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Abstract 

Continuing progress in the microeIectronics world has enabled the developmcnt of 

fister, denser and more compiicated circuits. These technological advancements have ren- 

dered the internai pmbing of these circuits both di!licuit and necessary for performance 

evaluation and failure analysis. Existing probing techniques do not satisfy the combined 

requirements of bigh spatial resolutipn, high temporai resolution, non-invasiveness, high 

sensitivity, absolute voltage measurement and simpiicity. An aiternative internai probing 

technique based on the electrostatic force microscope (EFM) is investigated in this 

research. The localized electrostatic interaction between a srnaiï conducting probe and the 

test point is used for non-contact measurement of signals on rnicroelectronic structures. A 

heterodyne technique is employed to measure periodic high fkequency digital and sinusoi- 

da1 signais using the EFM instnmient, Vector voltage measurements are performed on the 

interna1 nodes of a commercial MMIC amplifier and a MHMïC phase shifter. A nulling 

technique is used for absolute voltage measurements of sinusoidai signals up to 2G&. A 

pulse sampling heterodyne technique is used for the measurement of arbitraxy periodic 

digital pattems Measurements of IM/s digital patterns are demonstrated on the intemal 

nodes of a BiCMOS circuik 
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Chapter I Innoduction 

Chapter 1 

Introduction 

1.1 Motivation 

Rapid advances in the micc0e1ectmnics field have enabled the development of faster, 

denset and more complicaîed integrated circuits (ICs). The abiiiy to test the performance 

of a particular technology underiies the progress in developing that tecbnology. It is there- 

fore important to develop appropriate tools to accurately evaluate the performance of 

these circuits and devices- The increasing chip complexity have made circuit modeiing 

dïflicult and the prediction of a circuit behaviour by cornputer simulations alone are inad- 

equate. Accurate measurements for device evaluation are therefore essential. On-chip 

wavefonn measurements are often required for cornpiete characterization of a device and 

for failure analysis purposes. Measurements within a circuit are carried out using interna1 

probing techniques with the device driven by an extemai source. 

The complexity of very-large-scale-integrated (VLSI) circuits present a number of 

challenges during testing at the cbp level. The ideal probing technique wodd enable 

measurements with high temporal and spatial tesolution, high sensitivity and low inva- 

siveness. The rneasurement method should also be simple to operate and enable accurate 

extraction of voltage levels. Currently available instnnnents do not compktely satisw 

these requirements. It is therefoe important to develop altemaiive probing techniques. 

Present measmement requirements demand pmbing techniques capable of measuring 

GHz signais with sub-micron spatial rrsolution and rnV sensitivity. 



In this research, the application of the electrostatic force microscope for non-contact 

internai probing of bigh speed microelectronic circuits is investigated- The electmstatic 

force microscope (EFM) is a member of the family of scanned probe rnimscopes which 

are capable of mcaniring featufes and praperties of surfaces with exmmely high spatial 

resolution. D i n i n t  techniqyes, based on signai mixing, are deve10pcd to enable meas- 

urements of high fftquency signais using the ekctrostatic force microscope. Measmement 

of high frequency sinusoidal signais as well as perïodic digital waveforms are demon- 

straîed using the instrument. 

The research project presented in this thesis forms part of an ongoing research on the 

use of an EFM-based mstnunent for non-contact probing of integrated circuits. This 

research project was initiated in the department a few years ago and a number of profes- 

sors, post doctoral feliows and graduate students are involved, Two types of EFM instru- 

ments were used in this project, The main contributions h m  the members of the group 

are mentioned here- The first instrument, based on a fiber-interferorneter defiection sensor, 

was constructed by Raa Said. The second stage which employs a beam bounce deflection 

sensor was designed and consnicted by Richard Qi. Some of the sections dealing with the 

EFM characterization in chapter 3 are obtained fiom Raa Said's PhIl thesis [Said 951. The 

investigation of the spatial resolution, for instance, requires accurate modeling of the 

probe-circuit interaction and this work has alteady been completed by a member of the 

group [Said 953. These sections are included for the sake of producing a more complete 

document. The test circuit use for on-chip sampling measurements (chapter 5) was 

designed by Hugh Poliit-Smith. 

The author's main contn'bution in the project was the analysis and implementation of 

the threc modulation techniques in the hetedyne vector voltage measurement discussed 

in chapter 4. The author was also tesponsible for the implemntation of a high fiequency, 

narrow pulse generation system for on-chip puise sampling measurements presented in 

chapter 5. 



Chapter L ïnmduction 

A brief outline of the thesis is prscnted in this section. In chapter 2, some of the com- 

mon techniques osed for testing hi& spccd intcgrated circuits and devices are briefly dis- 

cussed, The opcrating principle as weIl as the capabiIities and limitations of these 

instnrments are mentionai 

The electrostatic force microscope is introduced in chapter 3. The ongin of this 

microscope is presented h t  and then the principie behind the EFM inamment is dis- 

cussed The cantilever probes and  the^ deflection sensors used in the instrument are char- 

acterized The performance of the inshnuneat in te- of spatial resoIution, voltage 

sensitivity and invasiveness are discussd A heterodyne technique for high fkquency 

vector voltage measurement based on amplitude modulation is descr i id  

Chapter 4 descnis the implementation of a heterodyne technique for high fkequency 

vector voltage measurement. The difficulties encountered during high fiequency rneamre- 

ments are introduced The implementation of dinerent modulation schemes are described 

Experimentd results h m  measurements performed on the internai nodes of a MMIC and 

a MHMIC are also presented 

In chapter 5 an on-chip sampling technique for probing periodic arbitrary waveforms 

is introduced The technique is demonstraîed by m e a s d g  high speed digital patterns on 

the interna1 node of a BiCMOS circuit. 

FinaUy a conclusion of the thesis is provided in chapter 9. 
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Chapter 2 

Review of Internal Pmbing Techniques 

A number of diagnostic tools are available for the measurement of electricai signals at 

the internaf nock of circuits. In this chapter some of the common techniques used for test- 

ing high speed integrated circuits and devices are b M y  discussed, 

2.1 Contact Probes 

Contact probing is a simple technique used for m e a d g  internai signais of an inte- 

grated circuit by dkectly touching the sharp tip of a conducting probe with the test point. 

They have been used in the measmement of both microwave and high-speed digital cir- 

cuits. Three main types of contact probes are available: passive low impedance wafer 

probes, passive medium Mpedance probes and active very high impedance probes. 

2.1.1 Passive Low Impedance Probes 

Micmwave wder probes are low impedance passive probes. They provide very high 

bandwidth and arr ofien used in conjunction with a network nnalyzer for single or multi- 

ple port measurement. These probes d o w  measurement to be rnade at the wafer level as 

opposed to the input/output connections of a packaged device accessed by a conventional 

network analyzer. Furthemore the cost of packaging devices as their operating fizquen- 
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cies extend into the G E  range can become very expensive and device testing at the wafer 

level becomw an attractive solution. High fkquency probes up to 120 GHz are commer- 

cialiy avdable [WB] and miaowave probes are widely used in FET, passive element 

and MMIC characterization. These -men& enable database generation used for 

inputing devicelsubcircuit parameters into a circuit simulator for paraaieter optïmization 

and process conml [Jones 871. 

Measurexnents at GE& fiequencies with wafer probes require the use of connolled 

impedance probes that provide the characteristic impedance (usuaiiy S m )  down to the 

wafer level comection. Mmmai - . inductive and capacitive parasitic effects are desirable to 

avoid pulse distortion and timing e m n .  Microwave probes are comrnerciaUy available in 

coaxial, microstrip and coplanar configurations [Rabjob 861. Coaxiai probe tips are 

fonned by extendhg the centre conductor beyond the outer shield and sharpening the 

probing tip as shown in Figure 2.l(a). A 5ûf2 impedance is provided to within a few milli- 

metres of the tip. In the mimstrip configuration a short needle probe is attached to the 

microstrip feed line. The main drawback of these type of probes are the parasitic induct- 

ance of the tip and the lack of an RF ground close to the test point 

In a coplanar waveguide the signal Line is Iocated between two ground lines on the 

same side of a subsaate. The Lines are taperrd in width to match the probe point to the 

device-pad size. Direct contact is made at the tip end avoiding the problems associated 

with inductive needles. The main disadvantage of coplanar probes are their size which 

M t s  the number of probes that can be used on a circuit. 
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The use of coplanar probes in the characterizatioa of a test FET is iiiustrated in Figure 

2.2 [Strid 8q. In this set-op the S-parameters of the device were obtained up to 26GHz 

with the aid of a network anaiyser. 

In contact wder probing, circuits have to bc espccially designcd in onier to accomrno- 

âate the probcs. This Mts the nomkr test points which may not be adequate for corn- 

plete characterization of a circuit, Moreover direct masuremen& at internal test points are 

not feasïble as the probe low impedance load would di& the normal operation of the 

device. 

Figure 22: Measmement of a test FET using two grouad-signai-ground probes [Strïd 861. 

A low-loss microwave wafer probe with a GaAs directional time-domain reflectome- 

ter D R )  IC directly mounted on the probe has been used in vector network analysis to 

12ûGHz [Yu 931. Tïi-domain on-wafer measurement with a SOOG& bandwidth has 

k e n  reported [Shakourï 931. A nonhear transmission Line (NLTL) pulse generation sys- 

tem was used to generate picosecond transients and a GaAs IC attached to the probe 

served as a TDR sampler. 
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2.13 Passive Medium Impedance Probes 

Resistive divider probes are examples of -ive d u m  impedance probes. An 

example of a commercial nsistive divider probe has a 45OQ resistor in the pmbing tip 

[Cascade]. In a Sm system the probe resuits in a 10:1 attenuation and the input imped- 

ance is 5- The measurement bandwidth of these probes Lie in the DC to lOGWr range- 

Probes with input impedances up to SLn are also avaüable. The medium impedance 

probes can be useci for intemal probing in S m  systems. Oiie important limitation is the 

larger capacitive loadhg h m  these probes. 

2.13 Active Very High hpedance Probes 

Interna1 signals of a device can also be measured by active probes as compared to the 

passive ones discussed so far. Active probes provide very bigh input impedance but are 

limited in bandwidth and dynamic range. A commerciaiiy available active probe (Pico- 

probe) is used in this research [GGB]. The input connects directly to the unprotected gate 

of an MOS transistor through a probing needle making the probe sensitive to destruction 

by electmstatic discharge. These needles are usudiy made of tmgsten and can k sharp- 

ened to less than 0 . 5 ~  point radius. One example of this type of probe has an input 

capacitance load of 0.04pF and a DC to lGHz 343 bandwidth, There is usually a trade- 

off between bandwidth and loading. 
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2.2 Electron-Beam and Optical Probes 

Electron beam (e-bearn) testing is a col~unerciaiiy available tool for internai voltage 

measurement of integrated circuits aad has been applied in industrial enviromnents over 

the Fast two decades. The principle behind e-beam testing is the emission of secondary 

electrons by the probe ana when focuseci wiîh a beam of primary elecîrons. The analysis 

of the secondary electroras in &rms of their energy by a retarding grid spectrometer ena- 

bles the detemination of the voltage on the internai test point being probed. A feedback 

loop is usuaUy used to maintain the detector signai constant by adjusting the grid potential 

which then tracks the circuit voltage. 

High fkequency measurement is possible by sampling the test signal with short elec- 

tron pulses and a schematic diagram illustrating this technique is show in Figure 2.3 

w i e r  901. The captured signai h m  the secondary electrons is usuaily very small and a 

repetitive sampling technique is needed to extend the temporal resolution of the measure- 

ment as compared to a reai time system. Thus a repetitive stimulus vJt) is also needed to 

drive the test circuit. The electron pulses are generated by chopping the beam with a 

blankhg capacitor. The beam blanking control signal is synchronized with the repetitive 

circuit signai so that the same voltage is sampled at a 6xed phase relation. The entire cir- 

cuit signal can be mapped by shifting the phase relation between vJt) and the e-beam 

pulses. 

Temporal resolution of the technique depends primarily on the e-beam pulse width. 

The e-beam probing technique is noninvasive especiaiiy when low energy probe bearns 

are used although radiation damage and charge trapping are possible at higher energies. 

Spatial resolution under 1p.m can k routimly achieved [Corsi 941. E-beam testing is a 

powerful tool for the high frequency internai diagnostics of circuits. However the iastru- 
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ment is expensive and complicated to operate. Measurements are made in vacuum and 

therefore complicated test circuit fixn;ires are nee&d. Furthemore extensive calibration 

procedures are neccssary for absolute voltage measucernent. 

Electron source 
O 

Beam bianking 
amtrol signal 

Grid tentiai control 
anci E signai 

Secondary electrons (SE) 

Test circuit stimulus. vdt) 

Figure 2.3: Schematic illustration of the principle of pulse e-beam testing- The test circuit is driven by a 

repetitive stimulus v&) which is synchroniseci with the beam blanking controi signai that generates the elec- 

tron pulses. Analysis of the secondary electrons emitted at the test point pennits the measunment of v&) 

Iwinkler90]. 

Photoemission probing is a technique similar to the e-beam probing [Clauberg 901. 

The test point on a circuit is focwd with a laser ôeam resultïng in the emission of second- 

ary electmns. The energies of these electrons are then analyzed to obtain the test signal. 

Both nal - the  (continuous laKr beam) aiid sampling mode (pulsed laser beam) measure- 

ments are possible. 
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This technique employs the electro-optic effect which is the change in the birefrin- 

gence properties of certaia crystais when placed in an electric field. This results in a 

change of the polarization of light propagating through such a crystal. By monitoring the 

polarkation of an optical probe beam, the electnc field resulting fiom voltages on a circuit 

can be investigated Since the optical probe is spatiaiiy IocalizRd and can be focused to 

-1pz diameter the technique can be appiied to hternal probing of ICs wesenfeld 901. 

Substrate materials that exhibit a Iinear electro-optic effect such as GaAs and InP can be 

probed directly as showa in Figure 2.4(a). An indirect pmbing configuration is shown in 

Figure 2.4(b) where an electrodptic gystal. typically LiTa03, is used as the probe tip and 

placed in close proximity to the test point. This would be the case for nonelectro-optic 

substrate such as siiicon- 

Transparent 

Opticai Beam 

Figure 2.4: Possible probig geomehits of coplanar devices for elccim-optic probing; (a) probe tip geome- 

try for direct probing of the clecnic field in a lincar electwptic substrate. (b) probe tip geomemy for extemal 

probing of the stray field fiom tbe coplanar lincs. 

The principle of electro-optic probing is depicted in Figure 2.5 [Talcahashi 951. An 

electro-optic crystal probe is positioned over some test point and a laser beam is focused 

into the probe and reflets off a mirror attached to the bottom. The polarization of the laser 



Chapter 2 Review of In temal Robing Techniques 

beam depends on the circuit signal after passing through the crystal. The use of polarking 

beam splitter together with the photodetector enables the cietennination of the circuit sig- 

nai by a lock-in amplifier or an oscilloscope. A continuous laser beam is used in a real 

time system while measucernent of high s p d  signals invoIves a sampling technique 

where the optical beam is a train of short pulses that acts as sampîing gates- As in di repe- 

itive sampling techniques the signai to be measured on the DUT is repetitive. Advances in 

laser technology have enableci the generation of very short pulses, l e s  than l ws in some 

of the fastest systems, wbich provides a very high temporal resolution. 

1 1 Photodetc 

Polarized ligM 
beam splitter 

Input 
signal 

Figure 23: Schematic of the elecao-optic probig F ' h i 9 5 1 .  A polatixd optical beam is focuseci into 

an electro-optic crystal placed in close pmximity o v a  a test point 

Electro-optic pmbing have been used in a nurnber of applications sucb as the intemal 

field probing of sub-micron MMIC devices [David 951 and the measurement of intemal 

signals of integrated circuits (Wiesenfeld 9OJ. The electro-optic technique has also been 

utilized in the characterisation of ultrafast pulses on MMlC devices using a tirne domain 

network analyser system 901. One example of a reported sampling system has a fre- 

quency bandwidth of lOGHt and a minimum detectable voltage of 0.4 rn~/-z rraka- 
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hashi 951. Temporal resolution is determineci mainly by the pulse width in the sampling 

beam although factors such as response time of the electro-optic effect and transit tirne 

effects are relevant as weU especially for subpicosecond rcsolution wiesenfeld 9a. Spa- 

tial resollution of the technique depends on the spot sizc of the focused beam and a resolu- 

tion of 0 . 5 ~  has been achieved in a direct electm-optic probhg system [David 951. 

However the electro-optic system &ers h m  Wted spatial resolution when its appiica- 

tion is extendeâ to silicon-based circuits since it relies on fiingïng effect of the circuit field 

into the probing crystai. Accurate probe positionhg is diiiîcult in indirect probing and the 

measurement becomes sensitive to crosstalk effects. 

Electro-optic pmbing operates in a non-contact mode and measurements are expected 

to be non-invasive. While this is m e  for direct probing the close placement of the probe 

tip in indirect pmbiig may lead to the perturbation of the electric wavefom due to its high 

permittivity resulting in circuit malfunction and measurement errors [Mertin 931. 

Although the technique provides excellent temporal resolution it rernains a complex and 

expensive technique as far as the laser system is concemed. Extensive cah'bration steps are 

required for absolute voltage measurement as the technique senses the electric fields h m  

the test signals. 

2.23 Photoconductive sampling 

In photoconductive (or optoelectronic) sampling techniques photoconductive switches 

are used to measure intemal signals of high speed circuits and devices. Photoconductive 

switches are usuaUy fabncated on do@ semiconductor material with a semiconductor 

gap between metal electrodes. A metal-semiconductor-metal photoconductive sampling 

probe which integrates the photoconductive switch is illustrated in Figure 2.6. In this case 

a Ti tip is used to contact test points in a circuit at the probing end* 

A reported switch has a high impedance, about 3UMQ under normal condition which 

then drops to I k R  when the semiconductor gap is optically excited [PfeifTer 951. The use 
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of narrow laser pulses to excite the switch allows high speed signals to be sampled by this 

technique. A laser beam is usualiy split into two parts with one beam focused on a biased 

photoconductive switch to generate the high frcquency electrical excitation of the device 

under test. The other beam is used to excite the probe switch and the phase variation 

between the two laser beams ailows the signal on a circuit to be sampled 

Metal electrodes 

Figure 2.6: Top view illustration of a photoconductive sampling probe with a 5-pn hi& Ti tip [Pfeiffer 953. 

