometry (STP) is developed to allow simultaneous probing of the topographie image 

dong with the potential distribution of the sample's surface [28]. STP is a major contribu- 

tor to the study and understanding of local electron transport properties [58]. 

Following the success of the STM, Atomic Force Microscope (AFM) was devel- 

oped to accommodate experiments involving non-conducting surfaces. The idea of a very 

sharp tip scanning across a surface is also employed in the M M .  A diamond tip is nor- 

mally used in [57]. Figure 3.1 shows the schematic of AFM. The one major point separat- 

ing the MM from the STM is the interacting force between the tip and surface. In AFM, 

measurements are done by monitoring the repulsive forces existing between the tip and 

the surface. As the tip rasters across the surface, the probe defiects. The probe's deflection 

is detected and a control signal is produced. Using a feed back loop, the probe's defiection 

and thus the repulsive force is kept constant through out the entire scanning process. Top- 

ographic image of the surface is depicted by recording the variation in the vertical z posi- 

tion as the tip sans across the surface. In the early developmental stage of the M M ,  

hinnelling cment has used to detect the probe's defiection. In subsequent years, in an 

effort to improve the defiection sensor, the tunnelling current detection technique has been 

replaced by the optical beam detection technique. As a result, more accurate measure- 
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mats  were achieved, 

Laser Source 

Display 

L 

Feedback Loop 

Reference Signal 

Figure 3,l: Schematic view of the AFM operating principle 

Other techniques such as the Scanning Capacitance Microscopy (SCM) have been 

developed to allow dopant profiling of a semiconductor. This technique has a spatial reso- 

Iution in the nanometer scale[l8]. Another technique which is used for similar purpose as 

the SCM is the Scanning Resistance Microscopy (SRM). 

The techniques mentioned so far are used to study the surface of the sample. How- 

ever, in some cases, submrface information is desired. A technique called Ballistic Elec- 

tron Emission Microscopy (BEEM) has been introduced to allow the investigation of 

buried interfaces which are located far below the surface[3]. Since its invention, BEEM 

has been widely used to investigate the metal-semiconductor interfaces. A schematic dia- 

gram of the technique is shown in figure 3.2, where an STM tip is carefully placed close to 

the metal-semiconductor interface. As in STM, electrons tunnel fkom the tip to the metal 
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base resulting in the cment Itip. Some of the tunnelling electrons have energy which 

exceed the schottky barrkr height of the metd-semiconductor end thus ballistically cross 

the barrier. The propagation of the ballistic electrons across the schottky b h e r  height 

ailow the probing of the subsurface metal-semiconductor interface. 

n-Semiconduc tor 

Tip 

v 
tip +Q 

I BEEM 

Figure 3.2: Schematic view of the Ballistic Electron Emission Microscopy (BEEM) 

In diagnostic testing of microelectronic circuits, contact force microscopy can be 

destructive to the profiling of the circuit's surface. In some instances, disturbance of the 

circuit cm lead to an alteration of the circuit's normal operation. Thus, non-contact rneas- 

urement techniques play a vital role in probing and testing of such circuits. One example 

of the non-contact force microscopy is the Laser Force Mimscopy (LFM) [57]. The LFM 

inspùed by the Atomic Force Microscope, uses an optical detection sensor. The tip is ps i -  

tioned a few nanometers away fiom the sample d a c e .  Forces involved in this technique 

are large due to the surface tension of water that condenses between the tip and sample. 

Van Der Wds forces also play a role in the LFM technique. The tip vibrates as it is being 

brought closer to the sample. The vibration of the tip is scnsed by a sensitive laser probe 
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and a feedback mechanism is used to keep the probe-sample separation in a constant 

mode. Vanation of the voltage signal used in the feedback mechanism corresponds to the 

surface profile. 

Another example of the non-contact force microscopy is the Magnetic Force 

Microscopes which uses a sharp magnetic tip attached to the end of the cantilever probe 

[37]. Having the same concept to that of the LFM, the MFM is used to investigate the 

recording pattern's structure on a disk or other magnetic media. 

In an effort to keep Pace with the ever growing technology of microelectronic ICs 

design and manufacturing, a special instment called Electrostatic Force Microscope 

(EFM) [56] has been developed for diagnostic intemal testing. By monitoring the electro- 

static force between the probe and the sarnple, the EFM instrument measures the surface's 

localized potential. Usage of the technique extends fiom dopant profiling of semiconduc- 

tors [17] to depositing and imaging localized surface charge on insulators [46,47]. The 

microscopes have also been used for imaging ferroeiecrric domain walls [44]. Meamre- 

ments of contact potential difference between different materials have also been investi- 

gated by the EFM. In this research, the instrument utilizes the idea of the Electrostatic 

Force Microscopy. In the next few sections, the general operating principle of the EFM 

dong with the proposed instrument's characterization are presented. 

3.2 A Brief ove& of EFM 

The fbndarnental theory behind the EFM is the electrostatic force between the 

probe tip and the circuit test point. The existence of electrostatic force causes a mechani- 

cal ddection of the probe which is detected by the photodector placed near by. EFM is a 
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non-invasive diagnostic technique . A visual understanding of the EFM is shown in figure 

3.3. 

Sensing Device Laser Source 

Figure 3.3: EFM illustration wing the micro-machined probe and beam bounce sensor system 

The probe's sharp tip is carefully positioned as close to the circuit's test point as 

possible without making contact. The separation between the tip and the test point is a 

conûibuting factor to the magnitude of the probe's mechanical defiection. The probe in 

figure 3.3 is mounted in such a way that it resembles a cantilever. In this way, the probe is 

allowed to deflect under an externai applied force. A controllable voltage vp(t) is applied 

to the conducting probe. As the extemal voltage is applied to the probe, a small localized 

capacitance C(x,yz) is fonned between the tip of the probe and the circuit test point. The 

potentid difference between vp(t) and vC(x,jr) charges up the localized capacitance. The 
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amount of work done in charging up the capacitor is given as 

Equation 3.1 : Work done required to charge up the mutual capacitor 

Since force is defined as the derivative of work with respect to distance, the elec- 

trostatic force in the z-direction has a non-linear dependence on the potential difference 

between the probe's tip and the circuit test point and cm be expressed as: 

Equation 3.2: Electrostatic Force between the probe tip and circuit test point 

The electrostatic force Fz depends on the mutual capacitance C(x,y,z) between the 

probe and the circuit. The magnitude of the component C(x,y,z) is dependent on the circuit 

geometry, the probe's tip, and the separation between the probe with respect to the cu- 

cuit's surface. It is essential to know the magnitude of the mutual capacitance C(x,y,z) in 

characterihg the spatial and temporal resolution of the instrument. However, the voltage 

meamernent techniques used in this research do not required the knowledge of C(x,y,z). 

The m'nging capacitance, that exists in C(x,y,z), minirnizes due to the probe sharp tip 

geometry, thus maximizing the spatial resolution. 

The electrostatic force Fz causes a deflection, z, of the probe cantilever. The 

amount of deflection by the probe cantilever depends on the mechanical properties of the 

probe and the magnitude of F, By recording this deflection using a photodetector, the 

force and ultimately the potential difference can be extracted. This is a brief ovemiew of 

the operating principle behind Electrostatic Force Microscopy. 
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3.3 Experimental Set-Up of EFM 

A physical set-up of the EFM instrument is shown in figure 3.4. An aluminium 

structure is used to support the system. 

dy Laser Source 

Adiustable Mirror 

y-~irecbon 
Positioner 

x-~iiection 
Positioner 

Figure 3.4: physical set-up of the EFM using the Beam Bounce System 

The x, y, and z direction positioner can be used to adjust the circuit to a desirable 

position. These direction positioners are accurate to the order of a micrometer. The adjust- 

able rnirror is used to control the refiection angle of the laser beam so that the rdecting 

beam is directly hitting the end of the cantiiever. The Photodetector c m  also be adjusted to 
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catch the beam as it is reflected off the end of the cantilever. 

3.3.1 Micro-machined Probe Characterization 

The cantilever probe, ofkn known as a spring, is an essential part in the EFM 

experirnental set-up. The cantilever is used to detect the vertical deflection caused by a 

potential difference in the probe signal and the circuit signal. The speed, accuracy and sta- 

bility of the EFM depend on the properties of the cantilever. A typical cantilever is fabri- 

cated fiom silicon dioxide, silicon nitride(Si3N4), and pure silicon. In this project, a Si3N4 

cantilever was used. Figure 3.5a shows a typical Si3N4 cantilever dong with its typical 

properties. In figure 3Sb, a SEM rnicrographs of Si& cantilever along with pyramidal 

tip is shown. 

Figure 3.5: (a) EFM cantilever with its p ~ c i p a l  parameters (b) SEM micrographs of Si3N4 cantilever (top) 

and pyramidal tip (bottom). 1581 
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The pyramidal tip is located 4-8 pm fiom the end of the cantilever. The radius of 

curvature of the tip is approximately 300nm. The v-shape angle, CX, is typically around 57' 

. The cantilever is coated with a Uiin layer of gold film for conducting and reflecting pur- 

poses. 

In the following sections, the mechanical properties of the cantilever used for this 

project will be discussed. The cantilever will be characterized in terms of its spring con- 

stant, natural resonant fiequency and the fiequency response. 

3.3.1.1 Spring Constant 

The spring constant, k, is defined as the amount of force required to deflect the can- 

tilever. For a simple rectangular beam of length I and moment of inertia 1, the spring con- 

stant is given as: 

Equation 3.3: spring constant of a simple rectangular beam 

where E is the Young's modulus of elasticity of the beam material. The moment of inertia 

is different for different cross sections. For a rectangular cross section as shown in figure 

wt- 3.4 with a width "d" and thickness "t", the moment of inertia is I = -. Substitute 1 into 
12 

equation 3.3, the spring constant becornes 

Equation 3.4: spring constant in tem of the Iength, width and thickness of cantilever 
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Figure 3.6: moment of inertia for a rectangular cross section 

The effective spring constant for two identical bearns mounted in p d l e l  can be 

approximated by 2k [33], where k is the spring constant for one beam. The spring constant 

in figure 3.6 c m  be approximated using equation 3.4 and the above analogy. For a more 

accurate evaluation of the EFM spring constant, the readers can refer to reference [30]. 

Using E= 1.5 x 10'' Al/rn2, for an EFM rectangular beam of 2 0 0 ~  long, 37pm wide and 

lpm thick, the spring constant is approximated at 0.347 N/n. 

3.3.1.2 Natural Resonant Frequency 

The resonant frequency of the cantilever is an integral property in force micro- 

scopes. For contact mode microscopy, the resonant frequency controls the speed of the 

microscope at which the surface can be tracked. In EFM, the knowledge of the resonant 

fiequency helps to monitor the maximum vertical deflection of the cantilever. This is criti- 

cal since the mal1 vertical deflections at other fiequencies are difficult to detect. For a rec- 

tangular beam, the resonant frequency is given by [43]: 

Equation 3.5: tesonant fkquency of a rectangular beam 



Chapter 3 Electrostatic Force Microscopy 

where p represents the mass per unit length of the cantilever and m, is the tip's mass. 

Otha parameters in equation 3.5 are the same as those defined in section 3.3.1.1. The res- 

onant fiequency of two paralle1 beams can be approximated as &or [33]. Using p = 

3 100 kgh3,  E = 1.5 x IO'' ~/i-nl. 1 = 200 p. w = 3 7 p ,  t = 1 pm, and the above approx- 

imation, the resonant frequency is 19.6 Mz. This is not entirely accurate since the s p i -  

fied dimensions of the cantilever are not very accurate. Thus it is recommended that the 

resonant frequency should be determined experhentally. 