Temporal resolution is limitted by the lifetime of the charge canïers in the semicouduc- 

tor and a resolution of 2.7ps has been reported (Kim 931. Voltage sensitivity in the pV 

range has alsa been achieved and spatial resolution is limited by the diameter of the prob- 

h g  tip. Loading in this case is only due to the capacitive effect of the switcWcontact area 

In another measurement system photoconductive switches f o m  an integrai part of a 

circuit and the photoconducîive sampling technique has been wd to characterize MMICs 

in the G& range [Lee 901. 

2.3 Electromagnetic Probes 

Electromagnetic probes are used in the reactive near-field probhg of plaaar circuit 

surfaces. The technique relies on the capacitive or inductive coupling between the near- 

field of the test circuit and minianire probes. In capacitive near-field pmbing the ninging 

electric field h m  a circuit is investigated. As the probe is positioned close to the test point 

a signal is induced in it which can then be measured. The principle behind this technique 



Chapter 2 Review of Internai Robing Techniques 

is illustrated in Figure 2.7 where the centre conductor of a coaxial cable acts as the probe. 

This pmbing method has proved to k usefixi in the design of micmwave circuits and for 

antema diagnostics [Gao 961. The shrinlirig dimensions of MMIC's have created the need 

for probes capabk of high spatial resolution. The use of miczomachined probes in near- 

field probing have k e n  rrported with a spatial resolution of I 5 p  Bridges 92a]. 

Figure 2-7: Reactive near-fiefd probing of a microstrip Liat by capacitive coupling of the electric field with 

the centre conductor of a c-al probe- 

The principle behind inductive near-field pmbing is the coupling between the mag- 

netic field iines h m  a test circuit and a loop probe. This is demonstrateci in Figure 2.8. 

Also shown in Figure 2.8 is a schematic of a double loop magnetic field probe [Osofsky 

921. The double loop impmves the performance of the probe by minimising the coupling 

nom near-unSom fields arising h m  distant sources. 

Figure 2.8: Inductive near-field probing; (a) magactic field coupling to a double Imp probe. (b) schematic 

o f  a double-loop probe [Osofsky 921. 
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A miniature magnetic fieId probe has been used for measuring surface cwrent distriiu- 

tion on planar circuits in the 5-2ûGB band [Gao 951. The block diagram of a near-field 

measurement system is shown in Figure 2.9. The probe is mounted on a table and is mov- 

able in three dimensions. As it is scanned ovcr a circuit undcr test the induced signal is 

measured by a netwodc anaiyzcr, 

? 

Cornputer Motor controller 

Network Analyzer 4 3-0 Table 
output 

Probe 

Figure 29: Block diagram of a field measmement systcm [Gao 951- The probe is scanmd over a planar test 

circuit 

Near-field probing is a simple method capable of high frequency measurement with a 

large banduridth. The technique, however, suffers h m  limiteci spatial resolution and abso- 

lute measurement is impossible without calibration. 
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Chapter 3 

Electrostatic Force Microscopy 

Electrostatic force micmscopy (EFM) is a member of the growing family of scamed 

probe microscopy (SPM) techniques. The 0rigi.n of these microscopes is presented first 

and then the EFM instnrment used in this research is de!scri'bed, The operating principle as 

well as the capabilities and limitations of the instrument are discussed 

3.1 Srsnning Probe Microscopy 

Scanning probe microscopes are a set of instruments used for resolving f e a s  and 

properties of d a c e s  on a micmscopic scale mclaamasingh 891. Originally developed 

to measure surfse topography, SPMs have proved to be useful in a variety of applica- 

tions. They have been used to investigate the mechanical, electrical. magnetic and thermal 

pmperties of sudaas. Measmement in ail  SPM instniments involves the near-field inter- 

action ktween a srnail probe and a surface under investigationL1 Extremely high spatial 

res01ution is achieved by using a very sharp probe tip with a radius of curvature on the 

order of a few nanometers and by keeping the tipto-sample spacing within a nanometer- 

Conventional techniques used for studying the morphology of surfaces such as optical 

microscopes and scanning ekctron r n i ~ ~ ~ ~ ~ o p e s  (SEM) SUffer fiam resolution Limitations 

due to diffhction effects (the Abbe Mt). SPMs provide an alternative tool that over- 

cornes such limitations. Contrary to optical and electron microscopes SPM can also pro- 
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vide measurement in three dimensions, 

The scanning tunnelhg mic~oscope (STM) was the fitst SPM instrument developed 

and enablcû measuremcnts with aîomic rcsolution for the bit time [Binnig 821. The oper- 

ation of the STM is rcmadrably simple. As outîined in Figure 3.1, a sharp conducting tip is 

scanned over a conducting sazllple- A bias voltage is applied betwctn the tip and the sam- 

ple resulting in a ttinnehg c m n t  as the tip is brought to within a few Angsîroms of the 

sampe sudace. The motion of the tip is controllcd on snch a fine scale by piezoelectrics 

(materials that &form very slightly in the presence of an ektr îc  field). Due to its expo- 

nentiai dependence on the tip-sample spacing, the tunneling currtnt provides a very semi- 

tive measure of separation. The instnunent is usuaiiy operated m a constant current mode 

by using the tunneiing current in a feedback bop. As the tip is scanned in a raster pattern 

the feedback loop causes the tip to track the sample surface with very high precision and 

the control signal provides the image data. 

Scan 
Y - 

Figure 3.1: Sc&matic ülustration of ttie scanning tunnefing rni~t~~~ope.  Au enlargcd view of the tip-surface 

interaction in a constant currient mode is aiso showa. 

The outstanding resuits h the STM generated a lot of interest in the technique and a 

whole new set of instruments, the scanning probe microxopes, were developed. The 
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atomic force microcapy (AFM) was developed to overcome an important limitation of 

the STM which is the need for conducting sucfaces [Binnig 861. Simila- to the STM, the 

AFM operates by scanning a sharp tip over a sample. However it is the force acting on the 

probe as the tip inttfacts with d a c e  that is monitorecï In this method the tip is found at 

the end of a long cantiicver with a low spring constant, The tip is pushed against the s a m -  

ple by a very Iow specifid force in contact AFM- The force is usually in the range of 

atomic fol~es (about W9N) resuiting in elastic deformation of the surface. A feedback 

loop is used to maintain a constant force and thus a fixed tip-to-sample spacing. As the 

probe is scanned over the sucface an image of the sampIe topography is recorded The cm- 

dever deflection was detected by using the tumehg current on the back side of the canti- 

lever in the original instrumet In later versions of the AFM simpler optical detection 

techniques were employed to masure the probe deflection. 

Aside from topography, other surfse pmperties have also been investigated using 

these microscopes. A modifieci version of the A F M  uses the- irnaging to detect device 

failures in microelectronics [Lai 85J. A thennocouple junction was formed by using 

chromel and alumel to form a V-shaped cantilever. A diamond tip which has a very high 

thermal conductivity was attached at the probing end. The probe could thus map tempera- 

ture variation and device failures were locatted in the fom of hot or col& spots resulting 

from short or open circuits. 

Scanning tunneling potentiometry is a modification of the S T M  which aiiows sirnulta- 

neous mapping of topographie and electric potentiai data on material surfaces wuralt 87J. 

The potential distribution under operating conditions and related properties such as the 

extent of spacecharge regions next to p n  and materiai junctions can be investigated. 

The scanning capacitance microscope (SCM) is capable of mapping two-dimensional 

carrier and dopant density quantitatively in semiconductor devices with nanometer scale 

spatial resolution [Huang 961. A conducting tip is bmught to the d a c e  of the sample and 

a high sensitivity capacitance sensor measutes the capacitance between the tip and the 

sample- An AC bias voltage applied to the sample changes the capacitance detected due to 
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semiconductor depletion. The instnunent is operated in a feedback loop so that a constant 

AC capacitance is maintaineci. Dopant density profües are derived h m  the SCM data 

using a quasi-one-dimensional iiIliilyticai model. Anothcr technique that aiiows dopant 

promg in semiconductors is the scanning rcsistance microscope (SRM) [Shafai 9QI. 

Hem a conducting probe is used to pedorm Iocaiized resistance measwtments which are 

used to deheate between regions of Mirent dopmg types and concentrations. 

Ail the microscopes d i s d  so fat involve operations in contact mode. In certain 

applications noncontact measurements arc desirable. By increasing the tipsurface sepa- 

ration beyond Iû-ItM nm only the long range forces such as Van Der Waals, electrostatic 

and magnetic forces remah The magnitude of these forces at relatively large separaiion 

may be considerably srnaller than forces encountered in contact mode and therefore the 

detection of the force on the probe is usuaUy different. The cantiïever is vibrated near its 

resonant frequency as c o m p d  to the quasi-static forces that are encountered in contact 

force microscopy. The change in the resonant fkquency as a resuIt of tip-sample force 

interaction is measured and this ac detection methoci is sensitive to force gradients ratfier 

than the interaction forces themselves. The enhanced amplitude of viiration which is pro- 

portional to the force can a h  be detected 

Magnetic force microscopes (MFM) evoIved from the AFM and employs a sharp 

magnetic tip attached to a cantilever probe (Rugar 901. The tip is placed in close proximity 

to the sample and interacts with the stray magnetic field emanating h m  the sample. A 

schematic of the instrument is presented in Figure 3.2. The cantilever is mounted on a pie- 

zoelectric bimorph which is driven close to the resonant fiequency of the cantilever. The 

presence of a force gradient due to the interaction of the tip with the magnetic field alters 

the resonant fiequency of the cantilever. This shift in resonance WU change the oscillation 

amplitude of the probe which is detected by an optical fiber-baseâ interfemmeter. A feed- 

back loop maintains a constant level of interaction (constant vitbration ampiitude) by pie- 

melectncaliy adjusting the tipto-sample spacing. The microscope has ken used to study 

the structure of mcording aacL written on disks and other magnetic media 
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Figure 3.2: Schemacic iliustration of the magnetic force microscope [Rugar 901. 

Magnetic force micmscopy has also been applied in the interna1 cumnt probing of 

integrated circuits [Campbell 931. A magnetic probe is scanned over a cumnt carrying 

conductor and images the magnetic field emanating fimm the current flow. Current direc- 

tions and magnitudes have been analyzed with a sensitivity of - ImA dc and - I p A  ac- 

The electrostatic force microscope is a specialized instrument that has been developed 

for application in the microelectronics field mckramasinghe 891. Locaüsed potential is 

measured by monitoring the electrostatic force between a conducting probe and the sam- 

ple. The insrniment has been used in the deposition and the imaging of localized surface 

charges on insulators [Stern 881 and the masurement of contact potential Merence 

between dinerent materials [No~menmacher 921. Femelectric domain walls bave also 

been investigated where the microscope is sensitive to the stray electric field emanating 

h m  the surface [Saurcnbach 901. When a voltage is applicd between the probe and a 

serniconductor sampe, dopant profihg is possible [Huang 921. The potential ciifference 
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mobiiïzes the conduction electrons or holes resulting in a charged region beneath the 

probe. The resulting electrostatic force is detected and provides a measure of the dopant 

concentration. The instniment used in this research is based on the electrostatic force 

microscope and is prescnted in more details in the foUowing sections. 

3.2 Operating Principle of EFM 

The EFM instrument operates by sensing the mechanid deflection of a small non- 

contacting probe which is caused by the electrosbtic force between the tip of the probe 

and the circuit king measured. As iiiustrated in Figure 3.3 the sharp tip of a cantilever 

probe is positioned in close proximity to the test point on the circuit where the local volt- 

age v&y,t) is to be measured. 

Laser source Position sensitive 
detector 

Figure 33: Illustration of the Eïectroaatic Force interaction bctwcen conducting probe and a test point. 

An adjustable voltage v&) is extemaliy applied to the conducting probe. The probe tip 

and circuit test point are not in contact and form a small locaiïzed capacitor C(xy.2) which 
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charges up when there is a potentiai difference between them. The charge on the capacitor 

produces an attractive force Fz which then results in a mechanical deflection, Az, of the 

probe beam. Thus, by monitoring the de0ection using a position sensing detector, the 

force and subsequently the potencial differcnct between the probe and circuit can be meas- 

ured The z-component of the Coulomb force can be derived h m  the energy in the capac- 
1 itor (E = - c v ~ )  as 
2 

Hem C(sy.2) is the capacitance between the probe and the circuit and is dependent on the 

probe tip geometry and its position above the circuit surfixe. An accurate estimate of the 

capacitance for various probe geometries (including passivated test circuits) can be deter- 

mined using a static integral equation solution Bridges 92bI. While the determination of 

C(sy.2) is necessary for the characterizattion of the instnunent in terms of spatial and tem- 

poral resolutions, this capacitance is not required for the voltage measurement schemes 

used in this research. These measurement techniques are discussed later in the thesis. The 

force Fz on the probe as defined by equation D.11 causes a defiection of the beam whose 

magnitude wiil depend on the mechanical characteristics of the beam due to geomeûy and 

matenai properties. The probe characteristics and the deflection sensors used are descnkd 

in more details in the foliowing sections, 

3.3 Probe characterization 

One of the main components in the EFM instrument is the cantiiever probe that senses 

the electmstatic force between the probe tip and a test point. The deflection of the probe is 

determined by both the applied force aad mechanical pmperties of the cantiiever. The 

properties of the cantilever, of particular importance, are its spring constant and its reso- 

nant fkequencies. In this research project cantilever probes made h m  a thin wire as weil 

as commercially available microfabricated (micromachined) probes were uscd. 



A piiotograph of a typicül wire probe is shown in Figure 3.4. One end of ri thin wire is 

bent to hm a probing tip whilc the othcr end is attachai to a fi xed support. In this rnanner 

the probe acts as a cantilever widi the tip end being free to vibrate. A s h q  tip, with ri typ- 

ictrl radius of curvature of about ZOOnnz. is torrned by electrochc=mically etching the wire. 

A typical probe is Fibricated with 127-pz thick molybdcnum wire about fcm in length 

with the hst  mnt or so bent to tom a probing tip. 

Figure 3.4: Photognph o f  a typical wire probe used in this research. The Ieft (probing) end is free CO vibrate 

while the other end is attached to the center conductor of  a coaxial cable. 

The spring constant, k, of cantilevers, which for small deflections is defined as the 

ratio of the applied force to the resulting deflection, represents the rigidity of the probe or 

its resistance to deflects. This is an important parameter to characterize a probe and small 

spring constants are usuaiiy desirable. The spring constant of a cantilever is given by 

where E is the modulus of elasticity, I is the moment of inertia and I is the length of the 

cantilever. For a cantilever with a circular cross-section, as is the case for a wire probe, the 

moment of inertïa I = d l 6 4  where d is the diameter of the wire. For a typical probe pre- 

pared using a 127-pz diameter Molybdenum wire (E = 3.2 x 10'' lV/m2) and about fcm in 

lengtti with the last 2mm bent to form the probing tip the spring constant is estimated to be 

22.5AMm. 
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The resonant properties of a cantiiever in force microscopes is of utrnost importance. 

In microscopes that operate in contact mode the resonant fÎequency will dictate the speed 

of the measurement or how fast the surface can be trackd In microscopes that sense long 

range forces such as the EFM the resonant fiequency is important since the citlltilever 

vibration at off-rcwnant frcquencies is very smaii and thus very difficuit to detect. The 

naturai resonant fkequency of a cantilever OCCUIS when the only force acting on the canti- 

lever is its distn'iuted weight, By solving thé homogeneous equation of motion of an iso- 

lated caatilever, the fwiAamcntaI resonant frequency is given by [Said 951 

In [3.3] m is the mass of the cantilever kam and mtip is the lumped m a s  of the tip at the 

fke end A wire probe similar to the one shown in Figure 3.4 has a resonant frequency on 

the order of I K t l z  When the cantiiever viirates under the influence of an extemal applied 

force of unit amplihide in a damped medium the frequency response is given by 

where o, is the resonant fiequency under the influence of extemal and damping forces 

[AIbrecht 911. Q is the quality factor of the cantilever and is defined as o I / A a  Am being 

the 3-dB bandwidth of the cantilever's frequency response. Equation 13.31 is valid for 

high-Q cantilevers when O, is appmximately equal to At resonance the amplitude of 

vibration is enhanced by the cantilever's Q factor (lG(ur)l = Qk). The frequency response 

of a typical wire probe was determined experimentally by sweeping the frequency of a 

sinusoidai driving signal and recording the resulting vibration of the probe by a deflection 

sensor. The normalized results are shown in Figure 3.5. The resonant frcquency of the 

cantiiever is estimated at I.It3ûkHz. A normalized theoreticai response is calculated and 

by fitting the theoretical c m  to the measured response in Figure 3.5 the quality factor, Q, 

of the cantilever is deduced to be 272. 
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Figure 3.5: Frcqueacy rcsponse of a wire cantileva. The theoreticai &ta is calcuiated for f, = 1-1 68 kHz. 

Q= 272. 