3.3.1.3 Frequency Response 

Consider a rectangular beam cantilever with an external applied tirne varying force 

of unit amplitude. The frequency response of this system is defined as the ratio of the cm- 

tilever vibration to the extemal applied force. At a driving &equency near resonance, a 

damped harmonic oscillator mode1 can be used to represent the system[39]. Thus, for an 

external applied force of unit amplitude, the frequency response is given by: 

Equation 3.6: fiequency response of a cantilevcr with an extemal applied force 

The parameter a, in equation 3.6 represent the lowest resonant frequency of the cantilever 

with an applied external force [l]. Q is the cantilever's quality factor and is given as o,l 

Au, where Am is defined as the 3-dB bandwidth of the cantilever's fiequency response. 

When the system is at resonance, that is w = on equation 3.6 becomes 
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IG (a>= a),) ( = e. This means that the vibration of the cantilever is increased by a factor 
k 

of Qk. To experimentally determine the frequency response of the Si3N4 cantilever, only 

the oscillation from the themal excitation is requinxi due to the cantilever being 

extremely light in mass. Therefore, no external applied force is needed. The frequency 

response of a typical Si3N4 cantilever is shown is figure 3.7[32]. The theoretical fkquency 

response is calculated and nonnaiized and it is fitted onto the experimental curve. The 

quality factor of this cantilever, Q, is found to be 32. The resonant frequency is 12.275 

kHz. 

O f I I 1 I I I 
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Frequency [KHz] 

Figure 3.7: Experimentai and theoretical fiequency response curve of a typical SijN4 cantilever which bas a 

refionant tkequency of 12.275 kHz with Q of 32 [32]. 

3.3.2 Deflection Sensors 

In a typical EFM experiment, the deflection of the cantilever probe is usually very 

small anâ difficult to detect. Therefore, it is essential to have an accurate and easy to use 

detection technique to obtain fast and concise results. in the next section, a sarnple calcu- 
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lation of the probe ddection using a simple model for the tip, is presented. 

3.3.2.1 Deflection Calculation using a Simple Model for the Tip 

Figure 3.8 shows the mode1 useci to represent the tip of the cantilever probe over 

the sample. The tip is modelled as a sphere over a ground plane which represents the cir- 

cuit under test. 

Figure 3.8: A sphencal model is used to represent the tip and the circuit under test is modelled by a ground 

plane. 

When z<c R, the total capacitance between the probe and the plane is given as 

Equation 3 -7: total capacitance between tip and suface 

The capacitance in equation 3.7 is calculated using a parailel plate capacitor 
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model. The approximate effective area for this model is 2 d .  The stored energy of this 

capacitot is given by: 

Equation 3.8: stored energy of the total capacitance 

The force between the probe and the surface is calculated by taking the derivative 

of equation 3.8 with respect to the separation distance between the probe and the surface. 

Equation 3.9: eIectrostatic force between tip and surface 

For a typical cantilever probe, the tip's radius is 200nm. If the sepanition distance 

between the probe and the surface is about lpm and a potential difference is 1 6: the force 

is calculated to be: 

Equation 3.10: magnitude of the force between tip and surface 

Using the spring constant of 0.347 N/m, the deflection of the cantilever is 

3.2 x 1 n m . For a maximum deflection, the probe's signal is modulated at resonant fie- 

quency. This maximizes the quality factor Q of 32 and gives a maximum probe ddection 

of 0.1024 nn. A deflection of such a mal1 magnitude requires an accurate detection sys- 

tern. In the next section, a beam bounce detection technique is presented. 
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3.3.3 Beam Bounce Detection Technique 

Figure 3.9 shows a diagram of the beam bounce detection technique. The optical 

beam, which is generated by a laser, is focused onto the end of the cantilever. A photodec- 

tor is used to intercept the reflected optical beam which then is used to characterized the 

deflection of the cantilever. The parameters 1 and L in figure 3.9 represent the length of the 

cantilever and the lever-photodetector spacing, respectively. 

l-I'-q 

Figure 3.9: Diagram of the beam bounce detection technique 

The deflection due to the force F applied at the end of the cantilever is given as 

Equation 3.11: Deflection of the cantilever when applied a force at tip 
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For a small deflection, the angle generated as the cantilever is bent is approximated 

Equation 3.12: Angle generate by a small deflection 

Since force is applied at the end of the cantilever, F I ,  equation 3.12 becomes: 

Equation 3.12a: Deflection angle when a force applied at die end of the cantilever 

Substitutes F=kz and k = y into equatian 3.12a givn: 

Equation 3.13: Deflectioas angle in relation with the vertical detiection Az 

As the cantilever is deflecting, the optical beam is reflected onto the surface of the photo- 

detector. This is illustrated in figure 3.10: 

Figure 3.10: Defiection of the optical beam 
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The deflection of the optical beam is given as [18]: 

Equation 3.14: Optical beam's defiection 

The deflection of the optical beam produces an inequality of the optical power in the bi- 

cell. That is, there is more optical power falling on one side of the bi-ce11 than the other. 

Before continuhg to determine the resulting signal Id in relation to the cantilever deflec- 

tion, some assumptions must be made. It is valid to assume that the optical beam is mono- 

chromatic and posses a characteristic of a gaussian distribution. The irradiance, which is 

the power incident per unit area, at the distance r fkom the center of the beam is given by 

Equation 3.15: ïmdiance of a laser beam 

The parameter I, in equation 3.15 represent the irradiance at the center of the beam. r, is 

the beam edge at where the inadiance falls to 1/e2 of the center value. The power of the 

laser beam falling on the photodector can be determined by integrating the irradiance over 

the incidence surface. in order to solve for Id, the photocurrent of each side of the bi-ce11 

must be determined. For a unit conversion efficiency, the photocurrent is equal to the 

number of photons falling on each side of the bi-ce11 per unit tune multiplied by the unit 

charge, q. The power of the beam is proprotional to the number of phontons falling per 

unit tirne. Since the spacing of the two bi-cells is small, therefore it is to be neglected to 

M e r  simplified the calculation process. The resulting signal Id is detennined by the 
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integration of the normalized gaussian distribution in equation 3.15 as follows: 

Id = 2 w J  je2 
r ( W 2 )  

drdV 
O - Y  O 

Equation 3.16: The output signal of the beam bounce deflrction technique 

N represents the total number of photons in the beam falling on the detector per unit t h e  

and q is the charge of an electron. Since P>r ,  equation 3.16 can be simplifiecl as: 

Equation 3.16a: Simplified output signal 

'x, equation 3.16a can be Using change of variable method of integration with t = - 
'0 

expressed as: 

Equation 3.17: Output signal as a result of variable substitution inregration technique 

Using a mathematical table, equation 3.17 can easily be solved and is givea as: 

Equation 3.17: Output signal in term of the optical k m ' s  deflection As 

Substitute for hF in equation 3.1 7 gives: 

Equation 3-18: Output signal in term of the catilever deflection & 
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Equation 3.18 shows that the resuiting signal Id is linearly proportional to the vertical 

deflection of the cantiiever, &. Equation 3.18 also indicates that the signal Id can be 

increased by decreasing r,. However, decreasing the spot size of the laser and ultimately 

decreasing r, is dinicult due to difiction. The sensitivity of the beam bounce detection 

technique has been report4 to be 7 . 9 x l 0 - ~ n r n / ~  [35]. 

The performance of the beam bounce detection technique is limited by two types 

of noise.The first of which is the l/f noise which is produced by the changing of low fie- 

quency in the output power of the laser source. The second type of noise is the shot noise. 

Shot noise exists due to the random arriva1 of photons at the detector. Other type of noise 

such as 60/50 electromagnetic interference can be eliminated by good design. 

3.4 EFM CHARACTERIZATION 

In this section, several criteria used to evaluate the performance of the EFM, will 

be discussed. These criteria include: spatial resolution, invasiveness and the voltage sensi- 

tivity of the instrument. 

3.4.1 Spatial Resolution 

One of the essential criteria in evaiuating the quality performance of the EFM and 

0th- force microscopes is the spatial resolution. Spatial resolution is defined as the degree 

of accunicy that the measwement results represent the actual distribution of the quantity 

under investigation. More specifically, it represents an evaluation of the locaiity of the 
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measmement done by the microscope[38]. It is ideal to have a situation where by meas- 

m e n t  is being done at an infinitely mal1 point without the disturbance of its neighboiir- 

ing points. However, this is not realizable in EFM and other force microscopes, where tips 

of finite dimensions are used. Therefore, the voltage measurernent at a point on the circuit 

is, in actuality, the weighted average at that particular test point and at other points on the 

cucui t . 
By modelling the interaction between probe and circuit, the spatial resolution of an 

instrument can be estimated. In [27], an electrostatic force interaction between the tip and 

a GaAs substrate test structure was modelled. The tip-circuit geornetry was modelled as a 

parallel plate capacitor with the tip as one plate and the circuit as the other. By the confor- 

mal mapping technique using the Schwartz-Cristoffel transformation along with a few 

assumptions, the spatial resolution was evaluated. Figure 3.11 a, b shows the tip-circuit 

spacing at different heights and its force density(force per effective area) in ternis of the x- 

direction, res pectivel y. 

The calculation in figure 3.1 1 b was detemined with the potential difference 

between the tip and the circuit of 1V. This figure illustrates that as the tip moves M e r  up 

nom the circuit (Le.: as the separation between the tip and the circuit increases), the elec- 

tric force density decreases. In [27], the spatial resolution is defined as the diameter of the 

circle, where the force density decreases to l/e fiom its maximum. For a tip-circuit separa- 

tion of 1 OOnm, the spatial resolution was fond to be 300nm. 
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Figure 3.1 la: Tip-chuit separatioa at different heights 

Figure 3.1 lb: The simulated force density (force per effeetve am) at difEerent tipcircuit sepatation, 

h(100nm, 200nm, SOOnm) versus x-direction in nm.[2;rl 
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3.4.2 Invasiveness 

Invasiveness is d&ed as the amount of distwbance caused to the circuit's nomal 

operation by the instrument. For different types of measurernent techniques, the invasive- 

ness criteria takes on different foms[20]. The invasiveness of the EFM instrument is con- 

sidered in the form of signal distortion at the circuit's test point. This signal distortion is 

caused by the parasitic loading effect between the probe and the circuit. Since the EFM 

probe can be modelled as a RLC cùcuit, the instrument introduces disturbmces of differ- 

ent types whicb causes a distortion in the signal. For example the resistive loading intro- 

duces shifts in dc bias and changes in circuit bias; inductive loading causes ringing effect 

while capacitive loading fiom the probe affects the timing measurements of the signal 

[dhamian]. 

In EFM, the munial coupling capacitance existing between the probe and the cir- 

cuit's test point is a major contributing factor to the invasiveness of the instrument. The 

loading introduced by the coupling capacitance causes a deformation of the signal result- 

ing in an increased delay. The coupling capacitance between the Si3N4 micro-machined 

probe and the cùcuit has been calculated [6]. For a typical Si3N4 probe positioned lp 

above an intercomect line of 3p.m in width, the coupling capacitance is estimated at 

235aF. At lOOGHz, the parasitic shunt impedance (112~fC) introduced by the coupling 

capacitance is approximately 6.8KR In applications where the resistive impedance of the 

circuit test point is less than 1 K '  the parasitic impedance at 1 OOGHs is considered as an 

open circuit and its effect can be neglected. In order to have a noticeable effect, the resis- 

tive impedance of the circuit's test point and the parasitic impedance must be comparable. 

Thus for applications with Soi2 systems, the fiequency at which the EFM instrument 
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presents a noticeable distortion in the signal is 13.6 x 1 012 Hz. Ushg the time constant 

definition of 2-2RC, the time delay for a system with resistive impedance of 0.05 - 1 KR 

is - 0.024 - 0.47~s. 

3.4.3 Voltage Sensitivity 

Voltage sensitivity is simply stated as the smallest possible elecûical potential that 

can be detected by a measurernent instrument. As in any other instruments, noise in the 

system is a major limiting factor in the sensitivity of the EFM technique. In EFM, any sig- 

nal arriveci at the deflection sensor which is not induced by the electrostatic force acting 

between the probe and the circuit test point is interpreted as noise. To detemine the sensi- 

tivity, an quivalent voltage corresponds to the probe deflection caused by the instniment 's 

noise is required. In EFM, one possible source of noise is the beam bounce detection sys- 

tem where the dominant noise is the shot noise at the bi-ce11 photodetector. The noise level 

in the beam bounce detection system is approximately 1 x 1 04nrn/& . Other sources 

of noise include the mechanical vibration of the probdcantilever mechanism and electrical 

noise coupled to the probe from external sources. Noise stemrning fiom the mechanical 

vibration can be minimized by placing the EFM instrument on top of the vibration isoiated 

table. With proper shielding and better design, the elecûical noise coupled to the probe 

fiom external sources cm be neglected. 

The most dominant noise in the EFM instrument is the thermal noise of the probe 

vibration which is generated by the equilibrium with the surroundhg temperature. Taking 

into account the power spectral density of the thenad noise, the mean-square probe vibra- 
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tion written in temi of the probe's fiequency respome is given by[38]: 

Equation 3.19: mean-square probe viiration cause by thermal noise 

The parameter kB in equation 3.19 is the Boltzman constant , B (UT) is the measurement 

bandwidth and Ta represents the medium temperature. The root mean-square (mis) probe 

deflection at a particular frequency can be calculated by using the following: 

Equahon 3.20: root mean-square probe deflection as a function of fiequency 

Where the terrn IG (CO) l2 has been substitute by equation 3.6. From equation 3.20, the 

maximum probe vibration induced by the thermal noise occur at resonance and is given as 

follow 

Equation 3.2 1 : root mean-square probe vibration at resonant fiequency 

For a typical micro-machined probe, (Q = 32, k = 0.347N/mr,f, = 12.275kH") the deflec- 

tion induced by the thermal noise is approximately 0.0 1 nm / &. This number is 100 

times larger than that of the shot noise in the beam bounce detection system proving that 

the thenaai noise of the cantilever is the dominant noise in the EFM instrument. In a simi- 

lar manner, the probe defiection due to the electrostatic force between the probe and the 

circuit test point is given as follows: 
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Equation 3.22: probe vibration due to force between probe and circuit 

(4 (0) ) in equation 3.22 represents the power spectral dewity of the force F, in 

equation 3.2. The signal to noise ratio (SNR) can now be detennined by dividing equatioa 

112 
3.22 by that of equation 3.20. Equating SNR to 1, the tenn (Ff ( o) ) can be expresseci 

Equation 3.23: power spectral density of electrostatic force between probe and circuit 

From equation 3.2, the power spectral density in equation 3.23 can be written as 

Equation 3.24: power spectral density in term of the first derivative of the capacitance and AV,, 

where A V ,  (a) is the root mean square value of the probe-circuit electricd potential dif- 

ference at the harmonic component o. Using equation 3.24 and 3.23, the smallest possible 

voltage detectable by the EFM instrument cm be calculated fiom the following: 

Equation 3.25: minimum voltage deuxtable by EFM 

For a typicai micromachineci probe (Q = 32, k = 0.347N/rn9/, = 12.275RHr), the 

first derivative of the coupling capacitance C(x,y,z), for a probe positioned 1 pm above the 

cirait's surface is approximated at SSpF/m [6]. Substituting the obtained values into 
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equation 3 . î S  gives the minimum detectable voltage of approximately 2 nt ~l f i .  
3.5 Existing Voltage Measurement Schemes Using EFM 

Several voltage measurement methods have been developed using the EFM. in this 

section, a DC measwement method, which is used to measure the absolute voltage value, 

is presented. DC measurernent method is operated using a nulling technique. To demon- 

strate the ability to measure high fiequency signai, a heterodyne method is also discussed. 

For this project, measurernent of an arbitrary periodic wavefonn using the pulse sampling 

technique is investigated. The theoretical and experimental results of this technique will 

be presented in chapter 5. 

3.5.1 DC Measurement Technique 

For DC measurernent, the circuit voltage does not depend on the time and there- 

fore can be written as V,(x,y). Thus, equation 3.2 representing the electrostatic force 

between the probe and the circuit point can be modified as follows: 

Equation 3.26: Electrostatic Force between probe tip and circuit point for dc measurement 

The term A@ is added to the electrostatic force equation to represent the dc offset and the 

contact potential differences. DC offset exists due to the surface charge [2,14] while the 
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contact potential differences [63] is caused by the difference in the probe and circuit's sur- 

face work fiinction. From equation 3.26, determination of V,(x,y) through direct measure- 

ment of the electrostatic force requires the knowledge of the coupling capacitance 

C(x,y,z). To measure the coupling capacitance, accurate placement of the equipment is 

required thus making it a very difficult and unpleasant task. To decrease the complexity of 

the measuring technique, a nulling force method[40,55] is used. A block diagram of the 

technique is shown in figure 3.12. The null-force technique is operated with a probe signal 

given by 

v = A + Kcos 
P 

Equation 3 .Z7: probe signal 

The parameter A in equation 3.27 is a DC bias and K represents an adjustable parameter. 

The frequency component op is chosen near the probe mechanical resonance frequency or 

( i . :  mp = O, ). Substituting equation 3.27 into 3.26 and expanding the square terrn, the 

electrostatic force can be written as 

K2 + 2 [ A  - v&, y) + AN Kcos (art) + -cos (20rr )  ) 
2 

Equation 3.28: Electrostatic force equation 
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Laser 
Source 

Lock-in amplifier r 

ps i  tioner 

Figure 3.12: Block diagram of the null-force technique. The probe's tip is place as close to the circuit as pos- 

sible. The deflection of the probe is detected using îhe beam bounce measurement system. The ddlection is 

recorded by the lock-in amplifier wbich is rpfneace to the prok signal fiequency O+,. The probe signal vp is 

the sutmation between the ac component at O = Q>, and the integration of the output of the lock-in 
P 

amplifier. 
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Equation 3.28 shows that the DC components as well as the compments at or and 20,  

will cause deflectioa in the probe cadever. The electrostatic force component at = a, 

is given by : 

-& 

Equation 329: Force componmt at Op - 0, 

Equation 3.29 suggests that nulling the force at the component op = a, by adjusting the 

dc bias parameter A, the term vc(x, y) + A4 can be determined without the knowledge of 

the coupling capacitance C(x,y,z). For a known value of A+, the circuit potential can easily 

be extracted. By choosing to be close to the resonance fieqwncy, the Q factor of the 

cantilever enhances, thus increasing the probe deflection. The probe cantilever deflection 

is given by 

Q a  - - c (x, y, 2) [ A  - v,(x, y) + A@] Kcos (art) k I % - %  kaz 

Equatîon 3.30: Probe defiection at COp = 0, 

The result of the dc meamernent technique can be seen in chapter 6 of [38]. Measurement 

over a I O p m  wide transmission line, while applying potential was varied from -SV dc to 

+SV dc, was performed. The results shows that biete is less than 10 mV difference 

beiween the applied and m e m e d  potential at +5V and a diflerence of 2Sh-N at -SV 

~381. 
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3.5.2 High Frequency Vector Waveform Measurement Tech- 

nique 

The nulling force technique in the previous section is limiteci to measuring the dc 

voltage value. Thus, the null-force technique alone is unsuitable for measuring a hi& fre- 

quency sinusoidal signal. In this section a heterodyne electrostatic force technique will be 

presented. The heterodyne technique based on amplitude modulation is capable of accu- 

rate measurement of the amplitude and phase of high tiequency signals. For a circuit 

under test dnven at the frequency a,, the signal at a single test point on the circuit can be 

exprased as follows 

v&, Y' 0 = vc sin ( q ) t  + 4J 

Equation 3.3 1 Circuit's signai driven at o, 

Two type of modulations can be used to irnplernent the heterodyne technique. These two 

methods will be presented next. 

3.5.2.1 Sinusoidal Modulation 

For sinusoidal modulation, the applied signal at the probe's tip is given by 

v&t) = [A + KCOS (art) ] sin (sot + QP) 

Equation 3.32: Probe's signal for sinusoidal modulation 

The parameter A, K, and $, in equation 3.32 are controllable by the user. Figure 3.13 

shows the block diagmm of the technique. Substituting equation 3.3 L and 3.32 into 3.26, 

the force between the probe and the circuit is 
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Laser 
Source 

Bi-ce11 , r m  To 10;~~~ampl~fie~ 
ph0 todetector 

Phase Shifter 

A + ~  

test data 4 *- 
Figure 3.13: Block dia- of the heterodyne meastuement technique. The technique is implemented to 

measure high fiequency signal. A high frequency signal source is used to generate the circuit and probe sig- 

nal. The phase shifier is used to adjust the phase applied at ihe probe. A shusoidal signal is used as a modu- 

lation signal at the probe resonant fkequency. 
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1 b 2 F, = - C  (x, y, z) ( [A + Kcos (art) ] sin (mot + $,) - V,sin (mot + 0,) + A*) 
2az 

Equation 3.33: Resultbg force for heterodyne technique 

When expanded, equation 3.33 contains the static force component as well as components 

at a,, 20,, a, ,20,, wo f or ,  204, f a,, and 2a0 f 20,. However the only component 

of interest is that at resonant fiequency since it produces the maximum deflection. The 

force component at the probe's resonant frequency is 

Equation 3.34: Force component at probe resonant fiequency 

The corresponding probe deflection will be 

Equation 3.35: Cantilever deflection at resonant fiequency 

Equation 3.35 suggests that the probe deflection at resonant frequency will not be dis- 

turbed by the dc offsets since the t m  A@ is not present. By controlling the parameter A 

and Qp so that the force is nulied at resonant, the magnitude and phase of the circuit signal 

cm be extracted. To determine an accurate value of the unknown circuit signal, let's look 

at a plot between the probe-circuit phase difference ($p  - 0,) and 

I k l a  p - Y,cos -@,) 1 - 
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Figure 3.14: Relative cantilever deflection as a lunction of the probccucuit phase difference for die case of 

A=Vc ,A>Vc ,mdA<Vc .  