3.3.2 Micromachined Cantilevers 

Cantilevers with high resonant frequencies are desirable in order to minimize sensitiv- 

ity to mechanical vibrations and acoustic noise. Equation [3.3] suggests that the resonant 

frequency of a cantiiever could be increased by raising the spring constant, k, or lowering 

the mass of the cantilever. Cantilevers with high spring constants are not an attractive 

solution since the same force would now produce smaller deflections which are more dif- 

ficuit to detect. To raise th resonant fiequency the mass of the cantiiever shouid be low- 

ered and this is achieved by using microfabrication technologies. Cantilever probes 

microfabricated h m  silicon dioude. sïiicon nitride (Si3N& and pure silicon usbg photo- 

iithographic techniques are available. For a Si3N4 rectangular beam 2- long. 3- 

wide and 1pm thick the spring constant is estimatcd at 1.12'iNh (p = 3100 kg& and E = 

I J x 1d' N&). Using [3.3]. the nsonant frequency is caîcuiated to be about SlXKHk 

In this research commerciaîiy available Si3N4 cantïievers were used. The V-shaped 

cantilever. illustrated in Figure 3.6% pmvides increased lateral stiffness as compared to 
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rectangular beams. Typical dimensions of one cantiiever probe use in this research are also 

indicated in Figue 3.6a. For the geometry of these cantilevers the derennination of the 

spring constant is more invoived and numeticai techniques based on finite ekment meth- 

ods have been used [Neumistcr 941. A typicai probe is 0 . 6 ~  thick with a spring constant 

of 0.064Nm according to the manufacau~r's spccifications [PSI]. A pyramidal tip is 

located at the pmbing end of the cantilever. The tip height and the width of the pyramid's 

base are about 4pm each. A radius of cu~ahut of about 3- is possible for the probing 

tip. The cantiiever was coated with a thin gold film to make it conducting and usabIe in the 

EFM instrument. The gold coating also provides a reflective surface for the optical detlec- 

tion âetection technique used SEM micrographs of a commrcial Si3N4 cantilever with 

integrated pyramidal tip is shown in Figure 3.6b. 

Figure 3.6: (a) Schematic illustration of a micromachineci cantilever coated with a gold metal layer, (b) 

SEM mictographs of a Si3N4 cantilevcr (top) and the pyramidal tip (bottom) [Wiesendanga 94). 

The frequency reqonse of a typïcal micromachineci cantiiever probe was experimen- 

taUy investigated. No extemal driving force was needed since osciiiations h m  t h e d  

excitation are large enough due to the extremely low mass of the cantilever. The resonant 

fkequency of the cantilever was found to be 12.275Mz and a quality factor of 32 was 

obtained. 
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Figure 3-7: Frequency hsponse of a gold coatcd commercial Sif14 cantilevcr. Tbe tbcotcticai cwve is cal- 

culated with f, = IL275 kHz and Q = 32. Tbe expcrimental dam were pocessed using a 10-pt smoothing 

routine and every tenth data point is displaycd in the graph- 

Recently the design of micmfabncated probes with integrated waveguides was 

reported [Bohm %a]. Metal coated commecial probes were m&ed ta produce coplanar 

waveguides using a focused ion beam. The goal is to mate a 5Ml transmission line up to 

the very end of the cantilever probe to impmve measurement bandwidth in a 5ûQ system 

for mm-wave applications. 

3.4 Deflection Sensors 

Accwate detection of the probe's deflection in the EFM instrument is important. The 

defleaion amplitude in a typical e x p e h n t  is very small and its detection is not an easy 

task. A sample caicuiation based on a very simple moâel of the electmstatic force interac- 

tion between the probe aud a sample is presented. The probe tip is modeled as a sphere of 

radius. r: over a grouad plane representing the sample as shown in Figure 3.8. The probe 

voltage is v, which is also the potential ciifference between the tip and the sample. 
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Figure 3.8: Simple model fof the capsPcitançe between a probe tip and a sample. The tip is modeiied as a 

sphae- 

A parallel plate model is used for the capacitance, C, between the probe and the sam- 

ple with the effective area of the capacitor plate 

electrostatic force can then be wrïtten as 

For a typical wire probe descfibed in Figure 

200nm. If the tip to sample separation is 0.5pm 

approximated as 2z? [Sarid 911. The 

3.4 the radius of curvature r is about 

then the resuiting force F is equal to 

4.45 x 1PnïV. Using 22.5N/m as the spring constant the static deflection of the probe is 

estimated at 2 x 1 P h n .  Modulating the probe voltage at the resonant fquency of the 

probe results in a larger amplitude of âeflection due to the Q-factor (272) of the cantilever. 

In this case the deflection becomes 0.055m. 

The k t  AFM used a scanning hinneling microscope at the end of the cantilever to 

detect the bending of the lever [Binnig 861. Since then a number of different techniques 

have been used to sense the probe deflections in force microscopes. In one scheme the 

capacitaace between a conducting probe and a wire is used to sense any deflection meu- 

bauer 901. In tbis research two different opticai methods have k e n  utilised. The first one 

is based on an optical fiber interfemmeter while the second one utilises a laser beam- 

bowce detection system. These methods are discussed ne% 
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3.4.1 Fiber Interfemmeter Detedon Technique 

The displacement sensor utilizod in this research is similar to a standard interferorneter 

based system except that a Super Luminescent Diode (SLD) is used instead of a laser 

source. The use of an SLD source overcomes problems associated with opticai f&eck 

gain in laser sources [Song 941. The technique behmd the sensor is outiined in Figure 3.9. 

Light from the source is launched in a fiber and reaches a cleaveâ fiber end after going 

through a 2 x 2 directional coupler. 

SLD source 

Amc .... -. 

Matched fiber 
end 2 x 2 coupler 

Figurc 3.9: Schcmatic illustration of tbe fibcr iatcrferometcr detection technique. 

At the fiber-air interfaçe. part of the light is reflected back into the fiber and the rest is 

transmitted into the cavity bctween the fiôer and the cantilever surface as shown in Figure 

3.10. The light then undergoes multipIe reflections in the cavity and some of the Light is 

scattered back into the fiber off the cantiïever which interferes with the beam initiaüy 

reflected h m  air-fiber interface. The total power reflected back into the fiber depends on 

the phase ciifference between the two beams and hence on the fibercantïiever spacing D. 

The reflected light reaches the directional coupler where half of the power reaches a pho- 
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todiode detector and the other half goes to the source. The photodiode detector then out- 

p u t ~  a signal which is a furiction of the cantilever deflection. 

Cladding 

Cantifever 
surface 

Figure 3.10: Enlarged view of the cote region of the fiber over a cantilever's sudace showing multiple 

reffections of the light bcam between the fiber-end and the cantiïever wutheni 911. 

The reflected power (Pr) normalised wïth respect to the incident power Po is estirnated 

as Mulhem 9 11 

where h is the wavelength of the light beam, D is the fiber-cantilever separation and rl and 

rz are the fiber-air and air-cantilever reflection coefficients respectively. It is interesthg to 

note h m  equation D.61 that for a perfect reflector at the cantilever's surface (r2 = I )  the 

reflected power is constant imspective of D and therefore no usefui signal is derived. 

SMar ly  if r2=0 the interfemmeter output is constant and c m o t  be used to seose any 

deflections. Thus the air-cantilever reflection coefficient should lie between O and 1 for 

proper operation of the sensor. The normaiised reflected power is plotteci for several val- 

ues of r2 with r, set at 0.2 which is typicai of an air-giw interface. The wavelength of the 

light used in our interferorneter system is 845nm. 
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Figure 3-1 1: Normaiizcd output of the interfiérotneter as a fiuiction of the fiber-cadever spacing D for dif- 

f e n t  values of r2. An air-giass interface is assumai with rl=0.2 and the wavelength of light L = 845m 

For maximum sensitivity the fiber-cil11tiIever spacing, D, is selected at the point of 

steepest dope on the nozmalised power curves. The denvative of the normalized refiected 

power with respect to the fiber-cantilever spacing D is obtained as 

The typical deflection of the cantilever probe is much smaüer than the wavelength 

Â=845m which i m p k  that the dope on the nomialised power m e  is constant for a 

given spacing D. The reflected power is thus linearly proportional to the probe deflection. 

Equation [3.51 is valid only for srnail cantilevet-fiber separation. In reaüty the light 

exiting the fiber diverges d t i n g  in a spreading cone with a half angk typically in the 

range of 9'-IP. The Iight Jprradiag resuîts in a progressive reduction in the intensity of 

the higher order reflections. This effcct is moâeled by making r2 a decreasing function of 

the fiber-cantilever spacing D. Thus the fikr-cantilever separation cannot be made too 
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large and this is one limitation of the system, The typicai spacing is usuaily l e s  than 

14Lm- 

The performance of the interf'erometer is pnmarily Mted by two types of noise. The 

fkst one is the shot noise which a r k s  h m  the random arriva1 of photons at the detector 

surface. The otbr noise source is the Iynoise resuithg fkom low frecpency fluctwttiotls 

in the optical output of the light souzce. Other noise sources such as the 60/50 A% electro- 

magnetic interfkrence can bt rmmmed . .  . 
by good dtsip. The noise level in the SLD inter- 

femmeter was measured to be 0.03mn in a 0.1-5000 & bandwidth and I V  n m / m z  at 

frequencies above 400E [Song 94. 

The use of a fiber-optic interferorneter using a G d k  diode laser source has been 

reported [Rugar 891. A noise level bdow 0.1Angstrom over a 0-1 Mi bandwidth has k e n  

achieved and a Bat noise spectnnn with a specwl density of 5.5 x 1p5 dmz above 

IWz was obtained, The interfemmeter was used in an atomic force microscope for imag- 

ing graphite with atomic resoIution- 

3.4.2 Beam Bounce Detection Technique 

The beam bounce detection technique (or optical beam deflection technique) is a relia- 

ble and simple detection method [Meyer 881. It is widely used in research and commer- 

cially available SPMs [DI, PSI]. The method is iilustrated in Figure 3.12 where a laser 

beam is reflected off the probing end of the cantilever probe. Since the surface area availa- 

ble for opticai rcfiection is small when micmfabricateâ cantilever probes are use& the 

laser beam is focused onto the cantilever. The deflection of the cantilever is then detected 

by a position sensitive detector (usually a split photodetector). In Figure 3.12 the length of 

the cantiiever probe is I and the lever-photodetector spacing is M. 
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(\Laser source 
Split photodiode 

detector 

Figure 3-12: Illustration of the bcam bouncc &tedon tecbniquec A laser beam is focuseci onto the probing 

end of a ~ â ~ ~ t i l e v c ~  p b e  and rhcn rcflcctcd onto a position scnsitnre detector (a sptit photodiode dettctor). 

The deflection dong the catilever due to a vertical force (F) applied at a position x = 

xg is given by [9Marogonas 96J 

For smaii deflections the angle at the end of the cantilever is given by 

where xo = x = I (for a force applied on the tip of the cantilever). Using equation 13-21 and 

F= kz, 

The deflection of the cantiiever produces a linear deflection of the optical beam at the 

pIane of the photodetectors, As, given by 

assuming & CC M. A factor of 2 is intmduced since the angalar deflection of the reflected 

beam is twice the aagular deflection of the cantilever. The beam deflection results in more 
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opticai power falling on one side of the split detector than the other. This change is 

detected by taLing the Merence of the signai h m  the two photodiodes as show in Fig- 

ure 3.13. 

Photodiodes 1 Optical spot Id = il - i2 

Figure 3-13: Detection of the opticaï beam as it is âeflecced The shift in the optical spot is measured h m  

the ciifference of the signais h m  the two photodiode detectors. The parameter, W. completely defines the 

beam power dism'butioa and it is describeci in 13-121- 

In order to find the relation between the cantilever deflection, Ad, and the resulting sig- 

nal detected (Id) ,  a few assumptions are made. The optical beam can be assumed to be 

monochromatic with a gaussian power distn'bution. This is valid for the laser diode 

sources often used in these opticai deflection systems. The inadiance, 2, which is the 

power incident per unit area, is given in both polar and cartesian foms by Meyer-Arendt 

891 

in [3.12]. w is the âistance from the origin at which I drops to Ue4 of IO- The power of the 

laser beam falling on the photodetector is found by integrating the irradiance over the inci- 

dent surface. To find Id, the photocurrent h m  each detectors have to be evaluaad A 

unity conversion efficiency is asmmtd meaning that the cumnt is equal to the number of 

photons fPLling per unit t h e  multiplied by the unit of charge (q). The number of photons 

per unit time is proportional to the power of the bearn. The anaiysis is M e r  simplified by 
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assuming a negiigible gap between the two photodiodes. Thus, the amount gained by one 

celi is the same as the one lost by the other. The deflection signai, 4, is found by integra- 

tion of the normalized gaussian distn'bution in [3.12] and is given by 

In [3.13], N is the total number of photons in the beam incident on the detectors per unit 

time and can be found hm the total optical power. Since Y» w the integration can be 

simplified as 

Changing variables with t = 2x/ w , equation [3.13a] can be written as 

The solution of [3.14] has the form of an error fwiction with 

Since As is often much smaller than w, [3.15] can be fiuther approximated as 

Using [3.11] and substituthg for As in [3.15a] we obtain 

Thus the output signai h m  deflection system is iincarly propottional to the cantilever 

deflection. At first sight the sensitivity of the system can be enhanced by inmasing the 

distance (M) between the catilever and the detector. However this cornes with a degrada- 

tion in the spot size of the laser kam due to diffraction. The optical deflection system suf- 
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fers h m  siniilar noise sources (shot noise, I?y noise) found in the interfemmeter 

technique. The sensitivity of both the beam bomce technique aad the interfemmeter tech- 

nique has been shown to be the same and a minimum &tec&ble displacement of a typical 

opticai beam defïection tethnique was reportcd as 1.9 x 106 m/mz rnmÿui 921. 

3.5 Characterization of EFM 

In this section the spatial resolution, invasivencss and the sensitivity characteristics of 

the EFM are discussed These criteria are used to evaluate the pebormance of the instm- 

ment in te- of its capabilities and limitations. 

3.5.1 Spatial Resolution 

Spatial resolution is an important quantity thar characterizes the performance of the 

EFM and other force microscopes. It evaluates the representation of the actual distribution 

of the quantity under investigation by the measurement results. In the EFM the potential 

on a test structure is meaSuzed by sensing the electrostatic force on the probe resulting 

fkom the capacitive coupling with the test point. Spatial resolution describes how localwd 

the probe-circuit coupling is. The electmstatic force depends on the tip-circuit geometry 

and in reality it is a weighted sum of the electrostatic forces indufed by different points on 

the circuit. 

The spatial resolution of the instrument can be pfeâicted by the theoretical modehg 

of the probe-circuit interaction. In the thesis by Raa Said [Said 951, the electrostatic force 

between a tip geomctry and a cinuit surface was caldated by evaluating the induced 

charge on the conductive surface of the probe. A static integral equation appmach was 

used to formulate the problem which was solved using the methd of moments. The force 

interaction was found for a wire probe sirnilar to the one used in this research by carefidly 

modelling the tip geomehy. Spatial resolution is also dependent on the circuit geometries 
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which are dficult to predict in pxactice. An intinite plane was considered and the force 

induced on the probe by ciSerient points on the surface was evaluated by calculating the 

force on these points due to the tip- The geomctry exhr'bits radial symmetry and the force 

density (force ptr unit ama) as a bct ion of the radial distance h m  the tip axis is shown 

in Figure 3.14. The caldation was CâCLied out for a tip-sample separation of 0 . l ~  and 

with a potential difference of IVbetween the probe and the circuit. 

Radial distance J 

Figure 3.14: Calcdated force pcr unit arca induced on a ground plane as a fiinction of the radial distance 

from the tip axis. The tip is position& O . I p  above the circuit surfare Faid 951. 

The spatial resolution in this particular case is inferred as the size of the circuit surface 

that induces a speciiied fiaction of the total electrostatic force found by integrating the 

area under the force density curve. For a tip-citcuit separation of 0-lpn and a fraction 

value of In the spatial resolution was found to be 0 . 7 ~ .  For a separation of 1.o)Yn the 

resolution was found to be 15.0p. The resolution is thus strongly dependent on the 

probe-circuit sepafafion. The resuîts presented here are for a uniform potentiai distribution 

with dimensions much larger than the probe. A similar approach bas been used to evaluate 

the geometrical resolution in a scannhg force microscope [Mueller 941. The electrostatic 

force interaction of a micromachincd probc over a coplanar waveguide test structure on a 

Ga& substrate was madeled- The spatial resolution was defincd as the diameter of the cir- 

cle where the force per effkctive area reduces to I/e of its maximum. The resolution was 

found to be 300nm for a tip-sarnpIe separation of IOOnm. 
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The resolution was m e r  investigated by scanning the tip of a wire probe over a 3pm 

wide interconnect lying I p m  over a ground plane [Said 951. The vertical force, F, on the 

tip is plottecl as a function of the lateral displacement in Figure 3.15. In these caiculations 

a tipsample spacing of lpz was used togcther with a probe-circuit potential di&nna of 

I K The spatial res01ution caldateci h m  the half bandwidth at haif maximum is better 

than #p. The first derivative of the fosce (aF,/&) b &O caiculated. In the EFM it is the 

probe deflection which is proportional to the force that is usually detected. By monitoring 

the force gradient a better spatial resolution is possible as indicated in Figure 3.15. 

6 4 -2 O 2 4 6 8 
Tip lateral position Mm] 

Figure 3.15: The verticai force on the probe tip and its first derivative as the probe is scanned ovet a 3m 

wide intcmonnect Une with a tip to sample spacing of lpn [Said 951. 

The invasiveness of a probing technique is the degrec of undesirable disturbance of the 

circuit's normal operation. When mwuring intemal nodes of a circuit the parasitic load- 

ing h m  the probing device can aiter the signal k g  senseci. In an ideai world a probe 

would be noncapacitive, noninductive and would have an infinite resistance so that an 

exact replica of the signal being probed is obtaincd. A generalized diagram of the sources 

of loading intioduced by a probe is shown in Figure 3.16. 
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under test 

Figure 3.16: Resistive, capacitive and inductive loading effects h m  a pobing device. 

Resistive loading is significant if the input resistance is comparable to the circuit 

impedance. The main effect is to alter voltage levels and it results in amplitude attenua- 

tion, shifts in dc offset and changes in circuit bis. A functioning circuit can become non- 

functional fiom these adverse conditions. This would be the case when probing the inter- 

na1 node of a circuit in a 5ûQ system with a 50n contact probe mentioned in section 2.1. 

Inductive loading tends to distort the signal being measured and Niging effects may be 

introduced. Capacitive loading primariiy afkcts timing measurements. The probe's capac- 

itance acts as a low-pass filter at high fkequencies and shunts the high fhquency compo- 

nents of a signal to ground thus aEectuig rise time and propagation delay measurements 

In the EFM the probe operates in a noncontact mode and the main source of loading is 

the capacitive coupling between the conducting probe and the test point. The couphg 

capacitance between a wire probe and a test srnictwe has been calculated [Said 953. For a 

typical wire probe over a 3 p  wide and 6lQm long intercomect placed 1p.m over a 

ground plane the coupling capacitance is estimated at 25W for a tip-sampie spacing of 

1pm. The parasitic shunt impedance h m  such a capacitance is about IM at IOOGHt and 

this would have a negligiole effect in applications involving .iOn systems often encoun- 

tered in MMIC's. For timing masurrments a test point resistance of I k R  results in a thne 

delay of 0.5ps using the time constant dennition r = 2RC. For a micromachined probe 

placed lm over a 3 p  wide interco~ect the coupiing capacitance is estimated at 230aF 

Pridges 92b]. 
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The voltage sensitivity of a probing instrument is the minimum voltage that can be 

detected- Noise in the system ultimately lirnits the performance of a technique. In the EFM 

noise is translated into any signal detectcâ by the deflection sensor that is not induced by 

the electmstatic force between the probe and a test point 

One source of emr  is the noise in the deflcction system itseif where the main cause in 

the optical techniques used in this tesearch is the s b t  noise at the photodetectors. The 

noise level in the interferorneter sensor was found to be Io-' nnt /mz for fkquencies 

above ~ H z *  In the beam bounce detection technique the minimum deflection that can be 

measured is about 1W5 MI/=. 

Other possible noise sources are the mechanical vi'bration of the positionhg mecha- 

nisrns, acoustic noise, electrical noise coupled to the probe h m  extemal sources, and the 

probe vibration due to thermal noise. Mechanical w'bration can be minimised by using an 

a i r - h p e d  bench and the rigidity of the consrnicted structure of the EFM instrument 

results in a resonant fkquency much higher than the probe resoaance. Noise M m  elecrri- 

cal coupling can be reduced by proper design and shielding. 

The dominant noise source is the thermal vibration of the cantiiever probes which are 

highiy resonant and have very little mas. The thermal noise arises h m  the probe equilib- 

rium with the environment temperature and its spectral content is similar to a white noise. 

Using the spectral density of thermal noise and taking into account the probe's fiequency 

response, the mean-square àeflection of the probe cm be written as [Said 951 

In [3.17] kB is the Boltzman constant, Ta is the medium temperature and B is the measwe- 
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ment bandwidth. The mot-mean-quare deflection at a fiequency, a is obtained as 

For a typicai wüe probe (Q = 272. k = 22.5Nlhs f, = I.I68Mz) d in this research 

the RMS deflection induced by thermal noise is about 0.006 d&&. For a microma- 

chined probe (O = 32. k = O.WN& f ,  = I2.275Hi.z) the induced defiection is in the 

order of 0.OI n n i / N z .  These numbers are higher than the noise level encountered in the 

opticai detection systems meaning that the thermal noise of the cantiiever probe is the 

dominating noise source in the instrument. 

Using Z(m) = F(o)G(o) the RMS deflection of the probe due to the electrostatic 

force at a specific frequency is obtained as 

where (<(O)) is the power spectral demity of the electrostatic force F,. From [3.18] and 

13-19] a signal-to-noise ratio of 1 gives 

To find the voltage scnsitivity the tem (<(a)), using 13.11. can be written as 

where AVms(o) is the RMS potentiai di&ence at the harmonic component 6% 
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The minimum RMS potential that caa be detected is thus given by 

To determine the voltage sensitivity the term aC(x, y, z)/& is needcd For a wire 

prok (P = 272, k = 22.5'25~ f, = 1. I68Ktli) positioned over a 3pn mâe intercomect, as 

d i s c u d  in section 3 5.1, (aC(x, y, a/& )R is equal to II .4pFh (from the force curve in 

Figure 3.15 where Vp-V, = IV) .  The voltage sensitivity is estimated as 50 n<v/mz . 

For a micromachined probe (Q = 32, k = 0,064Nhn. f, = 12.275kHz) similar to the one 

used in this research the capacitane derivative of the probe positioned over lpm over a 

circuit surface is estimated at 5OpF/m Bridges 92b]. This results in a minimum detectable 

voltage of about 1 m ~ / ~  . 

3.6 Voltage Measurement Schemes 

The circuit signal to be probed by the EFM instrument could be a DC voltage, a low 

fkequency signal or a high fiequency signal. In this section a DC measunment scheme for 

absolute voltage measurement using a n u h g  technique is presented. A heterodyne tech- 

nique for the measurements of high fkequency sinusoida1 signals is also discussed. Meas- 

urement of periodic arbitrary waveforms using a pulse sampling technique is introduced in 

chaptet 5. 

3.6.1 DC Measurement 

In DC masurement the circuit voltage can k represented as v&y). The electrostatic 

force using [3.1] can be written as 
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In 13.231 the tenn A$ is introduced to account for DC offsets effect due to contact 

potential ciifferences and surface charging mrnansky 931. The direct measurernent of the 

force in order to induce the chmit voltage wodd requin the knowledge of the couphg 

capacitance between the probe and the test circuit and therefore accurate probe positioning 

mechanha A technique relying on a ndi-force rasher that absolute force measurement is 

utilized [Weaver 91. Said 94a. This n u h g  technique is implemented by driving the 

probe with a signal describeci by 

vp(t) = A + Kcos ( a p t )  [3.24] 

where A is a DC bias, K some adjustable pararneter and a>p usualiy chosen to be close to 

the probe monant frequency o>, By expancihg [3.23] the force can be rewritten as 

1 a = C ( x  y Z) A + Kcos (o,f) - vc(x, y )  + A$ Fz 2az 

KZ + 2 [A - v,(x, y) + A@] Kcos (O>$ + -cos ( Z ~ p t )  } 
2 

Examination of [3.2q suggest that the force bas a DC component which results in a 

static deflection of the probe as weii as components at op and 2ap. The force at op is 
given by 

The deflection of the probe is a function of both the probe mechanical properties and 

the fkequency of the driving force. As mentioned eariier the deflection amplitude is 

enhanced by the cantilever*~ Q frtor when the probe is driven close to its nsonant frc- 

quency (ar)- Thus the signal-to-noise performance of the instrument is improved by 

choosing 4 close to or and the probe deflection at O, is given by 

=- - a e QF - -C (r y. z)  [A - vJx, y) + A@] Kcos (oi,t) . 1 -  k ar 
A block diagram showing the irnplementation of this measurement system is given in 



Chapter 3 Electrostatic Force Microscopy 

Figure 3.17 where the probe is positioned in close pmximity to the test point on a circuit. 

The circuit displacement cm be controlled in ai i  three axes. The probe deflection at o, is 

monitored by a sensor and a lock-in amplifier which is refemnced to the probe signal fie- 

que- The output of the lock-in amplifier is fed back to the probe after an integrator 

stage. The probe signai parameter A is thus adjusted until the &fiection is nulled at which 

point A = v, . 

Figure 3.17: Implementation of the nuUing technique for tbe measusement of a local DC potenual. 

In the electrostatic force approach the probe fraquency response is critical for meas- 

urements of high frequency signds. The probe deflection becomes very small for frequen- 

cies much higher than the rcsonant fiequency of the catilever probe. The electrostatic 

force has a square law dependence on the potentiai difference as indicated in [3.1]. Using 

the non-linear force-voltage rclationship a mixing technique can be employd to down- 

convert a high frcquency signal to a lower fiequency at which the probe cm deflect. A het- 

erodyne technique is therefore employed for the probing such signais. 
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Signal mUing has been used in the measurement of high frequency signais using the 

scannïng force microscope based on the ekctrostatic force interaction. There have been 

two approaches to using the signai mixing concept The 6rst uses a fiequency modulacion 

technique mou 92, Ho 93, BImm 94, Bohm 94a, Bohm 943, Nechay 95, Leyk 95, Bohm 

96bJ. Nert a high frequcncy circuit signal was mtasurcd by using a probe signal with a 

slightly different fieqnency. When both the ciricuit and probe signais are referenced to a 

common ground, the non-linear force interaction resuits in sum and dinerena force 

t e m .  The difference fiequency, or intermediate w e n c y  (IF), and its relevant harmon- 

ics are chosen to be below the probe resonance. In this way the probe can respond to the 

resulting force terms. Using this method both high frequency periodic digital and siausoi- 

dai signals were measured 

The second mixing approach uses an ampiinide modulation technique [Bridges 93, 

Said 94b, Bridges 951. Here the high fiequency probe signal is moduiated by a lower fie- 

quency 0 signal. The square law force non-linearity resuits in a force term at the inter- 

mediate fkquency. If the intermediate fiequency is at or below the resonant frequency of 

the probe, high fkequency penodic digitai and sinusoïdal signals can be measured. 

In this research a heterodyne technique based on amplitude modulation at the probe 

resonant bquency is used for probing high fiequency signals. In this chapter the hetero- 

dyne technique for measurhg sinusoiclai signals is f o d a t e d ,  Chapter 5 will deal with 

arbitrary waveforms. Both the magnitude and the phase of the circuit signal are important 

when deaiing with sinusoïdal signals. ril the measurement scheme used in this research a 

nulling technique is utilized to determine both the magnitude and the relative phase of the 

test point signal thus enabhg a vector voltage rneasurement. Assuming that the circuit 

under test is driven at specified fkequency oo, the signal at the test point can be descfibed 

bu 

In implementing the amplitude modulation the use of a sinusoidal or square wave modu- 

lating signal is possible. Both schemes are discussed next. 
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3.6.2.1 Sinusoidal modulation 

The voltage applied to the probe in this modulation scheme is descriid as 

V J ~ )  = (A + KCOS (CO#) ) sin (mot + 0 2  13 291 

where A. K and $p are user-controiied parameters. The method is ïliristf;fted by the sche- 

matic shown in Figure 3.18 whre the circuit voltage V,L& is king probe6 A high fie- 

quency source drives the circuit at % and a high fiequency prok signal is also derived 

h m  the same source. A phase shifter in the cirait path to the probe d o w s  the variation 

of with respect to eC The signal is  then modulated at the resonant fkquency (q) of the 

of the probe as shown in Figure 3.18. 

Kcos 

Figure 3.18: Schcmatic illustration of the hctcmdyne vector voltage measunment using a sinusoiciai mtxiu- 

lation scbcmtt 

Using [3.23] the rdt ing  force on the probe is given by 
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The square law in [330] produces a static force component as weil as components at 

a,. 20,. a,, . 2a0, a. i a,. 2a0 f o>, . and 20,, f 2~0,. The force component at the res- 

onant hcquency w, m d t s  in an enhanced deflection of the probe. T~us. ody that compo- 

nent is detccted ushg a lock-in ampificr and it is givcn by 

By adjusting the parameters A and qp util the deflection at 4 is nuiied both the cir- 

cuit signai amplitude (V3 and phase (@J can k extracteci. The iii-conditioned factors 

C(&y,z), Q and k are not te- by using the nulling method. The tenn A@ is absent in 

13.3 11 and therefore the measurements do not s-er h m  DC offset efftcts. In 13.3 1 ] the 

determination of V, and O, by using a nulling technique involves a dual optimization of 

the parameters A and eP' The unknown amplitude V, is equai to A with the deflection 

nuileci when eP = 0, This assumes prior howledge of the phase and the accurate detenni- 

nation of phase requins the unknown voltage V, An algorithm has been developed that 

enables the detennination of the phase initialiy and then the amplitude- The scheme is 

iliustrated in Figure 3.19 where the relative amplitude of deflection of the probe at o, is 

plotted against the probecircuit phase ciifference (t#Ip - t#I& 

Figure 3.19: RcIative probe &ficction as a W o n  of probe-circuit phase dia'nce for the cases when 

A=V, A < V,andA > V, 
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When the probe parameter A is p a t e r  than the circuit voltage Vc the deflection is 

never nuiIecL W~th A = Vc the circuit is o d y  nuileci at = $= while with A < Vc the 

deflection is nuiied at two distinct places. The mean vaiue of these taro points, when they 

are l a s  than I 8 f f  apan b equivalent to eP - @c = (P. In practice A is easily chosen to be 

less than V, and the phase varied to fïnd the two nuil points. Once the phase has been 

detemincd the probe parameterd is adjristed until the deflection is nded and the circuit 

signai ampiitude is extracted as V' = A. 

3.6.2.2 Square wave modulation 

In this scheme the hetemdyne technique is similar to the case of sinusoiciai modulation 

except that the probe signal is rnoduiated by a square wave of the f o m  [A + KG#)] where 

the fundamental harmonic of GJt) is at th prok resonance O, The motivation behind 

this technique is that the implementation of sinusoida1 moddation can prove to be more 

difficuit using simple eiectronics especiaiiy at high fiequencies. The probe signal can be 

written as 

v,,(t) = [A + KGS(t)] sin ( q f  + $p) [3 -321 

where A, K and +p are adjustable parameters. The term GJt) can be represented by its fou- 

r i a  series as 

Wshg the force equation 13.231 the square law mwlg d t s  in a static force and 

components at (2n - 1) w,, a+, , 2wo, and O,, i (2n - 1) w,. The deflection at the probe 

resonance becomes 

This result is similar to the one obtained in [3.3 11 except for the factor 4/z A pmce- 



Chapter 3 Eïectroszatic Force Microscopy 

dure similar to previous case is utilized for the cietennination of (V&& Thus any modula- 

tion signal with a fiindamenta1 harmonic of o, can be utiIised. The choice is however 

dicîated by the simplicity in its impllementation. 
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Chapter 4 

Vector Voltage Measurement 

In cbis chapter the application of the hetedyne  technique to the vector voltage meas- 

urement of high £kequency signals using the EFM instrument is demonstrated. The con- 

structed pmbing instrument is descnkd and diffidties encountered in measurernent at 

radio fiequencies (Ge) are dïscussed. Dinerent implementations of the square wave 

modulation scheme (introduced in the previous chapter) are presented together with the 

measurement resuits. 

4.1 Introduction 

Rapid advances in the microelectronics field have made it possible for devices to 

become denser, faster and more complicated The push towards high fiequencies in the IC 

technology have resulted in gigahertz operating frequencies. Microwave Monoiithic Inte- 

grated Circuits (MMIC's) components operating in the GHz range are routinely used in 

personal communication systems, ceildar phones and other RF technologies. In the devel- 

opment of mch devices accurate signal measucernents at intemal points are often required 

for design and pefiormance veritications. The probing instrument presented in this 

research has the capability of becoming an important diagnostic tool. 

Vector voltage measurement refers to the case where both the phase and amplitude of a 

circuit signal is extracteci. The device under test is extemaily dnven at a specified ne- 

quency and only the relative phase and magnitude of the circuit signal change as it propa- 

gates dong the device. Thus measurement is made at a 6xed frequency and possible 
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applicatioas exist in analog and hear circuit testing. The use of the EFM instrument for 

probing signais in the G E  range introduces two important problems. Firstly, the accurate 

determination of the probe signal at the tip of the cantilever pmbe is dinicult due to the 

discontinuity at the pmbing end  The signal applied to the probe and the signal at the 

probe tip is not necessarily the same since a small cable length dong with discontinuities 

at the probe end can incroduced a large phase change and result in signal mismatch. This 

effect is fiirthet discussed in section 4.3. 

The second dinicuity is the geaeration of the modulateci probe waveform at high fre- 

quencies. The simpler square wave modulation scheme is usuaUy chosen instead of the 

sinusoidal modulation scheme. Although commercial instruments are available to gener- 

ate the square wave modulaîed signals the cost of these mimwave instruments can be 

quite expensive. Vector voltage measurement of high frequency signals (up tu IGHz) has 

been demonstrated using the square wave modulation scheme m a l  941. One of the 

objectives of this thesis is to investigate different implementations of the square wave 

modulation scheme using simple and inexpensive electronics. The motivation was to sim- 

plify the measurement system, possibly with some automation, and also to extend the fre- 

quency range of the measurements. Three dinerent methods are presented together with 

the results fiom measurements perfonned on a microstrip intercomect h e  as weli as the 

intemal nodes of a commercial MMIC and a MHMIC (Microwave Hybrid Monolithic 

Integrated Circuit). 

4.2 The EFM Probing Instrument 

A photograph of the EFM probing instrument that was consmicted is shown in Figure 

4.l(a). In îhis instrument an optical beam bounce detection technique is used to sense the 

deflection of a micromachined cantilever probe. A rigid aluminm stmcture bol& the cir- 

cuit positioner and the laser beam positionhg and alignment mechanism. The aluminum 

structure eliminates the noise h m  low frequency vibrations. The photodiode detectors are 

also attached to the same aluminum structure- 



Figure 4.1: (a) Phorograph of the EFM probing insmmenc; (b) close-up view of a micmmachined probe 

positioned over a test circuit, 
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The circuit under test is usually mounted in a high speed test fixture which is placed on 

a three-axis positioner for moving the probe to the desired intemal test point and for 

adjusting the tipto-sample separation. Figure 4.l(b) shows a close-up view of a microma- 

cbined probe positioned oves a test circuit. The cantilever probe is attacheci to one end of a 

coplanar waveguide which is then comected to the probe-signal generating circuit 

through an SMA connecter and coaxial cables. 

4.3 Eügh Frequency Probe Effects 

The determination of the probe signai is important in the implementation of the numg 

technique for absolute voltage measurement. As mentioned in the previous section the 

probe signai reaches the micromachined cantilever tip after a transition fiom a coaxial 

cable to a coplanar waveguide. The coplanar transmission line was fabricated h m  a cop- 

per coated dielectnc by mbbing the unwanted regions using a milling machine wTech] 

and was designed for a characteristic impedance of SOn In the case of the molybdenwn 

wire probe, the cantilever was simply attached to the center conductor of a semi-rigid 

coaxial cable. A feedthrough termination with a XX2 transmission line of adjustable 

length was used to match the discontinuous probe to the signai generating electronics. 