Figure 3.14 shows that for A > V,, the deflection is never nulled. For the case 

when A = V,, the deflection is nulled when the phase difference is zero. However this is 

difficult to accomplish since the circuit value Vc is unknown to begin with. The third situ- 

ation is when A < V,, in this case the nulling point occurs at two different points. Figure 

3.12 also shows that the phase difference is zero at the mean of the two nul1 points when A 

< VJhus by adjusting the probe phase to locate the two nul1 points, the circuit signal 

phase is ultimately detennined. The magnitude of the circuit signal cm be found fiom the 

known phase. 
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3.523 Square Wave Modulation 

At high frequency, sinusoidal modulation can be difficult to implement using sim- 

ple electronics. Square wave modulation is easier and more feasi7,le to implement at high 

fiequency. The signal applied at the probe is 

vp(t) = [A  + Ksqr ( t )  ] sin (mot + 

Equation 3.36: Probe signal for square wave modulation 

The parameter A, K, and $, in equation 3.36 are controllable by the user. The fourier series 

representation for the signal sqr(r) is given as 

Z 1 
sqr ( t )  = - n cos (no, t )  , where n = odd nurnber 

X 

Equation 3.37: Fourier senes representation of the signal sqr(t) 

The resulting force when substituting equation 3.36 and 3.37 into 3.23 introduces the 

static force component as well as component at oo , 2 a 0 ,  no, ,  and 2w0 f no, ,  where n 

= odd number. The maximum deflection occurs at a, and is given as 

Equation 3.38: Cantilever deflection at resonant fiequency for square wave modulation 

Equation 3.38 is the same as equation 3.35 except for the 2/x factor. The procedure 

in extracting the unknown circuit signal is the same as that of the sinusoidal modulation. 
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Experimentai results of the heterodyne technique using the sinusuidal modulation 

can be found in [32]. Vector wavefom measurement of TI-LNA at 1GHz using the EFM 

and contact probe are compared. The results are in very good agreement with each other. 
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CHAPTER 4. 

Narrow Pulse Generation Techniques 

A number of techniques are available for generating narrow-width pulses. This 

chapter will discuss 3 of those techniques in detail. First, non-linear transmission line 

method will be presented. Next, narrow pulse generation using AND-Gate is discussed. 

Finally, impulse generator using the Step recovery diode is evaluated. 

4.1 NON-LINEAR TRANSMISSION LINE (NLTL) 

4.1.1 Theory 

4.1.1.1 Ideal Transmission Line 

To better understand the operating principle behind the non-linear transmission 

line, we fmt need to be f d l i a r  with some of the basic theones of an ideal transmission 

line. Transmission lines are used to transmit elecîrical signals between two points in space. 

A section of a unifom transmission line can be modeiied by the circuit representation in 

figure 4.1. The circuit consists of a series inductance and resistance as well as shunt capac- 

itance and conductance. For this project, we'll be mainly concemeci with the wavahase) 
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velocity as it travels dong the line, the characteristic impedance (2') of the t-line, and the 

reflection coefficient. A detailed derivation of the transmission line characteristic c m  be 

seen in chapter 9 of [9]. 

Figure 4.1: Lumped Elements Modelled of the Transmission Line 

The time it take for the wave to mvel fiom one end of the transmission line to the 

other depends on the speed at which it propagates. This speed is referred to as the phase 

velocity and is given as follows: 

Equation 4.1 : Transmission Line Phase Velocity 

For a lossy transmission line, the phase velocity depends on the Eequency. This 

means that the different frequency components of a wave propagate dong the line with 

different velocity resulting in a distorted signal at the end. This phenornenon is r e f e d  to 

as dispersion. It is desirable in this project to have a transmission line that possesses a 

lossless characteristic. 

The characteristic impedance of a transmission line is defined as the ratio of V to I 
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for the wave travelling on that line. The characteristic impedance, 2, of a lossy transmis- 

sion line is a constant and is expressed as follows: 

Equation 4.2: Characteristic Impedance of a Lossy Transmission Line 

For a low-loss line, the Resistance and Conductance elements can be neglected. 

Therefore Equation 4.2 can be written as follows: 

Equation 4.3: Characteristic impedance of a Low-Loss Transmission Line 

In most cases, it is desirable to have the amplitude of a signal at the output of the 

transmission line be identical to the input. The loss in the signal's amplitude depends on 

the load terminated at the end of the line. Figure 4.2 illustrates a transmission line con- 

nected to a source and terminated with a load. 

Figure 4.2: Lumped element modelied of the transmission 1uK connected to a source and terminated with a 

load 



A refledion coefficient is used to measure the loss in signal's amplitude. The 

reflection coefficient is a dimensioniess constant and can be expressed as follows: 

Equation 4.4: Reflection Coefficient 

According to equation 4.4, to achieve a zero reflection (i.e.: the amplitude of the 

output signal is equal to the amplitude of the input signal) the load irnpedance must equal 

the characteristic impedance of the line. Further more, reflection at the output terminal of 

the transmission line may result in an undesirable output signal. 

4.1.1.2 Diode Junction Capacitance 

A junction diode is essentially a pn junction. It is made up of a p-type silicon 

which is denoted as the anode and an n-type silicon as cathode. Figure 4.3 shows the 

diode's physical structure and symbol. 

Figure 4.3: Diode physical stnacture and symbol[23]. 
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Equation 4.5: Diode Equation 

Equation 4.5 [23] represents the diode equation where VT = kT/q is the thermal 

voltage. 1, is the reverse saturation current. 

For a reverse bias voltage case as shown in figure 4.4, when vd is las than zero, the 

diode current Id = -1'. As the reverse bias voltage increases, the depletion region forms at 

the junction increases resulting in an increase amount of charge stored in this region. Since 

charge is directly related to capacitance, the diode in this mode behaves as a parallel plate 

capacitor. 

Figure 4.4: Junction diode in reverse bias mode [23] 

Figure 4.4 also shows that as the depletion region increases, the separation 

between thep-type and n-type expands as well. Since the diode behave as a parallel plate 

capacitor in the reverse bias voltage mode, the capacitance of the structure is therefore 

inversely proportional to the separation distance between the p-type and n-type. 
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In simimary, when the reverse bias voltage increases(becornes more negative), the 

depletion region expands less (ie: changes in depletion charges are srnalier). Since the 

incrernental capacitance is defined as, change in charge divided by change in voltage, thus 

the capacitance decreases. A Junction especially designecl for operation in this mamer is 

called a varactor diode. The junction capacitance can be calculated by using the expres- 

sion given in equation 4.6 [45]. 

Equation 4.6: Junction Capacitance 

In the above equation, qo is the built-in barrier potential, $ is the zero-voltage 

capacitance, and m is a constant called the grading coefficient. The value of and $ 

varies for different type of material. The value for the grading coefficient depends on the 

doping concentration. For the junction with abrupt changes in doping concentration, m is 

approximately 0.5. The grading coefficient is around 0.33 for junction with graduai 

changes in doping concentration. For this project, the values of l$, + and m are speci- 

fied by Canadian Mimelectronic Corporation (CMC). This will be discussed in detail in 

the Design Parameter section. 

4.1.1.3 NomLineor Transmission Line 

The main idea behind the non-liaear transmission line is to obtain an output signal 

that is not a scaled, but rather a distorted and compressed version of the input signal. To 

achieve this purpose, varactor diodes are placed periodically in shunt with the end of the 
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transmission line. Figure 4.5 shows a single section structure of a non-linear transmission 

line. 

t-line 

varactor V Gut 
diode 

ground plane 

Figure 4.5: stnicture of a single NLTL section 

The varactor diode is placed such that the anode and cathode are connected to the 

signal line and ground plane, respectively. A number of such sections are C O M ~ C ~ ~  

together to produce a desirable output waveform. As rnentioned earlier, the varactor 

diodes behave as a voltage dependent capacitor, therefore the above NLTL section cm be 

modelled as follow: 

Figure 4.6: Lumped Elements Representation of a single N L , n  section 

The capacitance component Cr in figure 4.6 represents the surn of the lhe capaci- 

tance (Cl) and the diode junction capacitance (CD). The mode1 in figure 4.6 changes the 

phase velocity of the line, given in equation 4.1, as follows: 



Equation 4.7: Voltage Dependent Phase Velocity 

The total capacitance decreases as the voltage becomes more negative, therefore, 

according to equation 4.7, the phase velocity slows down when the voltage becomes more 

positive. 

To have a better understanding of how the NLTL works, lets look at an example 

with a 1 GHz sinusoidal input shows in figure 4.7. 

O 0.5 1 1.5 2 2.5 3 
T h e  (ns) 

Figure 4.7: 1 GHz Sinusoida1 Input Waveform 

According to equation 4.7, the components of the input wavefonn with larger 

amplitude propagates slower than those with lower amplitude. This means that the compo- 

nent with an amplitude of OV will take longer to reach the end of the transmission line 

than the component of 2V in amplitude. The resulting output is shown in figure 4.8 
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-2 1 I 

O 0.5 1 1.5 2 2.5 3 3.5 

T'me (ns) 

Figure 4.8: Output wavefonn of NLTL 

Figure 4.8 shows that the output is a compressed version of the input sinusoid sig- 

nal. The nse time of the sinusoid increases while the fa11 time decreases. The 0- 100% fa11 

time of the output signal is approximately 100 ps.The input s ipal  has a fa11 time of 500 ps 

which means that the compression time for this exarnple is 400 ps.The arnount of com- 

pression in the falling edge of the output signal c m  be approximated by the following 

Equation 4.8: Approximation of Compression Amount 

Vu and VI in equation 4.8 correspond to the upper and lower limits of the input 

t 

voltage. d is the length of the transmission line, and n represents the number of diodes. LI 

t 

and CI denoted the line inductance per unit and capacitance per unit, respectively. 

Narrow pulses are obtained by connecting the output of the transmission line to a 
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differentiator. The following figure is a result of taking the derivative of the waveform in 

figure 4.8. 

I 1 I I r I t i 

O 0.5 1 1.5 2 2.5 3 3.5 

The  (ns) 

Figure 4.9: Derivative of the Output Wavefonn 

4.1.1.4 FaU Time Limiting Factors 

There are several factors contribute to the less than desirable edge rate of the out- 

put signal in the non-linear transmission line. One of which is the cut-off frequency. There 

are two types of cut-off frequency to take notice of; the first of which is the diode's cut-off 

frequency, the other being the cut-off fiequency of the line section between the two 

diodes. From equation 4.7, one can make an assurnption that the larger the capacitance, 

the faster the faIl time will be obtained. This is not entirely true due to the low-pass filter 

behaviour of the NLTL model. The low pass filter eliminates the hi& fiequency compo- 

nents that are needed to generate a fast edge rate. This means that the fa11 time of the out- 

put signai is controlled by the total capacitance CF The best way to describe the low-pass 

fîiter corutraint is by an example. Figure 4.10 gives a sawtooth waveform with a @od of 
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I ns(1 GHz). 

T i e  (ns) 

Figure 4.10: Sawtooth Wavefom 

The sawtooth waveform is an ideal output of the NLTL. The derivative of this the 

sawtooth waveform gives an ideal narrow pulse. This pulse is shown in figure 4.1 1 

-60 t I I r I 1 r I 

O 0.5 1 1.5 2 2.5 3 
Tme (ns) 

Figure 4.1 1 : Derivative of the sawtooth wavefom 

Let Say that the sawtooth wavefom is an input signal to a low pass filter which has 
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a cut-off fiequency of 5 GHz. This means that the low pass filter eliminates al1 but the first 

5 hamonics of the input signal. The output of this low pass filter and its derivative are 

shown in figure 4.12 and 4.13, respectively. 

60, 
1 

i I 1 I 1 1 
O 0.5 1 1.5 2 2.5 3 

Tirne (ns) 

Figure 4.12: waveform at the output of the low p a s  filter 

0 0.5 t 1 .S 2 2.5 3 

Time (ns) 

Figure 4.13: Derivative of the wavefom ai the output of the low pass filter 



Chaptet 4 Narrow Pulse Generation 

Figure 4.12 shows the effect of eliminating the high fiequencies components. The 

fast edge rate of the sawtooth wavefom becomes more rounded resulting in less desirable 

pulses. 

ûther factors in limiting the fast edge rate include dispersion and mismatch 

between the line and the load. Dispersion smooths out the edges of the wave as it travels 

dong the line. Mismatch between the line and the load creates unwanted reflection which 

can lead to defonnation of the output signal. 