A circuit mode1 for the probe arrangement and its interaction with the test circuit is 

shown in Figure 4.2. The coplanar waveguide as weU as the semi-rigid coaxial cable are 

modeled as a transmission be.  A 50n system, which is often the case in practice, is used. 
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I 1 3 Probe 

1 
cl+ vc 
C(s3z) 

z o '  
I 

Figure 4 2  (a) C i u i t  model for probe-circuit arrangement, (b) resulting circuit assuning the coupling 

capacitance C(xy,z) as an open circuit. 

The probe and its capacitive coupling with the test circuit are represented by a lumped 

RU3 model. The coupling capacitance, C(ZJ@ is usualiy vety sm& on the order of 

300aF, as mentioned in chapter 3. The equivaluit impedance at lûG& is still on the order 

of 5OMZ and an open-circuit at the probing end is a reasonable assumption. The probe is 

thus modeled by an open-circuited 5ûC2 line of length 1. Using transmission line theory, 

the equivalent shunt impedance of the open h e  is calculated as 

when A is the wavelength associated with the signal hquency. The length of the line is 

thus critical to obtain a good match characterized by a low retum loss. The equivalent load 

2' in Figure 4-2(b), becornes 50ZScJ(50+ZSH). The voltage reflection coefficient of the 

load impedance is given by 
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The retum loss Sn is thus obtained as 

The retum l o s  was calculateci as a fiinction of the nonnalized length (a) and is plotted in 

Figure 4.3. From the result obtaineâ, a good wide-band match could be achieved by termi- 

nating with the S(KL impedance near the end of the probe so that I - O. The problem with 

this arrangement is the heat produced by the load due to the probe voltage. The heating is 

sufficient to disturô the cantilever proôe and resuits in a continuous mechanical dtift of the 

probe. The probe deflection cannot be properly nuileci in this case. An alternative method 

was employed where a feedthrough termination was used far h m  the probe. The 

feedtbrough temination was fabxicated by s o i d e ~ g  a 5(KL chip resistor across the signal 

and ground lines of a coplanar transmission h e .  A coaxial cable was then used to carry 

the signal to the probe. The rem loss of this system was measured on a network analyser 

and is shown in Figure 4.4. 

O 0.25 0.5 0.75 1 1.25 1.5 1.75 
Normalized length îA 

Figure 4.3: Simulateci return los, SII. as a faction of the normalizcd open-circuit length a 
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Figure 4.4: Retum loss. Sll, measured on a network analyzer as a function of fiequency for a Gxed line 

length. 

A narrow-band match is attained at the operating fkquency of interest. This is not 

major concern since the modulating fiequency (the probe resonaace) is quite low - less 

than ISkHz for the cantilevers used in this research- Thus, the signai applied to the probe is 

narrow-band at GHz fkequencies and a good match at the carrier frrquency also provides a 

match for the moddated signai. The main limitation of this matching technique is that 

measurement can be made only at one fkquency at a tiw. The use of an electronic wide- 

band phase shifter would enable automatic matching of the probe. Measuements can then 

be perfomed at dinerent niequencies similar to a network anaiyzer. 

In the experimental set-up a manual phase shifter was inserted between the 

feedthrough termination and the probe so that the effective length of the open circuit line 

can be adjusted for a low retum loss at the d e s M  fhquency. A directional coupler was 

used for this purpose as shown in Figure 4.5. The reflected power h m  the feedthrough 

termination at the desired RF fkquency (fo) was masurrd by a power meter using a direc- 

tional coupler. The effective length between the feedthrough and the probe was adjusted 
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using the phase shifker until the reflected power was minimized The resulting matcbed 

circuit is only valid at fO. 

Power meter 

V,sh (2xfot) Probe 
- Phase 
v shifter 

L 

Directional 
 COUD^^ 

Feedthrough 
termination 

Figure 45: nobe matching at a fiequency fo by adjusting the effective length of open circuit line and using 

a directionai coupler to measrtrc the refkcted power, 

The use of the heterodyne technique for vector voltage measurement using different 

implementatiom of the square-wave modulation technique is presented in the foilowhg 

sections. 

4.4 Double-Path Modulation 

The principle behind this modulation scheme is illustrated in Figure 4.6. The high fre- 

quency input signal (cos(ot)) is fed to a 2 way-0" power divider. One of the d*ided out- 

p u t ~  from the splitter goes through a biphase modulator that introduces a @ or 18P ûxed 

phase shift depending on the control signal. The high fiequency signal is thus moddated 

by changing the contml signal at the probe resonance f, and can be written as 

KG(f)cos (a? + 0) where 8 accounts for the phase shift dong that path. This modulates 

the RF camer by a symmetrical square wave. The typical insertion loss for the modulator 

is about 4dB. 
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Power splitter 
0.5 - 2 GHz. O0 

' 
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w . - 

t; w 

Biphase Digital step * 
attenuator = modulator 

0.01 - 1 GHz + Control 
0.2 - 2 GHz - - 

Phase 
shifter 

d 

K G(t)cos(ot+û) Power combiner 
A A cos(ot+û) - 

-0 .5-2GH~, Oo 
' 

Figure 4.6: Schematic illustration of the double-path square wave modulation scheme. 

The other half of the divided high frequency input is fed to a digital step attenuator 

@SA) where the amplitude of the high fkequency signai can be varied, The attenuation 

introduced by the DSA is controiled by six TIZ inputs and can be varied between O - 31.5 

dB in steps of 0.5dB. The minunum insertion loss with dl attenuation elements bypassed 

was 4.QdB. The phase change acmss each path is critical in this modulation scheme and 

has to be identical at aU times. The perfomuure of the step attenuator was investigated 

and the phase change across the elemcnt was found to be dependent on its control logic. 

Different attenuation levels introduced different phase shifts across the component. Thus a 

phase shifter was insexted to off- these phase changes. The high fiequency signal that 

reaches the pwer  combiner caa thus be represuited by Acos (or + 0) . At the 2 way-O0 

power combiner the two signals are vectoriaüy combined and since these signals are in 

phase the sum becomes an algebraic addition. 



This modulation scheme was used for vector voltage measurement at IGHz and the 

experimental set-up of the meastuement system is shown in Figure 4.7. The output from 

the local oscillator is p a s d  tbrough a low pass filter (LPF) with a c u t 4  frequency of 

IGHz to rninimizc higher harmonies. The RF signal is then split into hwo parts with the 

f h t  one driving the device under test (DUT) while the probe signal is derived from the 

second divided signal. Attenuators arc used in the test circuit paîh to Vary the signai level- 

The signai to the probe is modulateci as descriid eariier and then ampified to increase 

the power level. The magnitude of the signal sent to the probe is limitted by the 1-dB com- 

pression output of the amplifier which is I m m .  This uitimately sets an upper limit on the 

amplitude of the circuit signal that can be measureâ. A phase shifter is next introduced to 

vary the phase of the probe signai as required in the vector voltage measwement. An 

adjustable delay line was used as a phase shifter. It was a mechanical structure and the 

phase was varied manudy. The insertion loss h m  the delay line was less than 0.5dB. A 

IOdB coupler together with a power meter was used to monitor the amplitude of the signal 

which is then sent through the 50R feed-through termination to the probe positioned over 

some test point. The deflection of the probe is sensed by the deflection sensor and the 

amplitude of vibration at resonance (fr) is measured using a lock-in amplifier. 
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Power splitter 
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Doublepath , 
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Figure 4.7: Schematic hprcsentation of the measuremcnt system used for vector voltage measurement at 

IGHr using a double-path square wave modulation scheme- 

The use of the hetemdyne technique in high fiequency vector voltage measurement is 

demonstrated and measuricmcnt results are presented in this section. A wire probe was 

used in these measuremnts and its deflection was sensed by a fiberoptic interferorneter. 
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The test situation would occur in Lin- circuits where the circuit signal is at a 6xed driv- 

ing fiequency but underges changes in phase and magnitude as it propagates through var- 

ious devices and components. The first test structure used to examine the performance of 

the measurement system was a m i d p  fd-thtough iine. Tht feedthrough hue (thni- 

line) was seiected sincc the signal on the iine can be easiiy be characterised by measuring 

at its exterual ports. The microstrip aansmission line was designcd for 50R impedance 

and was fabricated on a copper coated dielcctric by rubbing out the unwanted copper 

using a milling machine FTech]. The wïdth of the iine was caldated to be 2.25mm for a 

0.794mm thick dielecaic with e, = 2.5 using standard synthesh equations [Gupta 791. 

SMA connectors were soIdered at the ports of the transmission line. The performance of 

the microstrip structure was characterized by measuring its S-parameters on a network 

analyser. The forward reflection parameter SII is shown in Figure 4.8. The renim loss is 

better than -19dB indicating a good match at the input port- 



The insertion loss was investigated by measuring the forward reflection parameter SzI, 

shown in Figure 4.9. An insertion Ioss better than 0.ZdB is obtained in the fiequency range 

of 0.4-2-0 Ga. 

Figure 4.9: Fomard traasmission parameter (SzI)  of thm-linc as measured on a network anaiyzer- 

Sinusoida1 meamrements were performed on the microstrip line by applying a signal, 

v&) = V, sïn(27cf$), to the input port- The amplitude of the circuit signal was varied by 

inserting attenuators in the signal pat i~  The output signal was monitored on a hi@-speed 

sampiing oscilloscope. In the heterodyne/nulling technique the circuit signal amplitude 

and phase are extracteci by varying the probe parameters A and eP as discussed in chapter 

3. The vibration ampiinide of the probe at the resonant frequency is given by 

To detennine the circuit signal amplitude, the phase of the probe signal is h t  adjusted 

untii @p= Oc "ng the algorithm demi id  in chapter 3. The parameter A was reduced by 

increasing the attenuation Mm the DSA in Figure 4.6 until A c<V, The probe phase a 
was maaually changed using the mechanical phase shifter to obtaîn the two nuil points. 

Once the phase was set the amplitude, V, couid be iound by varying the parameter A until 
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the deflection is nuiled. Figure 4-10 shows the probe deflection magnitude as a function of 

the probe parameter, A. for circuit signals amplitudes of 0.206V and 0.320K The panune- 

ter A was extracted by masuring the power level of the probe signal using a IadB coupler 

and converthg it into a voltage ievel, 

O 0.05 0.1 0-15 0 2  0.25 0.3 0.35 0.4 0.45 
Probe signal pararneter A (V) 

Figure 4.10: Normalised defleccion signal as the probe signal pararneter A is varied for test chcuit signal 

amplitudes of OUO6V and O.32OK 

For the circuit signal amplitudes used the corresponding values of the probe parameter 

A were 0.223V and 0.3m From these red i s ,  it is clear that A # Vc . This is due to losses 

in the signai path h m  where the coupler is placed to the pmbing tip and are ciifficuit to 

characterïze. Thus a caliibration factor is required to traaslate the probe parameter, A, Înto 

an accurate value for the circuit signai amplitude. The probe parameter was determined for 

a number of different circuit signal amplinides. These values ofA are plotted as a function 

of the corresponding cirait signai amplitude V, in Figure 4. LI. A straght iine fit indicates 

that a constant scaling factor is involved and it is easily determined h m  the graph. 
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- Linear fit G i  

O 0.05 0.1 0.15 0 2  0.25 0.3 0.35 0.4 
Circuit signal amplitude v, 0 

Figure 4.1 1: Robe parameter A as a fiction of circuit signal amplitudes V, A straight line is fitted onto the 

measured data points. 

The maximum signal that can be measured is iimited by the I d B  compression output 

of the amplifier as mentioued earlier, The probe parameters A and K are limited by the 

amplifier output and one can only be increased at the expense of decreasing the other. A 

trade-off is chosen between the measurenotnt range, defineci by the A values, and the sig- 

nal-to-noise ratio which depends on K (probe deflection =K.). In the measurement system, 

the voltage sensitivity is determined primdy by the step size of the DSA used to Vary the 

probe parameter A. The attenuation couid be changed in steps of 0.5dB resulting in a volt- 

age sensitivity of 0.25dB. The sensitivïty in the phase measuriements were estimated to be 

within f2O. 

The measurement capabfity of the instrument was fiirther investigated by varying the 

phase of the probe signal afkr the probe parameter A that minimises the deflection corre- 

sponding to a circuit voltage of O . 2 W  has been detemiined This result is shown in Fig- 

ure 4.10. The resuiting normalized deflection amplitude is plotted as a fiuiction of 3 in 

Figure 4.12. The measured resuits matches weii witb the theoretical [ 1 - cos (t+, - +,) ] 

response. 
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Figure 4.12: NonnalUed defiection signai as the pbase of the pmk signa1 is vaned The p k  of the test 

circuit signai (V' = 0.20ôV) was initially determind as @= = 23CP and the probe signal adjusted to nuii the 

deflection with 4 set as uBO. Both the mcarined and theoretical responsa are ploned 

While the rneasumments on the thru-he prescnted so far can be easily made using 

conventional methods they help to demonstrate the heterodyne technique and enabled the 

determination of the scaiing factor involved in the EFM pmbing. It is important to note 

that the scaling factor remaiils unchanged regardless of the DUT. Thus, once determined 

with the thm-line, the sarne scaling factor can be used for ai l  DUT's. 

The next set of measurements were performed on the internai nodes of a commercial 

MMIC Iow noise amplifier (WA) h m  Texas Instruments and they provide a more appm- 

priate application of the EFM instnimnt. The amplifier is a Ga& monolithic low-noise- 

amplilier and has t k e  FET stages with nzsistive feedback m-LNA]. The amplifier was 

packaged in a microstrip shnictute at Communications Research Centre, Ottawa [CRCI] 

and a photograph of the packaged circuit is shown in Figure 4.13. 



Figure 4.1 3: Photograph of  the Texas insuurnent Low Noise Amplifier used as a tcst circuit in EFM vcctor 

voltage measurements. The integrated circuit is packaged by bonding to the microstrip lines. 

The nominai gain of the amplifier over a O. 1-3.5GHz range is 18dB and a single + 13 V 

power supply is required for ics operation, The IdB compression output of the amplifier is 

ISdBrn. The performance of the amplifier was venfied by measuring the forward transmis- 

sion and reflection parameters on a network analyser. The S2, parameter is given in Figure 

4.14 and the gain of the amplifier at lGNz is 17.4dB. When measuring active devices such 

as amplifiers on a network analyzer care tnust be taken to avoid damage from the ampli- 

fied output. A wideband 20dB attenuation was used. The insertion loss of the attenuator 

was initially characterised and its effect was factored out from the measured results. The 

S I ,  parameter of the LNA is shown in Figure 4.15 and a r e m  loss better than I5dB is 

obtained at IGHz. 
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0,4000 -2 2, ma0 

Figure 4.14: Forward transmission parameter (S21) o f  Ti-LNA as measured on a network analyzer. 

Figure 4.15: Forward rcflection parameter (SII)  of thru-üne as measured on a nctwork analyzcr. 

A microphotopph of the amplinier layout and the circuit schematic are shown in Fig- 

ure 4.16. Measurements were perfonned at the input aad output pads and two interna1 



Figure 4.16: Texas Instrument Low Noise Amplifier (TI LNA); microphotograph o f  the circuit ([op) and the 

circuit schematic representation of  the MMIC (bottom). 
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nodes as identifieci in Figure 4.16. Node 1 i s  the output of the f h t  FET while Node 2 is the 

input to the thini FET. The input and output of the ampiifiet circuit w u  bonded to the pads 

1-g on the microstrip lines where the measurements were made. The dimensions of the 

chip are about 1.5- x I.5nun. WMe the signals at the input and output ports can k char- 

acterised by using a standard osciUoscope or network anaiyzer, the interna1 signals cannot 

be easily determined by conventional techniques. 

For cornparison purposes a high impedance active contact probe (Picoprobe h m  

[GGB]) was used to measure the signals of the points of interest. The measurement system 

is shown in Figure 4.17. 

Probe 

Amplifier '7 + 
oscilloscope 

Test circuit 

Figure 4.17: Measurement system for contact probing with an active probe (Picoprobe)- Direct contact is 

made by a fine tungsten tip to a test point on the circuit 

An amplifier stage was used to increase the signal level obtained fiom the contact 

probe since the probe output is attenuated 20: 1. The probe driver supplies the bias voltage 

for the MOS transistor located at the probing end. The probe tip is directly connected to 

the unprotected gate of the transistor resulting in a low capacitive load from the probe 

(0.04pF according to specificati0r.s). The probe has a bandwidth of IGtlr. The operation 

of the probe-amplinet system was verified by measuring known signais on a thni-line at 

I GHz. The probe resuits are plotted as a function of the circuit signal amplitude in Figure 

4.17. The measured points were fitted ont0 a straight line which can be used as a calibra- 

tion curve. The maximm deviation of the measured points fiom the calibration curve was 
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Figure 4-18: Calibration curve for active contact probe measurement systern at IGHz. Results are ploued 

from two measurement atternpts and a straight line is fined through the measured data points. 

The resuits h m  the measurement of the LNA are presented next. The EFM probe was 

positioned approximately I p m  over the test point. A srnall input signal was applied to the 

ampifier with the output ~ 0 ~ e c t e d  to a input of an osciL10scope. In such a measure- 

ment set-up the output can be continuously monitored while the internai signals are k i n g  

probed. A negiigi'ble disturbance of the output signal was observed during EFM probing 

showing the non-invasive nature of the measurement. In contrast, the output level changed 

by about IûmV when the output pad was probed by the active contact probe due to the 

higher loading h m  the active probe (0.04pF compared to less than IfF for the EFM). 

Table 1 shows the resuits obtained by probirig the four test points using the EFM and the 

active contact probe for similar input signal levels. The extracted phases of the signal were 

referenced to the output signal phase. The results h m  these measurements match quite 

well except for the phase of the input signal. The small voltage level made an accurate 

measurement of the phase by the active contact probe difficult. The voltage sensitivity is 

calculateci using the 0.5dB step size of the DSA. The probe parameter can be adjusted to 

within O.25dB of the circuit signal amplitude. Thus, the voltage sensitivity varies as the 

the amplitude of the test signal. This effect was observed experimentally. 
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The results in Table 1 together with the circuit topology shown in Figure 4.16 indicate 

that most of the signal amplification is done by the fint FET. The other twa transistors act 

as b a e r  stages. Circuit simuiation was not possible since the FET parameters are not 

available. 

'Lgble 1: Vector waveform m~8~1110ment of TIILNA at lG& 

For a properly matched ampliner, S2 is determined as the ratio of the output voltage to 

the input voltage. The SZI parameter is calculated fÎom the probing resuits and compared 

in Table 2 with the specifkation data as weii as the value obtained from the network ana- 

lyzer measmement. The sensitivity in a Stl measurement by the EFM probe is O.S& since 

the voltage sensitivity of the technique is 0.2SdB, The sensitivïty in the contact probe 

measurement is estimated h m  the deviation of the measured data b m  the iinear calibra- 

tion curve in Figure 4-18. The lower gain h m  the network analyzer tesults are most Likely 

due to mismatch and loss in the text fixture (Figure 4.13) used to mowt the device. This 

does not effect the EFM results and is an advantage of the method. 

Table 2: Foraad trammisdon parameter, SZI, of the TI-WA 

EFM 

Contact 
probe 

Node 2 

292I8.5mV 

/62O f 2 O  

298 mV 

~ 1 5 5 ~  

The reference plane for the SzI parameter h m  the data sheet is speciiied as the center 

of the device bond pads. In the EFM probing, measurements were made on the bond pad 

Output 

384f II.2mV 

L-38O f 2* 

410 mV 

L-38O 

Input 

45.1+1-3mV 

LOO* 2O 

47.6 mV 

/? 

Contact probe 

18.5 dB 

Node 1 

359+10.5mV 

~ 1 6 5 ~  f 2O 

348 mV 

~ 1 6 2 ~  

EFM 

18.6 i 0.5 dB 

L-38O f 4' 

Data sheet 

18.5 dB 

L-37O 

Network anaiyzer - 
17.6 dB 
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Iying on the microstrip h e  of the package as indicated in Figure 4.16. The effect of the 

bond wires on the measurement resuits was investigated. The length, L, of the bond wire 

was estimated at 0 . 5 ,  and a diameter, d, of 22p2 was assumed (a typical value). The 

main parasitic fiom a bond wire is its inductance which was estirnateci by 

In 14-51 the inductance. L, is given in nU if I and d are in mm. The inductance of a single 

bond wire was estimated at O.35nH. From compter simulation ushg PUFF (a software 

for mimwave circuit design) for two wires in parallel, the insertion loss across the bond 

wires was found to be negligible below SGHz. The phase change introduced was less than 

20 at lGHr and below P at 2GNt. 

The results presented in this section demonstrate that the hetemdyne measurement 

system performs well. However, the practical implementation of the double path modula- 

tion technique used here is quite cornplex. A number of discrete components are used and 

carefui caiïbration of each component is necessary. The digital step attenuator introduced 

a variable phase shift which necessitated the use of a phase shifter. Due to the lack of an 

electmnic phase shifter, the hetedyne method couid not be automateci. The overali meas- 

urement system was quite compiicated and tedious to operate. An alternative modulation 

technique was thus investigated wîth the intent to simpiifu the measurement technique. 

This method was based on an YQ modulator and it is dîscussed next. 

4.5 I/Q Modulation 

The basis behind this modulation technique is the in-phase/quadrature 0 modula- 

tor/demodulator schemes often used in digital co~~mdca t i on  systems. In the implemen- 

tation of this modulation scheme a commerciaiIy available ï/Q modulator (MIQC-895M) 

fiom Mini-Circuits was used @Aini-Circuits]. The MIQC-895M has a nmow carrier band- 

width between 868-895 MHz. The modulator came as a plug-in chip and a printed circuit 
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board was prepared to mount the component using the milling machine p-Tech]. 

The fkquency range of the moduiating signais is h m  DC to 2 e -  The YQ moduia- 

tor consists of a 9(P spiitter, two mixe=, and a 00 spiitterkombiner as shown in Figure 

4.19. The modulating signais are the 1 and Q signais which are upconverted by the mixers. 

Figure 4.19: Schematic represtntation of the UQ Modulatm The RF signal can be represented as a vector 

sum of the two orthogonal 1 and Q components, 

The local oscillator signals to the mixers are 9@ apart and therefore the outputs of the 

mixers are orthogonal. The RF signal can thus be represented in X-Y coordinates as mag- 

nitude of X-Y vectors. In digital audio, X is replaced by 1 (In-phase) and Y by Q (Quadra- 

ture), hence the name UQ moduiator. 

The principle attraction of this component is its capabiilty of modulating the amplitude 

as weii as v m g  the phase of the probe signal as required in the hetemdyne vector volt- 

age measwement technique. A much sirnpler measurement system can thus be imple- 

mented. in the square wave modulation scheme, the signal sent to the probe is of the form 

(A + KG@)) cos (w,t + $) 14.6) 

where A, K and @ are user-controlled parameters. This modulation scheme is implemented 

using the YQ modulator as ïilustrated in Figure 4.20. Synchronised square wave modulat- 

ing signals are used at the 1 and Q ports. The fiequency of the square wave signals is cho- 
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sen at the probe resonant fkquency f, By varying the amplitude and DC offset of these 

signals the ampinidde of the high fkequency carrier can be modulateci at f, and its relative 

phase @ can aiso be changed For a relative phase @ greater than 900 a phase di&rence 

betwan the modulaîhg signai is intmducd If. for example, 4 Iies ktween and 18P 

then the signal at the 1-port lags the signal at the Q-port by W'. 

Figure 420: Illusnation of square wave moduiatîon using the V Q  moddator for the case when 0" < @ < 90°. 

In Figure 4.20 the amplitude of the high fkquency signal changes between rl and rt 

resulting in A = (rl - r2)B and K = (r* + rj)L2 in equation 4.6. For the case illustrated in 

Figure 4.20, both rl and r- are defined to be positive and rl is assuned to be greater than 

r2. The parameters A and K are adjusted by changing the amplitude and offset of the mod- 

ulating signais at the 1 and Q ports. If both vectors of the high fiequency signal resulting 

from the modulation are of the same phase then 1-2 is considemi to be negative so that the 

same definitions for A and K, mntioned earlier, are valid (assuming lrll > Ir21). 

The performance of the mixers in the YQ modulator is important for the measurement 

system and the component's behaviour was experimentaily characterized to investigate 

deviations h m  linearity. In the first expriment the YQ modulator was &en by a local 

osciüator at 88IMnz with an input power of 9dBm. A low-pass 6iter with a cut-off fre- 

quency of lGHr was used to filter out the higher hamonics. A variable DC voltage was 
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applied to the 1-port and the Q-port was grounded, As the DC voltage leveI at port 1 was 

varied the magnitude of the R F  output was measUrrd on an oscilloscope and the resuit is 

plotted in Figure 42  1. 

Figure 4 2  1: Characterization of the performance of the UQ modulator. LO fiequency was 88 MHz- nie 

peak-to-peak magnitude of the RF output was m e a s d  as the DC voltage at port I was varied with port Q 

groundd A straight line is fitted through the measured data points- 

A snaight line is fitted on the measured data points in Figure 4.2 1. The performance of 

the V Q  modulator deviates h m  iinearity for high voltage levels at the 1-port, During the 

measurements the phase of the RF output was monitored on an oscilloscope and it 

changed by less than Ho. Ideally no phase change is expected since the modulating sig- 

nal at the Q-port is kept constant at OK 

The next measurement was performed by varying the DC signals at both the 1 and Q 

ports of the modulator. The lineat portion of the curve in Figure 4.2 f was selected and thus 

the maximum level of the modulating signai used was 0.2K In this case the amplitude and 

the relative phase change of the RF output were measutcd and the resuits are tabulated in 

Table 3. A theoretical response assuming linta. behaviour of the I/Q modulator is also 

computed and presented in Table 3. 
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Table 3: Response of the moduiator as a h c î i o n  of 1 and Q mdaiating signais 

RF output (mv) 
(===a 

RF output (mV) 
(theoreticai) 
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Table 3: Response of the modulatot as a fbctioa of 1 and Q modulating signais 

RF output (mv) 1 1 1 ( m e d )  
RF output (mV) 

(theoretical) 

A close agreement is observed between the experimenial and theoretical resuits. A lin- 

ear behaviour of the YQ modulator asSumin8 similar signal levels is a reasonable assump- 

tion. In implementing the heterodyne technique ushg the I/Q modulator two DS-345 

signal generators [SRS] were w d  two provide the moduiating signals at the 1 and Q ports. 

These generators were operated in locked-mode so that the relative phase between them 

are known and constant The operation of the DS-345 can be computer contdled and ail 

the parameters in the heterodyne nuiiing technique were varîed using a computer program 

in a feedback loop. This enabled automation of the measmement system, 

Referring to the case iliustrated in Figure 4.20 the 1 and Q modulating signals can be 

described in te- of the phase and magnitude of the desired high fnquency signais. rl 

and rz. The peak-to-peak amplitudes of the moduiating signals ai the 1 and Q ports are 
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given by 

assuming rl > r2. The DC o f k t s  of the moduiatmg signais arr given by 

The I and Q signais can be easîly deriveci for other cases with @ ranging h m  @' to 3609. It 

is these values that are sent to the signal generators by the computer program developed 

for these measmement. Since the signal levels at the IIQ ports are kept small to maintain 

linearity 2ddB attenuators were used in the path h m  the DS-345 to the VQ ports. The 

sensitivity of the system is thus increased by extending the range of the modulating signais 

at the output of the signai generators- A larger change in the output h m  the DS-345 is 

more accurately set than a d e r  one. From Figure 4.2 1, the maximum signai level at the 

1-port was found to 0.2V for linearity. Without the 20dB attenuator this would result in a 

maximum value of 0.2 for rl while the maximum becornes 2.0 with the 20dB attenuator. It 

should be noted the parameters ri and r2 are not identical to the high fiquency output. 

They are used as variables to implement the nullùigheterodyne technique. In reality the 

high fiequency outputs are Linearly scaled by these numbers. 

A block diagram of the masucement system is shown in Figure 4.22. The high fke- 

quency signal is once again split to simultaneously drive the probe signal moduiating elec- 

tmnics and the circuit under test An amplifier stage is used to incrwe the power level of 

the moduiated probe signal while the attenuators in the circuit signal path dows  for the 

variation of the circuit signal level. The lock-in amplifier k used to sense the deflection of 

the probe at ia resonant fnquency. This deflection amplitude is then read by the computer 

through a digital-to-aaalog converter. The meamment system was cali'brated by measur- 

h g  the power of the RF signal after the ampiner in the probe-signal path for known set- 

tings on the YQ moàulator. Thus the probe parameters. A and K. resulting h m  specïlîed 

values for rl and t-2 could be extracted. 
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Figure 422: Block diagram of the measurrment system using the YQ modulator for vector voltage measure- 

ment at 88 lMIIz, 

For the measurement resuits presented hexe, a xnicromachined cantilever probe was 

employed in the EFM instrument and the probe deflection was monitored by a beam 

bounce detection technique. Vector voltage measurement is first demonstrateci on the thni- 

Line descriid in d o n  4.4.1. A sinusoïdal signal with an amplitude of 0.253V was 

applied to the thru-iine. The phase of the signal was h t  determined by finding the two 

n d  points with A cc Vc. The high fnquency vectors rl and r2 were 1800 out of phase 

and rl slightly pater  that r2. The measured normaüsed amplitude of deflection at the 

probe resonance, as the two nuii points are located, is shown in Figure 4.23. The theoreti- 
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cal response which is proportional to /A  - V'cos (qP - q,) 1 is also fitted on the measured 

data. The phase of the circuit signai is obtained as & = 327. 

Figure 423: Determination of the circuit signal phase by locating the two nul1 points. Botù the measured 

data and the theoreticaï fit are displayed 

Once the phase has ken set and the deflection amplitude with $ = $= = 327 has been 

nuiied (A=Vc). the deflection of the probe at its resonance was measured as a fwiction of 

the probe phase 9. The measured normalized result is cornpared with the theoretical 

response [ 1 - cos ($, - 327O) ] in Figure 4.24. 
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Figure 4.24: Experimentai and theoreticai response of the probe deflection as a function of the phase of the 

probe signai 3 wîth & = 327 and the pmbe parameter A = V,. 

The phase measurement capability of the instrument was next investigated A mechan- 

ical delay Line was placed before the thm-line to innoduce an adjustable phase shift in the 

circuit signal. V, s h ( ~  + 4=). The phase change of the circuit signal was monitored on 

an oscilloscope. The experimntal data h m  the EFM are compared with the osciUoscope 

results in Table 4 and an agreement within P is observed The circuit signal amplitude 

was 0.26V in these measurements. 

Table 4: Phase measurement using YQ moduiation at 88- 
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In the heterodyne technique for vector voltage measurement, the amplitude of the cir- 

cuit signal is determineci once the phase has k e n  accuraîely set. A nullhg technique is 

employed by adjusting the probe parameter A. Iii the algorithm used the parameter A is 

iocreased by decreasing the magnitude of the high fkequency vector r2 with rl kept con- 

stant. Assuming rl>ïz. the probe parameters A and K are given by (rl-r#2 and (rl +r* 

Here the ampiinides of the RF output is equal to the parameten rl and r2 for modeiing 

purposes. With eP = eC the deflection of the probe at the resonant fiequency, f, can be 

written as 

The theoretical response of the probe deflection as the parameter A is varied is shown 

in Figure 4.25 for dinerent values of V, 

1 I r I L I 1 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Probe parameter A O() 

Figure 4.25: Theoretical response of the probe deflection at f, as the probe parameter A is varied for the 

cases when V, = 0.05.0.1, 0.2. 0.3 and0.4 K 

The circuit signal amplitude on the thru-line was varied and the deflection nuiied after 

the phase has been set. The nuiiïng curves obtained h m  measunment are show in figure 

4.26 wbere the relative probe deflection is plotted as a function of the probe parameter A 

for V, = 0.08, 0.12.0.15. 0.20 and 0.25 C! The measured response is similar to the theoret- 

i d  one. 
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Figure 4.26: Ekperimentai nulling curves w k c  the probe deflection is plotted as a fimction of the probe 

parameter A for V, = 0.08, 0.12. O. IS.0.20 and 0.25 t? 

The probe parameter, A, extracted fiom these measurement do not match with the cir- 

cuit signal amplitude. Robe mismatch and loss in the probe matching circuitry could be 

responsible for this discrepancy. A calibration curve is therefore required and the one 

obtained fiom these resuîts proved to be non-linear. This is a result of the smaii non-line- 

arity present in the performance of the YQ modulator which is amplified in the measure- 

ment system. 

The measunment was repeated and the probe parameter A. where the deflection is 

nuiied, was measured using a IW coupler placed before the 5ûQ feedthrough termina- 

tion in Figure 4.22. The probe deflection nulling for amplitude and phase measurement 

was still controïïed by the computer in a feedback loop. The resulting calibration curve 

where the probe parameter, A. is plotted as a huiction of the circuit signal amplitude is 

given in Figure 4.27. Three diffezent measurements were perforrned with the parameter rl 

= 1.6. 1.7 and 1.8. The experimental results are easily fitted on a iinear calibration c w e .  

The measured data deviated by less than IOmV h m  the hear calibration curve. The typi- 

cal time taken for the measurement of a single data point was about two minutes. The 

measurement system can be completely automated if the non-liaearity of the V Q  modula- 
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tor is completely characterized and taken into account duruig the EFM probing. 

O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Circuit signal v, O/) 

Figure 427: Calibration curve for amplitude measmement. The probe pacameter A is ploned as a function 

of the circuit signal amplinide for ri = 1.6, 1.7 and 1.8. A straight line is fitted on the experimental data 

In ali these measurements, the output signal h m  the thni-line was continuously mon- 

itored on an oscilioscope. A small level of signal disturbance was observed and it was 

more noticeable at smaller circuit signal levels. This effect is due to the coupihg of the 

probe signal onto the circuit under test. The coupled signal was measured on an 5- oscil- 

loscope h m  one port of the thni-line with the other end terminated by a 5ûQ load as 

shown in Figure 4.28. The amplitude of the coupled signal was in the order of 25mK The 

significant disturbance is due to a larger coupling capacitance resuiting fiom the probe 

structure used. 

The pmbe-circuit coupling can be modeleci using a simple static equivalent circuit. 

The pyramidal tip of the mictomachined probe is about 4pm long and the tip is usually 

positioned about 1-2 pm over the test point. The micromachined probe is about 2- 

long and is attached to a rather bulky holder. The coupiing capacitance h m  the entire 

structure is significantly higher than what would k expected h m  the probing tip alone. 

Using a simple parailel plate mode1 with an effective area of 0.1mm2 and a separation of 

14un to mode1 the probe holder, the coupling capacitance C,, is estimated at 0.088pF. The 
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typicai amplitude of the probe signal (vp) was about I.5V At the 881MHz, the impedance 

(2,) due to the couphg capacitance, C', is about 2kR The coupled signal (vq) at 

881UHz is thus estimated at I8mK This is close to the one measured experimentally and 

the probe-circuit coupling can be assumed to be mainly capacitive. 

SOC2 load 

Figure 428: Capacitive coupling effect betwœn a micromachined probe and a device under test. A static 

quivalent circuit mode1 fot the coupling effect is also given. 

The probe-circuit (thru-line) interaction was aiso measured on a network analyzer with 

a set-up similar to the one shown in Figure 4.18. The forwad transmission parameter (Szl) 

was measured to be -38dB at 0.9GHz For a probe signal level of 1.5V this results in a cou- 

pled level of about 2 k V  whkh also matches with the observed and previously modeled 

resuits. The direct coupling from the probe to the circuit can be minirnised by using prob- 

ing tips with a longer aspect ratio. The separation between the probe fixture and the sam- 

ple can thus be increased resuiting in a smaller coupling capacitance. An improved design 

of the probe fixtwe with proper p u n d  shielding is also desirable. 