4.1.2 DESIGN PARAMETERS 

4.1.2.1 Co-Planar Waveguide Transmission Line Design 

A CO-planar waveguide transmission line model [22] was chosen as the intercon- 

nect line with the varactor diodes. The line model is show in figure 4.14. In this model, s 

is the centre conductor's width. w represents the gap separating the ground plane and the 

centre conductor. I is the length of the transmission line. 

1 

Figure 4.14: Top View of the Co-Planar Waveguide Transmission line structure 
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The characteristic impedance of the CO-planar waveguide transllzission line is 

given as follows[l6]: 

30n k (k) 
Zo = E=_ K(k) 

Equation 4.9: Characteristic hpedance of Co-Planar Waveguide Lhe 

E, =(%+eair)/2 is the average dielectric constant. E, and Eair represent the dielectnc 

constants of the material and air(e=l), respectively. For this project, GaAs which has a 

dielectnc constant of 13.1, was chosen to be the line material. The variable k in equation 

4.9 is the CPW design parameter. k is related to s and w by: k=(s)/(s+2w). The characteris- 

tic impedance is plotted against k in figure 4.15. 

20 , 1 1 t l 1 I 1 1 

O 100 200 300 400 500 600 700 800 
Design Parameter k (xltY3) 

Figure 4.15: Zo of CPW vs. k 



In the final non-linear transmission line design for this project, s, w, and 1 were 

chosen to be IS p, 3 1 pm and 100 pn, respectively. From the above relation, k=û. 195 

gives a characteristic irnpedance of the line to be 68 Ohms. The phase velocity can be cal- 

culated fiom the known average dielectric constant and the speed of wave travelling in 

fiee space. The phase velocity of the GaAs ûansmission line was calculated to be 1.13e8 

d s .  Combining equation 4.1 and 4.3, the per unit inductance and capacitance of the t-line 

can be calculated as follow: 

Equation 4.10: Per Unit Capcitance and Inductance of the Line 

The values of C; and L; for the final design were 130.16 pF/m and 601.84 nWm, 

respectively. Since GaAs technology was chosen for the t h e ,  the characteristics of the 

diode given in this technology was used for this project. The diode has a zero bias voltage, 

F$, of O.8V. The zero-bias junction capacitance of the diode, +, is specified as 

5 . 8 7 8 ~  1 0 - l ' ~  and n= 1.248 represents the grading coefficient of the diode. In this project, 

30 such diodes were constmcted in parallel to increase the total capacitance and thus 

increase the amount of compression of the non-linear transmission line. 

4.1.3 Evaluation and Construction of the Design NLTL 

in this section, the performance of the NLTL is evaiuated through the simulation 

and theoretical cdculation. The fabrication process will also be presented. 
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4.1.3.1 Simulation and Calculation 

Cadence version 9504(soAware simulation tool) was used to perfom the sche- 

matic simulation of the non-linear transmission line. As mention in section 4.1.1 -4, the 

most dominant factor in limiting the fast edge rate is the cut-off fiequency. The diode cut- 

off fiequency is given by[4] 

Equation 4.1 1 : diode cut-O ff Iiequency 

Using the panuneters specified for the diode, the cut-off frequency is estimated at 

300GHz. For a diode with high junction capacitance, the cut-off frequency is lower thus 

limiting the operating frequency of the non-linear transmission line. The cut-off fiequency 

of the line section between two diodes is given as[4] 

Equation 4.12: cut-off fiequency of the line section between two diodes 

where LI and Cr are the line inductance and capacitance respectively. For the prototype 

design, the line cut-off fiequency is approximated at 298GHz. As the section of the line 

gets larger the cut-off fiequency decreases. As an example, let d = 5.651nm (Hûps)  

instead of l O O p m  used in the prototype NLTL design. Using equation 4.12, the cut-fie- 

quency is calculated to be 6.366GHz. This cut-off frequency will defuiitely have an affect 

when an edge rate of Sûps is desired. Simulation of the line at this cut-off î?equency was 

also pedormed. The simulated circuit is shown in figure 4.16. 
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t-line t-Iine 

d = 5.65mm 
9 

d = 5.65- 

Diode 

Figure 4.16: circuit used to simulate the cut-off fiequency of the line 

The circuit consists of a sinusoidal source and a 50 Ohms tenninating load. A 

diode is located between the two linear transmission lines. The tiequency, offset and 

amplitude of the input voltage Vin are 1 GHz, - 1 V, and 1 V respectively. The fkquency 

response of a single non-linear transmission line section is shown in figure 4.17 

1-07 ledl8 1 e 4 9  te+lo 
Frequency (Hz) 

Figure 4.17: Frequency respoase ofa single line section 

The cut-off fiequency is simulated to be 6.166GHz. This value is in close agree- 

ment with the cdculated one. 
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Due to non-convergence error when using hospice in Cadence 9504, simulations 

for the prototype design (Le.: for transmission line section of 1 OOpm long) were not able 

to peiforrn. Thus equations will be used to predict the output signal of the prototype 

design. Simulations for longer transmission line sections were able to be obtained without 

encountering the non-convergence error. Therefore, to increase the validation of the calcu- 

lated values, simulation results for d = 5.65mm (~=50ps) will be compared with the calcu- 

lated values at the same length. Figure 4.18 shows the cornparison beîween the shulated 

and the calculated arnount of compression for 10 nltl sections with transmission line 

length of 5.65mm. 

O 1 2 3 4 5 6 7 8 9 10 
Number of NLTL Sections 

Figure 4.18: cornparison between the simulated and calculated compression tirne 

The average compression for the simulated results is 3.9ps while the calculated 

average gives 4.4ps. This is predictable since the calculated results do not take into 

account dispersion and mismatch. Figure 4.18 shows that as the signal travels fiirther 

dong the NLTL, dispersion and mismatch have a greater affect on the amount of compres- 
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sion. Thus the difference in the amount of compression between the calculated and simu- 

lated results increases with increasing t-line length. For the prototype design where the 

length of the line are much shorter, dispersion will have much less effect to the output sig- 

nal. Using equation 4.8, the amount of compression for the prototype design (d = 1 0 0 ~  

with 142 sections) with a lGHz input sinusoidal signal, is predicted to be 233ps. 

To firrther understand the behaviour of the NLTL, simulations for 40 NLTL sec- 

tions were performed for input signals with frequency ranging fiom 720MHz to 1 &Hz 

with c i  = 5.65mrn for each section. The falltime and compression is plotted against the 

period of the input signal in figure 4.19. As expected, the fdltime increases with increas- 

ing period. The compression remains fairly constant at around 1 16ps. 

O---- ------- Q--- ,*c~---------Q-----------------bbbbbbbbb--------- O 
r 1 l I 1 I I I 

0.7 0.8 0.9 1 1.1 1.2 1.3 t .4 
Period (ns) 

Figure 4.19: Simulation mults of the fàlltime and compression of 40 nltl sections with d=5.65mm for input 

signals ranghg between 720MHz to f .4GHz. 
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4.1.3.2 Construction 

Once the dimensions are known, the layout tuol available in cadence 9504 was 

used to wnstruct the circuit. The prototype NLTL design is a combination of 142 nltl sec- 

tions. A photograph of the design is shown in figure 4.20a. Close-ups of the circuit are 

also shown in figure 4.20 b and c. A full layout view of the circuit can be seen in the 

Appendix. The layout of the design was sent to Canadian Microelectronic Corporation 

(CMC) for fabrication. An area of 2000p.rn by 2000p.m was granted by CMC for this non- 

linear transmission line design. To accommodate the available space given while requiring 

a desired output, an s-like shape was used to layout the design. CMC uses the information 

specified in the layout to fabricate an IC version of the design. Bond wires are used to con- 

nect the IC chip to large pins for easier connection when testing is desired. However, bond 

wires introduce mismatch which lead to attenuation of the signal. 

Figure 4.20a: Phtopph of the nltl chip 
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Fi- 4.20b: Close-up view of the nltl chip 

Figure 4.20c. Close up view at the input terminal of the nit1 circuit. 
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4.1.4 Experimen ta1 

4.1.4.1 DC Measurement Experimental Set-Up and Result 

The set-up for dc measuement is shown in figure 4.2 1. An HP 414SA Semicon- 

ductor Parameter Analyser was used to perfom the measurernents. From the equivalent 

circuit in figure 4.6, the NLTL's Current-Voltage characteristic is similar to that of a diode 

for a dc input voltage signal. 

1 I 

HP Parameter Analyser 

NLTL 
Test Fixture 

rneasurement set-up 

Figure 4.22: Current-Voltage characteristic of the NLTL for a dc input voltages 
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Figure 4.22 shows the I-V characteristic of the NLTL for a dc input voltage as 

dicted. 

4.lA.t HF Measurement Experimental Set-Up 

The set-up used to test the fabricated IC NLTL is shom in figure 4.23. 

Oscillator l---l 

1 Attenuator - 

Digital Scope 0 

- 
NLTL 

L 

Bias-Tee t 
1 

C 

Figure 4.23: HF measurement set-up 

The HP 8620C sweep oscillator was used to generate the input sinusoidal signal. 

In order to use the same signal fiom the HP sweep oscillator for triggering, a splitter was 

used. The purpose of the attenuator was to decrease the trigger signal's amplitude to pre- 

vent any damage done to the Tektronix digital scope. To control the amplitude range of the 

input signal, a bias tee was used. A Tektronix sampling scope was used to meamre the 

output waveform of the NLTL. 

Due to the low fiequency limited packaged style used for the NLTL, the input sig- 

nal is attenuated greatly just before it enters the first section of the NLTL. This is demon- 

strated in figure 4.24 and 4.25. 
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Figure 4.24: 1 GHz sinusoidal input signal generate by HP Sweep Oscillator 

Figure 4.24 shows a lGHz input signal generated fiom the HP Sweep Oscillator. 

Using a contact probe, the input signal is intemally measured at the input bond pad just 

before it entering the first section of the NLTL. Figure 4.25 shows the measurement at the 

input bond pad of the IC NLTL for a lGHz sinusoidal signal. Clearly, an attenuation of the 

input signal can be seen. This attenuation limits the amplitude of the output signal. 

Figure 4.25: LGHz sinuroida1 input signal measm at the fust input bond pad of N L n  and the output wave- 
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4.1.43 HF Measurement Resdts 

Measurements of the output waveforms were performed at varieties of fiequa- 

cies. These data can be seen in Appendix. One of the best measurements is shown below. 

The output signal was measured for lGHz sinusoidal input signal. 

Figure 426: Output wavefom of the NLTL for a K H z  sinusoidal input. 0-lûû?! fdltime is -286ps. 10- 

90% falltime is 1 85ps, and 20-80% falltime is 13ûps. 

The resulted wavefonn has a O-100% falltirne of 286 ps. A compression time of 

2 14 ps was obtained. This result is a bit less than the estimated compression calculation of 

233 ps. This is to be expected since non-idealities in the transmission line such as disper- 

sion and reflection losses are unavoidable. The 10-90% and 20430% falltime of the 

resulted waveform is 185 ps and 130 ps, respectively. 
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To obtain tepetitive n m w  pulses, the wavefom in figure 4.26 is differentiated. 

This is illusûated in figure 4.27. The FWHM of the pulse is 280 ps. 

Figure 4.27: Derivative of the Compressed Wavefom. The FWHM is 280 ps. 

4.2 AND GATE 

AND gate is often used in combination with other gates to produce large circuits 

such as switching networks, high speed comparator, gating circuits, etc. However, AND 

gate by itself can also be used to generate narrow pulses. The specification and application 

of this technique is curredy being investigated by the SPM laboratory at the University of 

Manitoba. In this section, a bief overview of the technique dong with the results are 

present. 
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The two inputs AND gate chip (NL45 19-2) was purchased from NEL. The b c -  

tion diagram dong with the truth table of the chip are shown in figure 4.28 and table 1,  

respec tivel y. 