The next set of measurements were pedormed on the TI-LNA MMIC introduced in 

the previous section. The gain and the retum loss of îhe amplifier at 8 8 1 M '  were found 

to be 17.7dB and -15.6dB respectively h m  Figures 4.14 and 4.15. The input and output 

pads were probed with the EFM instrument and the input and output signals were also 

measured on an oscilloscope. The results are presented in Table 5. 
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Table 5= Measurement on 'M-LNA asing UQ Modulation. 

The forward transmission parameter (S21) obtained h m  the data sheet at 900MHz is 

1 8 . 6 '  L-33'. The discrrpancy in the measuement is due to the cWiculty in measuring 

accurately the srnali signal at the input of the amplifier. The emrs are introduced fiom the 

coupling effect of the probe. The level of the coupled signal, measured at the output pad of 

the amplifier, was about I3mK The coupling effect is smaller here than that observed on 

the thni-line. This is due to the smaller dimension of the probing pad as cornpared to the 

wide interconnect iïne in the microstrip structure. The input signal level was increased and 

the EFM measurement was repeated For 6, = 83mK the forward transmission param- 

eter of the ampiîfier was obtained as SZI = 19.3dB L-15.0~ and with VWut = Ii?4mt! 

S,, = 19.2dB L-19.f. The difference between the EFM Sn resuit and the specincation 

data becornes smder with increasing circuit signal Ievels. The maximum input level is 

however iimited by the capability of the instrument to measure the amplified output sig- 

nai. 

Oscilloscope 

EFM 

Data sheet 

The gain of the amplifier obtained fiom the osciUoscope measurements (17.6dB) com- 

pare weii with the network andyzer result (17.7dB). In both methods the signais are meas- 

ured at the extemd ports of the test fixture. These results are however Merent h m  the 

specification data due to losses and mismatch introduced by the test fixture itseif. The 

EFM has the capability to eliminate this effect. 

Input 

54.2m V 

41 .5mV 

~ 4 7 . 3 ~  

Output 

415mV 

397mV 

~ 6 . 8 ~  

s21 

2 7 .W 

I9 .W L-10.f 

18.- L-33O 
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4.6 Mixer Modulation 

A square wave modulation technique using a commercialiy available mixer (M1H 

[RELCOM]) is descn'bed in this section. In fkquency muing the received signal is 

applied to the R-port and a teference signal from a Local Oscillator (LO) is fed to the L- 

port. The intermediate hquency is derived at the I-port. A funftional schematic of the 

M1H mixer is Uustrated in Figure 4.29. The M1H is a double-balanced mixer where the L 

and R ports are transformer coupled while the intermediate fkequency output is DC cou- 

pled. The fiequency range of the high fiequency signals at the L and R ports is between 

1.8 to 6.2 GHz while the range at the intermediate signal at the 1-port is h m  DC to 2GWz. 

Figure 4.29: Functional schematic of MlH mixer [RELCOMJ. 

The component is used in an amplitude modulation mode to implement the square 

wave modulation for vector voltage measurement. For amplitude modulation the high fre- 

quency signai is introduced at the L-port while the low fkequency (usualy at the probe res- 

onance) square wave moduiating signal is fed to the 1-port as illustrated in Figure 4.30. 

The current at the 1-port controls the amplitude of the high fiequency carrier at the output 

 port) 
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- 
Figure 430: Mdulator circuit for MM mixer. A low kquency square wave signal is used to modulate the 

high frequency signal. The input impcdanct of t& sources uscd is 5 0 n  

The circuit shown in Figure 4.30 was used to test the performance of the mixer. A var- 

iable DC supply using the DS-345 signal generator was applied at the 1-port. The L-port of 

the mixer was driven by a high fiwluency signal at 2GHz obtained from an HP 8350 gen- 

erator. A low-pass fiiter VI, = 2GWz) was used at the R-port to reduce higher order har- 

monics. The output signal was then measured using a high fkquency samphg 

osciiloscope where the sampling heaâ is termitlated into a 5UQ load A -3dBrn signal h m  

the LO was used and the DC signal at the 1-port was varied h m  -0.22V to 0.22V The 

peak-to-peak amplitude of the output signal was measured and the results are plotted in 

Figure 4.3 1. 

The response of the mixer is not linear- This, however, does not prohibit the use of this 

mixer in the square wave modulation scheme for vector voltage measurement. Sinusoidal 

modulation would be impossible to implement with such a mixer. A negligible phase 

change of the high fkequency camer was observed as the modulating signal level (same 

sign) was varied The phase of the high frequency carrier changed by 1800 when the sign 

of the DC modulating signal was switched. 
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-0.25 -0.2 -0.15 -0.1 -o.os O 0.05 0-1 0.1s 0 2  O& 
Modufating OC signal 01) 

figure 4 3  1: Mixa performance- The peaIc-10-pcak ampiitude of the high ftequency carrier is pbtted as a 

function of a DC modulating signal level. 

The experimental-set used for heterodyne vector voltage measurement is shown in 

Figure 4.32. A single high fkquency osciiiator is used to drive the test circuit and the cir- 

cuitry that generates the modulated probe signal. A DS-345 function generator supplies 

the modulating signai [Al + Gl(tlJ at the resonant kquency of the probe to the 1-port of 

the mixer. Due to the non-iinear behaviour of the mixer, the output signal nom the R-port 

can be written as 

The high fkequency carrier is stiii modulated by a square wave signai but with a different 

amplitude and offset. This is not a major concem since a n u h g  technique is used for 

amplitude determination. For phase measurement the requirement is a constant level of 

modulation with A cc V, and this is easily met by keepïng the levels of the modulatïng 

and carrier signals constant- 
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I 

Figure 432: Experimental set-up for h e d y n e  vector voltage meastuement using a mixer square wave 

1 OS 345 ( 

modulaaon scheme. 

L 

Cornputer 

, I 

An amplifier is used to increase the power level of the moduiated probe signai whkh 

Attenuation 
0.1- 1.5 GHz 

reaches a matched probe. A IOdB coupler is used to extract the power levels of the probe 

A + KG(t) 1 r 
A 

signal and thus the probe parameter A. The deflection of the probe at resonance is moni- 

tored using a lock-in ampiifier. The resuiting data is used to operate the instrument in a 

fr 

feedback loop w h n  the probe deflection is nuiied for amplitude measurement of v#). The 

L 

LPF 

phase of the circuit signal is measured by manuaiiy adjusting the phase shifter and ushg 

Mixer fc: M H z  

the two nuii-points algorithm mentioned earlier. 
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Measurement is fitst demonstrated on a thni-he. An operating frequency of 2GH. 

was selected. While the d e r  carrier bandMdth (1.842 G&) ailows for operation at 

higher frcquencies. -nt bandwidth is limited by the other components in the sys- 

tem, A wirc probe in conjllLlction of a fiber-interfemmeter deflection sensor was used in 

these measurements. A circuit signal with an amplitude of 17ImV was applied to the h e .  

After the phase was set, the nulhg curve shown in Figure 4.33 was obtahed as the probe 

parameter. A, was varieci. 

O 50 100 150 200 250 
Probe parameter A [mV] 

Figure 433: Relative deffection, Az, of the probe as a function of the probe parameter, A, with Vc = 171mV 

and @p = $, 

From Figure 4.33, the probe parameter, where the deffection is nulle& is measured as 

A = I5ImK Once again A is not equd to V, pmbably due to probe mismatch. A cal'bration 

m e  is therefore reQuired- The probe pararneter, A, was measured as a function of V, and 

the resuits are shown in Figure 4.34. Measurement results h m  two experiments done at 

different times are shown together with a sttaight line fitted through the measured points. 

The remlts presented here indicate that the measurement by the instrument is repeatable. 

The measured data deviated h m  the linear caii'bration curve by less than IOmK In Figure 

4.35 the measured probe deflection is plotted as a hiiiction of the probe-circuit signals 
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phase ciifference [@P+CJ The parameter, A. was adjusted to nul1 the deflection at 

V'=I 7lmV as shown in Figure 4.33. The experimentaî resuits art compared with the the* 

=tical Il-~os(Q~+)l r r s p ~ w -  

O 50 1 0 0 1 S O 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0  
Ciicuit signal amplitude. V, [mv 

Figure 434: Cali'bration curve showing A as a hc t ion  of V, A straight fine is fitted through the results 

obcained 6rom two sep- cxperiments, 

Figure 435: The aormalised probe deflection as a fûnction of the probecircuit phase diffetence, 

Both the m e a s d  and theoretical mdts are normaliseci. 
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The next set of measurement involves the TI-LNA circuit already introduced in the 

previous section- The operation of the amplifier at 2G& was investigated by pmbing the 

intemai nodes of the circuit, From Figures 4.14 and 4.15, the gain and retum Ioss of the 

amplifier at 2G& ~IC obtained as SZI = 1 Z7dB and SII = -1 7.9dB. 

The amplifier was dRven by a 2GHz signal at the input and the output was monitored 

on a 5ûQ oscilioscope~ The signals at the input and output pads and the interna1 nodes 1 

and 2, as illustratcd in Figure 4.15, were probeci by both the EFM instrument and the 

active (0.04pF) contact probe. The measurement tesults are tabuiated in Taie 6. The 

active (IGtiz) contact probe was found to k usable at 2G& and the probe performance 

was characterisecl by obtaining a calibration curve similar to the one shown in Figure 4.18. 

The resuits from the contact probe were then converteci to circuit signal amplitude using 

the calibration curve. 

Table 6: Vector voltage measurement on TIILNA at 2 G B  

The xnsitivity in the phase measurement was esÉimated at SO. Accurate measurement 

of the input signal proved to be ciifficuit with the contact probe and the phase measurement 

are referenced to that of the output signal obtained by the EFM. The forward transmission 

parameter (Stl) of the TI-LNA at 2GHz obtahed h m  the EFM and the network analyzer 

measurements are compared with the specification sheet data in Table 7. 

EFM 

Contact Probe 

Input 

50.1 mV 

LOO 

7 

L? 

Node 1 

486.9 rnV 

/r12* 

387.3 mV 

~ 1 1 1 ~  

Node 2 

4û3.8 mV 

~ 1 0 8 ~  

318.0 mV 

a m o  

Output 

451.0 mV 

L4M0 

375.7 mV 

L-94O 
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Table 'l: Measwement of TI-LNA qL at 2G8i 

I EFM 1 Datasheet 1 Networkanalyzer 1 

The magnitude of the SZ1 parameters shown in Table 7 compare weU. The gain meas- 

ured by the network analyzer is once again smaiier than the specification data due to Iosses 

in the test nxtUre. The large discrepancy in the phase resuits is due to the difîîcuity in accu- 

rately meaSZUiI1g the smaii input signal. One source of e m r  was the direct coupbg h m  

the probe onto the circuitt. The wire probe used in these measurement was attached to a 

coplanar waveguiàe structure as opposed to the coaxial cable used in the previous meas- 

urements. The couphg level measured on the output pad of the circuit was about ISmK 

Proper shielâhg of the coplanar fked structure would enable a reduction of the parasitic 

coupihg between the probe structure and the test circuit 

Vector voltage measurement on a MHMIC voltage-contmiied phase shifter using the 

mixer-based heterodyne technique is presented next A micromachined cantilever probe 

was used in this measurement. The probe deflection was monitored by a beam bounce 

detection technique. The phase shifter is a rnicrowave hybrid circuit fabricated on a GaAs 

substrate. The input and output of the phase shifter are wire bonded to microstrip Lines 

which leads to the extemal ports of the packaged device. A microphotograph of the 

MHMIC phase shifier and its circuit schematic are shown in Figure 4.36. 
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figure 436: Microphotograph of the MHMIC phase shifter (top) and its circuit schematic (bottom). 

The phase shifter was designed for a center fkequeacy of I.7GHz. The phase change 

acmss the circuit is controiïed by the bias voltage, V' The range of Vk Lies between O 

and -5 i l  The performance of the phase shifier at Vbios = -2.OV was characterized on a 

network analyzer and the forward reflection and transmissiou parameters are shown in 

Figure 4.37. At 2.7GHr. the retum loss, SII ,  was found to be -24.ldB while the insertion 

loss, hl, was measured at 4.46dB. 
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Figure 4.37: The forward reflection and transmission parameters SII (top) and S2l (bottom) of the phase 

Table 8 shows the SII and SZ1 parameters of the phase shiAer as a function of the bias 

voltage measuzed at I.7Gtli on a network analyzer. These redts are reproduced fEom the 

specification sheet that came with the device [CRC2]. The relative phase shin introduced 

by the circuit is also shown in Table 8 with the result for a V' = O.OV used as the refer- 

ence. The circuit is weiï matched at higher (magnitude) bias voltages as indicated by the 

smaUer SII. 

Table 8: S-parameters of the phase sbifter at I.7G- 

Bias voltage (V) 

0.0 

-0.25 

-0.5 

SIl (mag.) dB 

-7.27 

- 10.0 

- 12.8 

s21 

-6.63dB ~ 7 9 . 5 ~  

-6.2568 ~ 9 5 . 6 ~  

-5.52dB ~ 1 0 8 . 0 ~  

Rel. phase shift 

O.OO 

16. l0 

28S0 
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The carrier fkquency range of the MlH mixer is specified as 1.8-6.2 Ga. However 

the mixer component was found to be usable at 1.7GHr and the heterodyne technique was 

used for vector voltage measurement on the phase shifter circuit at that fkquency. An 

input signal (V, = 0.3V) was applied to the input of the circuit and the output port was 

measured on S m  osciiioscope channel. Both the input and the output bond pads. indi- 

cated in Figure 4.36. were probed using the EFM and the contact active probe. The ratio of 

the output voltage to the input voltage (in dB) and the phase shift across the device were 

computed as (20log(V&Vd) and (eOut+,J respectively. The resuits obtained for differ- 

ent bias voltages are presented in Table 9. 

Bias voltage (V) 

-0.75 

4.0 

-2.0 

-3.0 

Table 9: EFM and contact probiig results at 1.7GEii 

I 
4.0 

I 
- 16.6 1 -4.33dB L-178.1' 1 1 

sfi (mag.1 dS 

- 15.7 

-18.7 

-255 

-19.9 

s21 

-5.08dB ~118.1 '  

4 8 2 d B  ~ 1 2 6 . 6 ~  

4.41dB ~ 1 5 0 . 0 ~  

4.43dB ~165.0' 

Rel, phase shift 

38.6O 

47. l0 

70S0 

85S0 
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A good agreement is observed between the measurement results obtained h m  the 

EFM and the contact probe. However, the resuits do not compare weii with the network 

analyzer measurements shown in Table 8 especidy for small magnitudes of Vbiar The 

main reason for the Merence is the poor retum loss of the circuit at these bias voltages. 

The ratio Vofl j , ,  is equivalent to SZI only for a proper match (small SII).  The direct cou- 

pling of the probe to the test point (in the range of IO-15 rnY) is another source of emr 

when measuring the smaller signais at the output of the circuit. The relative phase shift 

(A@) h m  the probing results are calculated for bigher bias voltages and compared with 

the network analyzer measurement in Table 10. The result for V' = -3.0 is used as the 

reference in these calcdations. 

Table 10: Cornparison of the relative phase shfPt (A@) at 1.7GH.z 

I 
-- - 

A@ (Network 
A* (Con=t probe) analyzer) 
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A good agreement between the results is observed for Vbk<-2.0 V In both the EFM 

and the contact probe measuzements, the probe was positioned over one test point and the 

measurements for dinerrnt bias voltages were performed With the probe over the input 

pad Vbd was vaned h m  0.0 to -5.OK The probc was thcn placed over the output test pad 

and V' was changed h m  -5.0 to O.OR A drift in the pcrfonnance of the phase shifter 

with time could be a reamn for a betîer cornparison observed around Vbh = -5.W 

In this chapter, hetedyne vcctor voltage measurements were demonstrated using 

three different modulation techniques. Although better nsuits were obtained using the 

double-path modulation scheme it shouid be noted that a non-invasive probe was used in 

those experiments. The concept behind the double-path modulation technique is simple, 

but the expeimental implementation of tbis technique results in a complicated measure- 

ment system. Thus the YQ modulation tecbnique was investigated with the goal to sim- 

pl@ the measurement system. This technique has the capability of providing automated 

vector measurements. The main drawback of this method was the narrow bandwidth of 

the I/Q modulator used Wider bandwidth V Q  modulators are available but they are much 

more expensive. The heterodyne technique was also implemented ushg a mixer modula- 

tion scheme in order to extend the bandwidth of the measurement system. Here, the mixer 

enabled ody amplitude modulation of the high frequency signais. Thus, an external phase 

shifter was tequired resulting in a slightly more complex measurement set-up. 
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Chapter 5 

Puise Sampled Waveform Measurement 

So far ail the resuits presented have dealt with the measurement of sinusoicial signais. 