L 
AND OUT 

BufXer Buffer 
IN2 

Figure 4.28: Fwction diagram for the two input AND gate Cbip [29] 

Tabk 1: Truth table for the AND gate 

The high (H) and low (L) logic in table 1 correspond to OV and -0.9V respectiveiy 

(The chip's Vref is -0.W while Vss is equal to -3.W). From table 1, the delay between the 

two input signals is adjusted in order to obtain a desirable pulse at the output. The specifi- 

cation given by NEL has an output Full W~dth Half Max (FWHM) of about 1 Seps 
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4.2.2 Results 

The HP data generator was used to generate the two input signals. The frequency 

of the input signal is 250 MHz. Figure 4.29 shows the input signals with 800 ps delay 

between them. 

-1 I I 1 I 1 I 1 
26 26 27 28 28 30 3 1  

Time (s) (x 1 ua) 

Figure 4.29: Input Signals to an AND Gate 

- OUT: (1) 

-0.2 0 1  - /Jc - - - - -- 
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-0.8 - i 

-1 - 

-1.2 I I 1 i 1 
30 30.6 3 1  31 -5 32 32.5 

Time (8) (x1e8) 

Figure 4.30: Output Signal of the 2 Input AND Gate 

Figure 4.30 shows the output signal of the AND gate. The amplitude of the signal 

is approximately 1 V. the signal's FWHM is - 150 ps. 



4.3 IMPULSE GENERATOR (COMB GENERATOR) 

4.3.1 Introduction 

Impulse generator is used to generate namiw width pulses from sinusoidal input. 

The main component of this device is the Step Recovery Diode (SRD). Introduced in the 

late SOS, the SRD is a charge storage diode with a PIN construction [SOI. The ideal model 

of the SRD is shown in figure 4.3 1. The SRD behaves as a two-states capacitors. The 

capacitance is large under forward bias and small in the reverse bias condition. 

Figure 4.3 1: Schematic view of an ideai model of the Step Recovery Diode 

During the forward conduction state fiom the positive half cycle of the sinewave 

(for example), the diode stores charge which must be removed by negative current before 

the diode can follow the input voltage. When the removal of the stored charge is corn- 

pleted, the generator voltage is quite low. Thus as the diode open, its terminal voltage 
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changes almost instantaneously to the negative voltage, generating a very fast step in the 

picosecond range. An illustration of this process is shown in figure 4.32. The fast transi- 

tion time of the output wavefom depends on the RC time constant [26]. R is the paraiiel 

combination of the generator and load resistance and C is the reverse bias capacitance of 

the diode. 

/ \ Fast transition mint 

Figure 4.32: Illustration of the fast step generation process of the SRD 

4.3.2 Impulse Generation 

To generate a series of impulses, an inductive rnatching network is used so that the 

50 Ohm source drive can be matched to the lower diode impedance. A typical impulse 

generator circuit is shown in figure 4.33. The circuit consists of an input impedance 

matching network, a Step Recovery Diode and a DC r e m .  The main f'unction of the DC 

return is to provide the self-biasing m e n t  return for proper operation. The DC retum can 

be irnplemented internally or extemally. A typical output of the impulse generator can be 

seen in figure 4.34. 
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Input 

MAKHED 

FILTER 

NETWORK 

Figure 4.33: A typical impulse generator circuit [SOI 

Figure 4.34: Typical output of an impulse generator [SOI 

Presently, impulse generators are cornrnercidly available for wide range of input 

fiequencies driven at a power level of 1/2 watt referenced to 50 Ohms. Impulse generator 

can be built for input frequencies as high as 8 GHz with output capabilities up to 50 GHz 

[W. 
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4.3.3 Experimental Set-Up and Results 

An impulse generator with an input frequency of 250 MHz was purchased tiom 

HEROTEK, MC. The circuit is driven at 1 /2 watt referenced to 50 Ohms. The expected 

Half Max Full Width (HMFW) output of -120ps is used as a sampling pulse for EFM test- 

hg  in this research. The set-up used to test the impulse generator is shown in figure 4.35. 

HP Data 

Generator 

Digital 
Scope - 

Amplifier Comb/?mpulse HP Filter Attenuator 1 
Generator n I 

Figure 4.35: Experimentai set-up for testing the impulse generator. 

An HP data generator is used to generate a repetitive 250 MHz pattern. To ensure a 

sinusoidal signal with adequate amplitude at the input of the impulse generator, a dc to 

500 MHz amplifier is used. The high pass filter is put in place to elidnate the fundamen- 

ta1 harmonic of the output fiom the impulse generator. The high pass filter consists of a 

sudace mount capacitor connected in series with a 50 Ohms microstrip line. The charac- 

teristic of the filter is show in figure 4.36. The filter has a -3dB cut off fiequency of -300 
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MHz. An attenuator is used to prevent any damage done to the digital scope since large 

amplitude at the output is expected. 

Figure 4.36: Characteristic of the high pass filter. the -3dB cut-off fiequency is 300MHz. 

An example of the comb generator output using the above set-up is shown in figure 

5.36. Maximum output was obtained by using a 300 MHz high pass fiiter, an attenuator of 

23 dB, and a 250 MHz pattern with 1.4V in amplitude fiom the HP data generator. A 1.4 V 

at the input of the amplifier produced a comb generator's output of approximately 1 IV. 

The output still possesses undersire non-idealities which can be M e r  minimized by 

using a dc-5GHz switch. However, the trade off for minirnization of these non-idealities is 

large reduction in amplitude of the output. This process is demonstrated in section 5.3. 

The FWHM of the output pulse is approximately 12Ops. 
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Figure 4.37: Experimenral output of the impulse generator. nK FWHM is 120 p. 
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CHAPTER 5 

PATTERN EXTRACTION TECHNIQUE 

This chapter will introduce the theory behind the pattem extraction technique. 

Next, the sensitivity of the technique and the sampling signal are characterized. Finally, 

the experimental set-up and results are presented. 

5.1 Overview of the Technique 

in the pattem extraction technique, a modulated narrow pulse excitation is used as 

a sampling signal to the probe. A sampling technique [7] which is based on the heterodyne 

scheme is used. A block diagram of the technique is shown in figure 5.1. The signal 

v,(x.y,~ represents a kwwn arbitrary test pattern which is generated and feeds to the cir- 

cuit under test. An example of the vc(x,y,l) signal is shown in figure 5.2a. A beam bounce 

detection system dong with a micromachined Si3N4 tip is used to enhance the measure- 

ment of the results. A sampling signal with a mntrollable delay, v,(Q = Gs(tœz), which is 
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shown in figure 5.2b is generated in synchronization with v,(t). The signal v,(t) is then fed 

to a high fkequency analog switch which behaves as a modulator. 

Bi-ce11 
photodetector rrn To lock-in amplifier 

Laser 
Source \ I 

HF Switch 

vs(t) with 

f High Frequency 1 test data 
Pulse Generator 1 

Figure 5.1: Block diagram of the pattem extraction technique using the h e t d y n e  electrostatic force micro- 

scop y. 
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Figure 5.2: (a) an arbiirary wavcfonn v,(x,y,t) (b) sampling signal v,(t) 

v,(V 
I 1 

As discussed in chapter 3, best results will be obtained when the experiment is 

(4 

being performed at the resonant fiequency of the probe. Thus using the high fiequency 

analog switch, the sampling signal is modulated at the resonant fiequencyf, to enable 

T 4  T 

A -1 + 6 - 120 ps for this research 
I I 

measurements to be perfomed atj; This is known as the heterodyne technique [41]. The 

I 

output of the switch can be treated as a multiplication of its two inputs. Figure 5.3 illus- 

I 

trates the output of the sampling signal modulated at the resonant frequencyf, Thus for6 

= l KHz and T,, the period of the sampling signal is equal to (6 *N) = (100ps * 8bits) = 

1 1 ,  t 
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0.8ns, then there will be OST, 1 T, = 6 2 5 0  sampling pulses for evexy 0.5ms. 

v d t )  

Figure 5.3: (a) illustration of the sampling signal modulated by a periodic square signal with fiequency t; (b) 

zoom-in view of the sampling pulse train 

The modulated sampling signai is then sent to the probe and can be Wntten as: 

OD 

v, ( t )  = [Krect (art) ] vS ( t )  = 
1  COS(^^,.^) .Gs(t -7)  

n= 1,odd 1 
Equation 5.1 : probe signal in the pattern extraction technique 

Substituthg equation 5.1 into the expanded version of equation 3.26, the force and 
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the resulting deflection at the resonant 6equency or=2xf, will be 

Equation 5.2: resuIting force at resoaaat fiequency 

Equation 5.3: resulting deflection at resonant fiequency 

where (o(t), b(t)) = ifo(t) b(t)dt ,and (o(t)) = Ifo(t)dt represents the inna pmduct T O T O 

and the average over period T, respectively. For an ideai sampling pulse with infinite rise 

and fa11 tirne dong with narrow width, 6 T, the imer product and the average of the 

sampling pulse over period T are as follow: 

( ~ ~ ( t - ~ ) , v , ( x , y , t ) ) = 6 / ~ @ v , ( x , y , t  =T) and ( G s ( t - 7 ) )  = 6 / T  

Equation 5.4: inner product and average over period T for an ideal sampling pulse with 6 « T 

G/T is the duty cycle of the sampling pulse. Substituting equation 5.4 into equation 5.3, the 

resulting detlection for an ideal sampling pulse can be expressed as follow: 

K h ( w =  or) = ~ @ ~ @ ~ C ( , , Z )  [A@-vC(x,y,t =T)] 0-cos(w,t) 
k T az IZ: 

Equation 5.5: resuihg deflection for ideal sarnpling pulse with 6 << T 

In pattern extraction meamernent where the waveshape rather than the absolute voltage 

level is considered, the tenn A@ wiil only add to the dc offset of the results. Thus A@ can 
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be neglected. As a result, equation 5.5 shows that the voltage of a point on the circuit 

under test is proportional to the resultiag deflection of the probe at that particular point. 

Thus, the waveform v,(x,y,,t) cm be extracted by sweeping across the entire periodic signal 

O < z < T. The measured signal is essentially the time domain convolution between the 

sampling signal and the signal of the test circuit. This technique enable measurements 

such as rise and falltime of the signal. Propagation delay between signals can also be 

evaluated ushg ~s technique. 

To perform the absolute voltage measurement, a heterodyne/nulling force tech- 

nique [8] is used where the modulated probe signal is as follow: 

v = [ A  + Kcos ( a r t )  ] vs ( t )  
P 

Equation 5.6: modulated probe signal wed in heterodynelnulling force technique 

where A and K are controllable parameters. Following the same mathematical step as in 

the pattern extraction technique, the resulting deflection for an ideal sampling pulse cm be 

written as follow: 

Equation 5.7: resulting deflection for heterodyne/nulling force technique for absolute voltage measurement 

Voltage at a desired point on the test circuit can be obtained by adjusting the 

parameter A so that the deflection is nulled. However, this technique requires expensive 

electronics for caiibration purposes. in this research, only the experiment for pattern 

extraction technique will be performed. 
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5.2 Sensitivity of the Pattern Extraction Technique 

The voltage sensitivity of the technique is calculated by using the RMS force at the 

resonant fiequency of the cantilever probe. Using equation 5.2 and for an ideal sampling 

pulse, the RMS force at the probe resonant fiequency can be expressed as follow: 

Equation 5.8: RMS force at the probe resonant tiequency 

The sampling pulse used in this research has a width of -1 2 0 ~ s ~  a penod of 4ns 

and an amplitude of 1V. Thus the duty cycle, UT, is approximately 1.2 / 40. K represents 

the amplitude of the pulse at the probe tip. Since the sampling pulse sees the probe as an 

open circuit [38], the amplitude at the probe tip is approximately 2 V. Using Equation 3.23 

the voltage sensitivity of the pattern extraction technique is given by 

Equation 5.9: Voltage sensitivity of the pattern extraction technique 

Measurernents for the pattem extraction technique in this research are done with 

the tip-circuit separation of Ipm. At this distance the derivative of the capacitance with 

respect to z, aC/&, is estimated as 55 pF/m [6] .  Thus, for a typical micromachineci probe 

(Q = 32, k = 0.347N/m,f, = 12.275RHI), the voltage sensitivity is approximately 16.2 mV/ 

&. 
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5.3 Experlmental Set-Up 

Schernatic diagram o f  the experimental set-up for the pattern extraction technique 

is shown in figure 5.4. The narrow width sampling pulse is generated by using the comb/ 

impulse generator method. 

Genera- 
tor 

Scope Deflection 
sensor system 

HP 

80000 I) 

Data n 
DUT 

I 

Switch s Bias-Tee 

DG20 GH 
Coupler 

ND converter lock-in amplifier 

Figure 5.4: Expcrimental-set up of the pattern exîraction technique. 
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In figure 5.4, a compter program is used to cornmand the HP80000 data generator 

to genenite the required high frequency signals. The data generator is capable of generat- 

ing signai up to 1 Gb/s with a transition time of approximately 1 75ps. The HP80000 can 

generate signal with a delay ranging from -211s to +2ns and a delay resolution of 2ps. 

Channel 1 and 2 of the HP80000 output signals to be used as an external trigger to the 

scope and repetitive test pattern to the circuit under test, respectively. The third channel is 

used to generate a repetitive sampling signal of 25OMHz. The DC-2GHz switch functions 

as a modulator which modulates the sampling signal with a square wave signal. A fcunc- 

tion generator is used to output a square wave signai at the probe resonant fiequency. The 

DC-SOOMHz amplifier, comb/impulse generator and hp filter are employed to produced an 

ultra fast pulse with large amplitude. The step attenuator is put in place to prevent any 

damage to the DC-SGHz switch which couid be caused by amplitude of larger than 5V at 

the input. The HP80000 data generator's fouith channel outputs a signal which is used to 

control the DC-SGHz switch. By adjusting the delay of the switch's control signal, 

~,,,~(t), the non-idealities of the sampling pulse can be further minimized. However, the 

minimization of the non-idealities reduced the amplitude of the output generated by the 

comb generator system. The DC-5GHz switch is also acted as a 50Q load to absorb the 

reflected sampling signal. This prevents multiple reflection in the sampling signal which 

could produced undesirable output. The bias tee is used to eliminate the dc offset and pre- 

vent any damage to the instruments used in this set-up. A 20: 1 coaxial coupler allows the 

user to view the probe signal on the scope. This is very convenient when trying to achieve 

an ideal probe signal by adjusting various control parameters in the set-up. Aaalog meas- 

urements obtained by the Iock-in amplifier is converted to digital by using an AR) con- 
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verter. Finally the computer prognim stores the data into a specified file. 

Figure 5.5 shows the sampling signal at the probe tip. The graph is obtained fiom 

the scope with 3dB at its input. Thus the actuai amplitude of the pulse is 1.4 times that 

shown in figure 5.5. This is much lower than the output obtained without the DC-SGHz 

shown in section 4.3.3. However the pulse is much cleaner thus enabling better data to be 

obtained. The pulse has a FWHM of 120ps. The repetition fiequency is 250MHz. 

Figure 5.5: Sampling pulse a< the probe tip as capnired on the oscilloscope with the help of a IO: 1 coaxial 

coupler. The pulse has a repetition rate of ZSOMHz and FWHM of 130ps. 

5.3.1 Characterization of the Sampling Pulse 

In this section, the non-ideality of the sampling pulse caused by the ripples exist 

around the base of the pulse is M e r  investigated. As mentioned earlier, the EFM meas- 

ured data is essentially the convolution between the sampling pulse and the applied signal. 

Thus a convolution program is written to generate simulated EFM data using the specified 

applied signal and the pulse at the probe. Figure 5.6 shows the sampling pulse and a 

square wave applied signal with a fiequency of S O O M H z  Also shown are the results fiom 

the convolution. The wave shape of the wnvoluted output is greatly distorted. 
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Figure 5.6: 5OOMHz applied sigrilil, samphg pulse with large ripples and the convolution output. 

To demonsûated the non-ideality effect, the ripples of the sarnpling pulse are 

decreased. A graph of the new sampling pulse dong with the applied signal and the con- 

volution output are shown in figure 5.7. The distortion of the output wave shape is largely 

reduced. This allows a more accurate measurement of the rise and fa11 time. Lntimately, 

better data will be obtained which enable a more accurate characterization of the circuit 

under test. In figure 5.7 the error bars at 1 Sns, 2ns, and 3ns represent plus and minus 3% 

mors (page 25 of the Tektronix Sampling Head SD-22 & Sd-26 User Manual) in the 

applied signal due to the aberrations of the digital scope's sampling head. 

Figure 5.7: 5OOMHz applied signal, sampling pulse with small ripples and tbe convolution output. Also 

showa is the plus and minus 3% emor bars tepmenthg the m r s  of the applied signal. 
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5.4 Experimental Results 

In this section, measwement on the transmission line is presented and used to 

characterize the technique. Measurrments on the BiCMOS as well as the CMOS inte- 

grated cucuit are also shown. 

5.4.1 Technique's C haracterization using Microstrip Line 

To evaluate the pattern extraction plus the rise and fa11 time measurement capabil- 

ity of the technique, A 50Q microstrip interconnect is used. A schematic of the 5051 line is 

shown in figure 5.8. 

SMA Coqector 

/ 50 Li Copper Line // 

Dielectric Material 

SMA Connecter * Ground Plane 

Figure 5.8: Schematic diagram of the SOQ microsirip line. 

5.4.1.1 Rise and Fall Tirne Measurement and Pattern Extraction 

A 4-bit digital pattern [1010] at 0.5 Gbls is applied to the lhe with the high and 

low logic set at +2V and -2V, respectively. A sampling pulse is modulated at the probe res- 

onant fkquency and is fed to the probe. To ensure that the entire pattern is to be meamred, 

the cornputer program commanded the samphg pulse to shift fiom O to 811s. The meas- 
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iued data is obtained with the sampling shifi incrernent of IOps. The applied signal dong 

with the data fiom the EFM is plotted in figure 5.9. For cornparison purpose, the sipals 

are normalized to O and 1. The EFM data is plotted with a 1Opts smoothing routine to 

reduce experimental noise. The results are in close agreement with each other. 

Figure 5.9: A 500 MHz digital test pattern (10 10) with the EFM measured data (with 10 pts smoothing). 

The measured data is M e r  analysed by comparing it to the convoluted signal. 

This is shown in figure 5.10. 

Figure 5.10: EFM measuted &ta (with 10 pts smootbing) and convoluted signal between the samplhg pulse 

and the signai appiied to the DUT. 

The convoluted signal is a result nom convolving the sampling signal in figure 5.5 



Cbapter 5 Pattern Extraction Technique 

with the applied SOOMHz digital test pattem. Again the two graph are in close agreement 

with a few dismepancies at the signal's high and low logic due to experimental noise. A 

close up of the rising edge with al1 three signais are shown in figure 5.1 1. The rise 

time(20%-80%) of the applied signal is estimateci at 140ps while that of the EFM data is 

approximated at 170ps. 

Figure 5.1 I : A closed up view of the applied test pattern, measured data fiom the EFM and the signal result- 

ing tiom convolving the sampling pulse with the applied signal. 

Next a deconvolution program is used to extract the applied signal fiom the meas- 

ured data. This is done by deconvolving the sampling signal with the measured EFM data. 

First, the fourier transforrn of the sampling signal and EFM data is calculated and multi- 

plied together. The convoluted signal is extracted by taking the inverse transfomi of the 

resulting product. A low pass filter routine is irnplemented into the deconvolution program 

to elirninate the experimental noise in the measured data thus enabling a clean decon- 

volved signal to be extracted. The deconvolved signal is compared to the applied signal 

and is shown in figure 5.12. The two signals are in good agreement with each other with 
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the exception at the high and low logic. The ripples effect existiag in the deconvolved sig- 

nal is due to the filter. The filter eliminated the higher harmonic of the pulse thus dexxeas- 

ing the accuracy of the reconstruction of the pulse. However, elimination of the filter 

resulted in a very noisy deconvolved signal. 

r. -.,--- 7- -- 7-r ---,- , I 

1 2 3 4 6 6 7 8 9 10 
Time(ns) 

Figure 5.12: Applied signal and the deconvolved signal. 

Next, measurement at a higher bit rate is presented. An 8 bit [ 10 10 10 1 O] digital 

pattern at IGb/s is applied to the line. the measurement specifications are same as the 

above. Resul~ are shown in figure 5.1 3. 

Figure S. 13: Applied signal, EFM da& and convoluted signal of a lOlOLOlO digitai pattern at 1Gbls. 
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Finally a 8 bit [00010001] digital pattern at 1Gbls is fed to the microstrip line. Fig- 

ure 5.14 shows the applied pattern, EFM data and the convolved signal. The graph demon- 

strates that the pattern extraction technique can be used to measure any arbitrary signal. 

Figure 5.14: Appiied signal, EFM data and convoluted signal of a 000lûûûl digital pattern at 1GbIs 

5.4.1.2 Propagation Delay Measurement Capabüity 

The delay measurement capability of the technique is evaluated by sampling the 

sarne digital pattern with diff'ent delays. A program is written to command the HP80000 

data generator to output digital patterns of delay 0,20,50 and 100ps. Again measurements 

were done on a SOR microstrip 1ine.The EFM data were taken with a shift increment in the 

sampling signal of 1 Ops. Other experimental parameters remain the same as those given in 

the previous section. To reduced the experimental time only one of the falling edges was 

measured and exstmiaed. The results are shown in figure 5.15. Figure 5.1 Sa, c show the 

applied and EFM measured data of the falling edges. For a better reading, close-up view 

of a and c are shown in figure 5.15 b, d, respectively. 
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Figure 5.15: (a), (c) Applied and EFM &ta of the rising edges with 0,20,5O and 100 ps delay, respectively. 

(b), (d) close up view of (a) and (c). 

Measurements show that this technique is capable of measwing the propagation 

delay within 20ps accuracy. Measurements of lower delay incrernents were also per- 

formed. However, por results were obtained. The delay meamernent accuracy is limited 

by jitter in the instrument and noise fiom coupling to probe from extemal sources. Other 

noise sources are probe ddection due to thermal noise and noise h m  deflection sensor. 
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5.4.13 Repeatibiüty of the Technique 

Ln this section, evaluation of the accuracy of the pattern extraction technique in 

temis of Repeatibility will be presented. This is done by repeatedly sampling the same sig- 

nal with ai i  variables in the experiment held constant. Results will be used to characterize 

electrical as well as the mechanical noise. As in the previous two sections, measurexnents 

were performed on a 50Q microstrip line. Again only one of the falling edge is sampled to 

reduce the experimental tirne. Figure 5.16 shows the EFM measured data of the same dig- 

ital pattern being sampled 10 times. 

SOO 600 
Time(n8) (x f O-=) 

Figure 5.16: EFM data of the falling edge king  sampled 10 times. 

Measurements show that the pattern extraction technique has an excellent Repeati- 

bility. The offset range between the signals is about 1 lps. The offset between signals is 

due to the jittering effect of the HP data generator which has an upper limit of 1Ops. The 

signal to noise ratio(SNR) is largely due to a large signal being applied to the circuit thus 

providing good characterization of the circuit under test. The amplitude of the measured 

data can dso be increased by increasing the amplitude of the sarnpliag signal. However 
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this will ais0 increase the non-idealities thus reducing the accuracy presented by measured 

data. 

5.4.2 Measurements of the BiCMOS Integrated Circuit 

In this section, measurements on a chah of inverters are presented. The design was 

fabnacted on Nortel's 0.8 pn BiCMOS technology [3 11. A photograph and a schematic 

diagram of the integrated circuit are shown in figure 5.17 and 5.18, respectively. 

Figure 5.17: Pbotograpb of the BiCMOS invener 

Bond Pad (BP) 

Input 1 =l- - 

Figwe 5.18: Schexnatic view of the BiCMOS inverter 
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The p-channel FET of this inverter has a gate width of 1 1.8 pm and the n-channel's 

gate width is 8.8 m. For contact probing purpose, the 20 pn x 20 jm probe pads were 

added to the circuit. Measurements at the intemal pads were obtained by applying a 8 bits, 

0.5 Gbls digital pattem (10 10) at input 1 .  A SV dc is frd to the other input2 for power sup- 

ply. The simulation result, EFM measured data and the contact probe at pad 1 are shown in 

figure 5.19 a, b and c respectively. 

(b) 
EFM data 

(cl 
Contact 
Probe 

O 1 2 3 4 5 6 7 S 
Tima (ns) 

Figure 5.19: Memurement of 8 bits, 0.5 Gbls digital pattern (1010) at pad 1. The simulation (a), EFM data 

(b), and contact probe [32] (c) results are shown. 
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Simulation outputs were obtained by shulating the circuit using Cadence Spec- 

treS(software simulation tool). The EFM measured data were taken with a sampling shift 

increment of lûps. The measured data are subjected to a 10 pts smoothing routine. Large 

ringing at the high and low logic of the EFM measured data cm be related to the non-ide- 

aiities of the sampling pulse. The ringing can also be attributed to the bond wire with in 

the integrated circuit. Again the results are nonnalized to O and 1. The 20%-80% rise and 

fa11 t h e  of the simulated output is estimated at 1 84ps and 1 64ps respective1 y. The differ- 

ence is due to the asyxnmetric gate width of the p and n channel of the FET. The 20%-80% 

(illustrate in figure 5.19b) rise time of the measured data is estimated at 204ps while the 

fa11 time is approximated at 188ps. The poor rise and fa11 time of the contact probe's result 

is attributed to the bandwidth limitation (IGHz) of the contact probe method. 

Next, the simulated, EFM and contact probe data at pad 1,3, and 5 are presented to 

characterize the propagation delay introduced by the inverters. These are shown in figure 

5.20 a, b, c. A 4 bits (1010) at 0.5 Gb/s digital pattern is applied to the circuit and data 

were taken with a sampling shifi increment of 1 Ops. Meamrements of the propagation 

delay were extracted at the middle of the rise and fa11 edges. The delay between each pad 

of the inverter circuit is simulated to be 190ps. The delay as measured by using the EFM 

data i s  estimated at 16 1 ps. The contact probe method provide poor data due to the para- 

sitic loading capacitance. 
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(b) 
EFM data 

r 1 1 1 1 I 1 

O 1 2 3 4 5 6 
Time (ns) 

Figure 5.20: Propagation delay measurements f?om the sinulation (a), EFM daia (b) at pad 1,3,5 dong with 

the contact probe (c) (321 at pad 1,3,5,7 results are shown. 
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5.4.3 Measurements of the CMOS Integrated Circuit 

This section presents the memements on the chah of CMOS inverter. The 

design was fabricated on CMOS technology. A photograph and schernatic view of  the CU- 

cuit are shown in figure 5.2 L a, b, respectively. In figure 5.2 1 a, pad 7 of the inverter is not 

shown, however it provides a photographie view of the circuit. 

Figure S.21a: Photographie view of the CMOS inverter chain 

To 5051 Driver 

0 20 x 20 pn open pad - 1.2 prn passivated line 

1 20 x 20 pm passivated pad 

Figure 5.2 t b: Schematic view of the CMOS inverter chah 
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The gate width for both the p and n-channel FET of the inverter is 0.5 pm. A 

1 . 2 ~  t-line is used to connect the output of one inverter to the input of another. The sec- 

ond row of the cicuit contains a chain of inverters with 20 x 20 p unpassivated pads at 

the output of each inverter while the fourth row of the circuit is a chab of inverters with 

20 x 20 pm passivated pads. Row 3 is a chain of inverters with no probing pads. The Vdd 

voltage of the circuit is 3.3 V. By applying a 8 bits, 0.5 Gb/s digital pattern (1010) at the 

input, measurernents at the intemal pads were recorded. The simulation result, EFM data, 

and the contact probe at pad upl are shown in figure 5.22 a, b, c. 

(4 
Simulation 

(b) 

EFM data 

(cl 

Contac Probe \ 
Figure 5.22: Measurements of a 8 bits, 0.5 Gb/s digitai pattem (1010) over unpassivated pads. The simula- 

tion (a), EFM &ta (b) (3 pts smoothhg), and contact probe (c) results at pad up i are shown. 
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Hspice (simulation tool) was used to simulate the inverter chah The EFM data 

were taken with a sampling increment of 5Ops and are subjected to a 3 pts smoothing. 

Large noises at the high and low logic of the measured data are due to the non-idealities of 

the sampling pusle and the bond wire efliect of the integrated circuit. The 10%-90% rise 

and fdl time is simulated at 230 ps and 115 ps respectively. The 10%-90% (illustrate in 

figure 5.22b) rise time of the measured data is estirnated at 27 1 ps while the fa11 tirne is 

approximated at 2 12 ps. The contact probe result has poor and rise tirne compare to that of 

the simulation. 

Next the propagation delay introduced by the inverters is characterized by measur- 

ing the data at pad up 1, up3, up5, up7. Results from the simulation, EFM, and contact 

probe are shown in figure 5.23 a, b , and c. A 4 bit, 0.5 Gbfs digital patter (1010) is applied 

to the inverter chain and data were taken with a sampling shiR increment of 50 ps. The 

EFM data is subjected to a 3 pts smoothing. The propagation delay introduce by each 

inverter is simulated to be 90 ps. The measured propagation delay using the EFM data is 

estimated at 92 ps. The delay estimated by the contact probe results is 85 ps. 

Since the EFM is a non-invasive technique, data over passivated pads are able to 

be measured. To veriQ this, the chain of inverters which contains the passivated pads were 

measured and characterized. Also measured were the chah of inverters which only has a 

1 . 2 ~  intercomect line. The EFM results at pad up5, tp5 and pp5 are shown in figure 5.24 

a, b, and c. The measuted data over the t h e  (tp5) and passivated pad @pS) are closely 

resembled to that at the unpassivated pad (up5). 
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Input 

Figure 5.23: Propagation delay meammuent over unpassivated paâs. Results fiom sinulation (a), EFM (b), 

and contact probe (c) are shown. 
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(b) 
1.2 pn 

passivated 
line 

(c) 

passivated 

pad 

Figure 5.24: Measurement of an 8 bits, 0.5 Gbls digital panaa. Results fiom the unpassivated pad up5 (a), 

i $2 pn passivated h e  (b), and passivated pad pp5 (c) are shown. 

Finally, the propagation delay across each passivated inverter pad is investigated. 

This is done by measuring the data at pad pp 1, pp3, pp5, and pp7. The simulation, and 

EFM results are show in figure 5.25 a, b. 
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(a) 

Simulation 

(b) 
EFM data 

Figure 5.25: Propagation delay m e a s m e n t  over passivated pad. Results 6om simulation (a), and EFM (b) 

are show. 

The propagation delay across each inverter of the EFM data taken at the passivated 

pads is estimated at 93 ps. 
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CHAPTER 6 

CONCLUSION 

A brief discussion on the operating principle of the existing techniques for intemal 

testing of Integrated Circuits were presented. Evaluation of each technique in term of their 

advantages and disadvantages were also discussed. 

An electrostatic force microscope based, instrument for intemal measurements of 

high frequency signals was analysed. A brief history of the SPM along with main idea 

behind the operation of the EFM were discussed. Characterization of the probe's mechan- 

ical properties along with the deflection sensor were presented. The spatial resolution, 

invasiveness, and voltage sensitivity of the presented instrument were detemined to eval- 

uate its performance. Using amplitude modulation and mixing of signals, a heterodyne 

technique was implemented. By incorporating the nulling method into the heterodyne 

technique, absolute voltage measurements were possible. 

Three narrow pulse generation techniques were discussed. The theory behind the 

operating principle of the non-linear transmission line was described. An integrated Cir- 

cuit non-linear transmission line was designed, fabricated (by CMC) and testai. The 

experimental results compared well to those caiculated. The low amplitude at the output is 

due to the low fiequency packaging style used by CMC. The AND gate method was also 
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tested and 150 ps FWHM was obtained. The operation of the impulse generator method 

was briefly described. 120 ps FWHM pulses were obtained h m  this method. A high pass 

filter was used to eliminate the fundamental hannonic non-ideality of the output pulse. 

The output of the impulse generator method was used as a sampling pulse in the pattern 

extraction technique. 

The heterodyne pulse sampling technique for high ffequency digital pattern was 

descn'bed in detail. The specified test pattern was able to be extracted by shifting its entire 

N-bit pattern to enable sampling with the probe's pulse. A square wave amplitude modula- 

tion was used to implement the technique. The voltage sensitivity of this technique was 

calculated to be 16.2 mV with a measurement bandwidth of 1 Hz. The non-idealities of the 

sampling pulse were characterized. The use of sampling pulse with less non-idedities was 

found to provide much better data. Perfomance of the technique was evaluated on a SOQ 

transmission line. Experiments involving digital patterns up to 1 Gbls were perfonned. 

The technique demonstrated excellent rise and fdl time measuement. The technique has a 

propagating delay measurement capability accurate to within 20 ps. Propagating delay of 

the BiCMOS along with the CMOS integrated circuits was conducted. The experimental 

results compared well with those of the simulation. Experirnents over passivated pads 

were also conducted and results shown excellent agreement with those obtained over the 

unpassivated pads. 



This appendix contains a full layout of the IC NLTL and its output wavefoms. The 

output waveforms of the non-linear transmission line are recorded fiom the digital scope. 

The period and fa11 tirne of each waveform are specified. 



Full layout view of the IC NLTL 



Period = 3.986 ns Falltime = 1.72 ns 

Period = 2ns Falltime = 820 ps 



Period = 1.539 ns Falltime = 640 ps 

Period = 1.325 ns Falltime = 360 ps 



Period = 1.233 ns Falltime = 420 ps 

Period = 1 .O3 1 ns Falltime = 335 ps 
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Period = 935 ps Falltime = 300 ps 

Perîod = 909 ps Falltime = 360 ps 
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Perîod = 769 ps Falltime = 260 ps 

Period = 714 ps Falltime = 2 10 ps 



Period = 667 ps Fdltime = 230 ps 

Period = 625 ps Falltime = 225 ps 



Period = 606 ps Falltime = 180 ps 

Period = 588 ps Falltime = 230 ps 
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