In this chapter a pulse sampling technique that allows measurements of arbitrary, periodic 

waveforrns is inttoduccd, This is incorporateci with the prtviously discussed heterodyne 

technique and enables for the measurement of high ficquency waveforms. Measurement 

of digital signds at internai nodes of an integrated circuit is also demonstrated 

5.1 Measurement Technique 

The use of a sinusoiciai probe signal enabled vector voltage measUrexnent as demon- 

strated in the previous chapter. For arbitrary waveform measurement a pulse excitation is 

used as the probe signal and a sampling technique is utilized [Bridges 943. An example of 

an arbitrary but penodic signai vJt) is s h m  in Figure 5.l(a). The test circuit signal v,(t) 

could be either a digitai or analog wavefom. The sampling signal vJt)=Gg(t-2) is a nar- 

row puise train as shown in Figure S.l(b) that rcpeats itseif at the same rate as the circuit 

signal vc(t). In Fi- S.l(b) 8 is the puise width and z is an adjustable time delay. The 

block diagram of the instrument used is shown in Figure 5.2. Similar to conventionai test- 

h g  methodology, a specified test pattern h m  the generator repeatedly excites the test cir- 

cuit at its extemai ports. A photograph of an acniai circuit is shown with the probe 

positioned over a test point of interest. In ail the measurements in this section a microfab- 

ricated probe was used in conjunction with a beam bounce deflection system. A pulse gen- 

erator which is syncbronised with the test pattern generator outputs a high fiequency 
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sampling signal v,(t) which can then be delayed in time. A hetedyne technique is again 

employed to enable the measmment of signals whose fkequency components are much 

higher than the probe resonance frequencyf, [Said 961. The sampling signal is thus modu- 

lated at the resonant fi.equency,f, so that the signal sent to the probe is represented by 

Expansion of the force equation 13.231 yields several high fkequency terms, a dc term 

and terms atf, and 2fr The proôe does not respond to the high frequency terms and a static 

deflection is obtained fiom the dc term. Since the probe deflection is enhanced atf, by its 

quality factor, only that component of the force is monitored using a lock-in amplifier. The 

deflection atf, is formulated as 

a ,  t = a t t t  , (a(*)) = JJfn(t)dt 
T O T O 

In 15-21 < , > denotes the b e r  product of the two signals and < > denotes the average 

over a time pend T. Q is the quality factor of the beam and k is its spring constant. The 

A@ term is due mainly to Surface chatging effect and has a very low fkequency response 

(mHz). Thus, the term A k S ( t ) >  is constant for any one measurement and it only adds a 

DC offset to the measured result. Since the intent here is to measure waveshapes of inter- 

na1 signals rather than absolute voltage levels the DC term is dropped fiom now on to sim- 

pli@ the discussion. If an ideal sampling puise is considered, in other words a pulse that 

has infinitely small rise and fail times and whose width 6 is much smailer than the repeti- 

tion time period T = l& then the âeflection at& is proportional to v,.(t=x) and is given by 

Thus the voltage on the circuit can be sampled at one point in t h e  corresponding to 

the position r of the sarnphg pulse. If the pulse is scanned over the entire p e n d  by Vary- 

ing 7 h m  O to T the entire waveshape of the test signal CM be extracted. This technique is 

analogous to a sampling oscilloscope except that we can measure signals at internai nodes 
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of a circuit while an osciiioscope cm only access the extemai ports. 

Figure 5.1: (a) Example of a perïodic voltage wavefom VA?) <O be measund @) sampting signai vdr) with 

same periodicity as  VA?). Here vdt) is sampling the test signai VA?) at the instant t = 'C- 

Figure 5 2  Block diagram of the pulse sampiing technique- A photograph of a test circuit is s b w n  with the 

EFM probe positioned over a test point of interest, 
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The measured signal h m  the deflection of the probe is a convolution betwetn the 

repetitive sampling signal and the test circuit signal. The result from this technique is a 

signal which is pmportionai to the test circuit waveform if caii'bration to account for the 

other parameters in 15.31 is ornitted, Accuraîe positioning of the probe is &O unnecessacy. 

This, nevertheles, enables the investigation of such featnries as propagation delay and rise 

and fall timts of intemal signals of a circuk Ringing effects can also be obsemed h m  the 

waveshapes of the signais. 

Absolute voltage measurement is possïbIe without any caliitation step or accurate 

probe positioning by using a hetedynelnuiiing technique [Bridges 951. In this me- 

the sampling signal is modulated as vp(r) = [A + Kcos(2Irfg)]*vJt) with A and K being 

some adjustable parameters. The deflection of the probe at the resonant tiequency f, is 

now given by 

In the case of an ideai sampIing pulse the deflection becornes 

By varying the parameter A until the deflection is nulled the voltage level at t = .s can 

be determined as v,(x, y, r= z) = A + A@. The A@ term c m  be estimated by n&g the 

probe deflection for vAt) = O. The measured result is independent of C(*;y.z) implying that 

precise information about the probe position over the test point is not required and that 

measurement over passivated structures is possible. This technique, however, cornes with 

the penalty that more complex and expensive electronics iue required for the implementa- 

tion of the modulation scheme especidy at high fkquencies. The experimental set-up 

used to irnplement the heterodyne sampling technique, shown in Figure 5.2, and the 

resuits h m  the measurements of digital waveforms are presented in the foilowiag sec- 

tions. 
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5.2 Experimental Set-Up 

The generation of the test vector and the sampling signal is a major part of the instm- 

ment and can prove to be quite diûicnlt especially at high hcpencies. In our experimentai 

set-up a multi-channel data generatot (HPSûûûû) h m  Hewlett-Packard is use& Some 

details about the specifications of the data generator is presented in Table 11 ml. The HP 

80000 has the capability of gentrathg data patterns with a maximum rate of 1 Gb/s, 

Table lî: HP 80000 Data Genemtor System. 

A block diagram of the experimentai set-up used for the generation of the test circuit 

signal and the high fxequency sampling pulse is shown in Figwe 5.3. The first two chan- 

nels of the HP80000 provide the trigger to an oscilloscope as weU as the repetitive test 

vector (vdt)) that drives the DUT. The third and fourth channels are used to drive the elec- 

tronics that generates the probe high fiequency sampling signal vp(t). 

~ k u e n c ~  ~ange 

Transition Time 

A pulse-shaped signal (vdt)) h m  the third channe1 of the generator is fed to a switch 

that is turned on and off at the resonant frrquency of the cantiIever probe. Th signai is 

thus moduiated by a square wave signal whose f h t  harmonic is at the probe resonant fie- 

quency f, The modulateci signal then drives a transmission Iine bandpass ûiter which gen- 

erates high fkequency pulses h m  the riUng and falling edges of vdt). By using a coatrol 

signal vc&t) with an adjustable time delay, the second switch is used to turn off one of 

the two pulses generated by the filkt The width of the sampling pulses can be m e r  

reduced by choosing an appropriate pattern for vCoIlr(t) and adjusting the delay between 

vc0& and v,(t) to tum the high bandwidth switch ON for a veqr short duration. 

- -  

- 100 MHz - t GEIz 

c 150 ps (10%-9076) 
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Scope trigger 
r, 

? 

Switch 
oc-2 GHz 

Figure 53: Generation of the test circuit (VA?)) and pmk puise sampiing ( v f l ) )  signals. 

I Switch 
v m d ~  OC-5 GHz 

HP80000 1. 
Data Generator 

Since the coupling capacitance between the probe and the test circuit is srnail. the 

probe can k considered as an open circuit and the signal vp(t) is reflected back. The 

reflected puise is absorbed by the high bandwidth switch by varying the path length 

between the probe and the switch and selecting an appropriate time delay. The shape of the 

Bias-Tee 
0.1 4.2 GHz 

samphg pulses could be monitored on an oscilloscope by using a 10:l coaxial coupler 

which enabled the optimization of the various parameters, The DC block and the Bias-Tee 

were added to protect the instnunents used in the system. 

, Coupler - vp(t) 
DG20 GHz 

i 

An example of a sampling pulse waveform generated by this technique is shown in 

Figure 5.4. The pulse width at haif magnitude is about 250ps and the peak value of the 

pulse is about 60(hnK Some non-ideaiities are &O present in the sampiiag signal since the 

generation of these pulses using simple. inexpensive electronics is not a simple task at 

high ftequencies. The signals h m  aU four channek of the generator are synchronized and 

can k delayed with respect to each other with a minimum resolution of 2ps. This enables 

the implementation of the adjustable tirne delay feature in the sampling technique by pro- 

gramrning the instrument. Thus the generation of the test vector and the sampling signai is 

ff&dc - - 
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controlled by a cornputer which is &O used to collect the probe deflection data at f, h m  

the lock-in ampmer through an analog-to-digital converter. 

II. - . .  . n - 

O 2 4 6 8 1 0  1 2  
Time (ns) 

Figure 5.4: Sampling pulse wavefom vp) with a rcpetition frcquency of I25M'z as captureci on an osal- 

loscop Somc non-idealities in vp(i) are present. The FWHM of the pulse Ïs estimateci at 250~s- 

5.3 Measurement on a Microstrip Intercomect 

To demonstrate the techaique a ldbit digital pattern [1010100 1 10010 10 11 at 12SMb/s 

was measured on a printed circuit microstrip intercomect. The high logic Ievel was set at 

1-OVand the low logic level at -LOK The microstrip intercomect used was a feedthrough 

lùie and Figure 5.S(a) shows the signal on the Line v&ytt). that was directly measured by 

an oscilloscope. The modulated sampling pulse is applied to the probe and as it is shifted 

in time h m  O to 128 rn the entire ldbit test pattern was measured The wavefom was 

sampled in increments of 200 ps and the resuits are shom in Figure 5.5(b). The vertical 

axis is not Iabelïed shce this technique does not mta~urr absolute voltage levels. The 

EFM probe was positioned approximateIy lp over the test point. The couphg h m  the 

probe tip to the test circuit at this distance was measured to be less than IOmK 
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O 1 6  18 84 eo =e 1 1  1 ~ s  
Tirne (ns) 

Figure 55: MeasUrCrnent on a microstrip interconnect line at 125 W.; (a) Appfied digital palteni from 

generator m e a d  on a OSCrnoscope (10 10 1 O0 1 100 10 101). (b) waveform measured using EFM- 

Measurement results at higher bit rates are presented next. An 8 bit pattern at 1 Gb/s 

(0101 1001) was measured on the rn i~~~s î r ip  intercomect and the results are shown in Fig- 

ure 5.6. The ïogic leveis of VA?) switched f h n  -I.OV to c1.0K In this case the sampling 

pulse was shifted in increments of 100ps. 

- Applied Signal 
O EFM 

- O -  Convolved 

1 I I 1 L I I 1 

O 1 2 3 4 5 6 7 8 
Time (ns) 

Figure 5.6: Measurement on a microstrip interconnet line at 1 GWs; the applied digital pattern vJt) 

(010I1001). the EFM tesult and convolution of vdt) with vS(t) am sbown. 
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The labehg on the vertical axis is once again omitted since absolute voltages are not 

being measured and the r e d t s  shown are normahed for cornparison purposes. The data 

obtained from the EFM instrument is processed by a tbree point smoothing routine to 

reduce the noise in the measurernent and they are shown by the circles in Figure 5.6. The 

EFM result is compared to the test pattern v&) appiied to the circuit as well as the 

expected resuit obtained h m  convolving the digital pattern vdt) with the sampling signal 

vs(f) (sbown in Figure 5.4). A good agreement is obtained between the EFM and the con- 

volveci r d t  but they do &viate at some points over the waveform. This is primarily due 

to Som ~ g i n g  effects in the signd applied to the probe vp(t). Cornpiete characterïzation 

of these effects is dinicult- The rise and fall times of the rneaswed result are not identical 

to those of the test signai on the line due to the finite width of the samphg pulse and the 

presence of other non-idealities as was shown in Figure 5.4. Figure 5.7 shows a zoomed-in 

section of the d t s  presented in Figure 5.6, The rise time(10-90%) of the applied signal 

is 180 ps while those measured fh rn  EFM and the convolution results are both estimated 

to be about 380 ps. There is a very close agreement between these results. 

- Applied Signal 
O €FM - - -  convohmd 

Time (ns) 
Figure 5.7: Mcasutmcnt on a microstrip inttrcoaucct üne at 1 GWs (Entargui view of a rising edge); Rise 

time of applied pattern - 180 ps cornparcd with rise times of mcasurcd wavefomi and convolved mult 

(-380 ps). 
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F'iaiiy, a 16 bit pattern (001 1001010111 100) at 1 GWs was investigated as shown in 

Figure 5.8. Both the applied pattem and the signal masurcd by the EFM instrument are 

shown. The sampiing puise was s h M  in incrcments of IOOps and the data obtained were 

subjected to a three point smoothing procedure. These resuïts indicate that arbitrary digital 

wavefonils at bit rates up to 1 GWs can bc mesud. Measurement of longer bit patterns 

however resuits in a smaller signai-to-noise ratio. While a feedthrough line is not a typical 

circuit where this technique wouid be utiliad it serves the purpose of ventying the princi- 

ple behind this inmument. 

l - Applied Pattern 
O €FM 1 

O 2 4 6 8 10 12 14 16 
Time (ns) 

Figure 5.8: Measurement on a microstrip intcrconnect iine at 1 GWs; (a) Applied digital pattern vdr) 

(00 1 10010101 11 100). (b) waveform measured using EFM (3 point smootbing)- 

5.4 Measurement on a BiCMOS Integrated Circuit 

The measurement results presented in this section were made on a digital circuit fabn- 

cated in Nortel's 0.8 jun BiCMOS technology FJoxumin 971. The test circuit used here is 

a chah of CMOS inverters as s h o w  in Figure 5.9 and it provides a more appropnate 



application of [ha instmnicnt bcing dcveloped. Thc invcnrrs srlectcd in the Jcsigri uf rtiis 

circuit wcre of thc minimuni s i x  availüble from tlic BiCklOS librq. ï h c  gatc width u t  

the p-channcl FET was sprcitird as 11.8prn and that of the n-channe1 FET as S.8pm. The 

sniall 20x20 p m  probe pads were dded  to each stage to enüble rneasuremcnt with an 

active contact probe. The signals at the intemal test pads were measured. These püds are 

typically noc required for our EFM instrument. 

- - - - - - - - - -  
\ 

\ 

Bond Pad (BP) / 

I I I  

BP 

In1 ln2 A 6 C D E F  robe Pad 
(20 x 20 pm) 

Figure 5.9: Microphotograph of Norte1 BiCMOS inverter chah showing EFM probe. The circuit schematic 

is at the bottom with the insec showing che structure of the CMOS inveners. 

The circuit was driven by applying an 8 bit digital pattern (O 1100 LO 1) at LGb/s to one 

of the input (Inl) of the AND gate in the test circuit (shown in Figure 5.9). The other input 
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(In2) was kept at +5.0K The waveforms at test pads A. C and D were measwed using the 

EFM and an active 0.W pF contact probe (IG& bandwidth). The results are presented in 

Figure 5.10. 

- Contact Probe F I  

Figure 5.10: Measwcment of an 8-bit 1 GWs digital pattern (01100101) at test paâs A, C and D. Results 

h m  active contact probing and EFM (noncontact) probing are prrsented for each test point. 
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The measured signals are once again nonnalised for cornparison purposes and a 3 

point smoothing was applied to the EFM data for noise reduction. The EFM resuits are 

indicated by the circies and the wavefonns are sampled every lOOps over the entire! 8-bit 

pattern. The logic levels can be easily disthguished and the measured signals fkom the 

two techniques compare weiL The waveform mcasured at test pad D is an inverted and 

slightly delayed version of the one measured at test pad C as expected h m  the circuit. 

During these measurements d a c e  charging of the test circuit was obsemed and care was 

taken to ovemme these effectî. The circuit was excited by the test pattern for a few min- 

utes to alIow it to charge up and mach steady state before any measurement was under- 

taken. 

The BiCMOS circuit was next dnven by a square wave signal at OSGWs. The signal 

waveform at test pad A, obtained fkom circuit simulation using Cadence Spectres, is 

shown in Figure 5.1 1(a). The signai at pad A was probed using the EFM instrument with 

samples taken after every 1 0 0 ~ s .  The measured result afier a three point smwthing proce- 

dure is shown in Figure 5,11(b). Also shown in Figure S.ll(b) is the wavefonn that is 

expected fmm measurement which is obtained by convolving the simulated waveform in 

Figure 5. 1 l(a) with the sampling pulse shown in Figure 5.4. The results are normalised for 

cornparison purposes and they show good agreement. 

The 28-8096 rise tirne of the simulated waveform is obtained as 230ps while the faii 

the is measured at 1BOps. The merence is attributcd to the asymmetric gate widths of 

the p-channel and n-chamel devices in the CMOS inverters. The 20-8û96 rise time of both 

the EFM and the convohed results are estimated at 370ps. The test pad was also probed 

with the 0.04pF active probe and the measured waveform is presented in Figure 5.11(c). 

The loading effet of the contact probe is evident in this measurement. 
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Figure 5.11: Measwement o f  an 4bi t  03  Gb/s digitai pattern (1010) at test pads A Results h m  (a) 

Cadence Spectres simulation, (b) EFM proùiig and convolution of the simulated wavcform s h o w  in (a) 

with sampling pulse show in Figure 53, (c) active contact probing are shown. 

5.4.1 Propagation delay measurement 

Measmment of propagation delays in the BiCMOS chah of inverters is demonsîrated 

by probing the test pads A, C, E and G as shown by the circuit schematic in Figure 5.12. 

The circuit was driven by a 0.5 Gb/s dock waveform and the measured results are shown 

in Figure 5.12. The sampling h m m t  used in the measurements by the EFM was 1 Oops. 

Resuits h m  simulation and contact proôiig by the active probe are also show in Figure 

5.12. The propagation delay h m  the resuits shown in Figure 5.12 are measured at the 

middle of the high and the low logic levels. The EFM estimates a delay, 7d, across one 

inverter at ISOps while the delay pmdicted by simulation is on the order of 190ps. The sig- 
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na1 m e a s d  by contact pmbing was quite distorted by its parasitic capacitive loading and 

the limitecl bandwidth of the active probe. An accurate estirnate of the propagation delay 

h m  these d t s  is ciifficuit and pmbably inaccuatc. 

A C E G  

I 

O 1 2 3 4 5 6 
1 

Tirne (ns) 

Figure 5.12: Measuhment of an 4-bit 0.5 GWs digital pattern (1010) at test pads A, C, E and G. R e d i s  

fiom (a) Cadence Spectres simulation, (b) EFM probing and (c) active contact probing arc shown, 



Chapter 5 Puise Sampled Waveform Measurement 

It is surprising to note chat the propagation &lay, Q, predicted h m  simulation is 

larger than that measureâ by the EFM instnrmcnt. For the results show in Figure 5,12(a) 

the entire circuit was simdated wiîh aü parasitics including the intercomect lines leading 

to the probe pads. The parasitic capacitance of a typicai interconnect lhe in the design, as 

extracted by the simuiator. is about 40F. This is comparable to the load, about 47fF 

(Source: the BiCMOS ii'brary Literaîure), from the gatc capacitance of one inverter. The 

circuit was again simulatcd without the test pack and the intezcomect lines leading to 

them. The waveforms at pads A, C, E and G are shown in Figure 5.13. The propagation 

delay measured h m  these results is I25ps. The disparity between the EFM and simula- 

tion result could thus be due to an improper modeling of the parasitics of the intercomect 

lines which affécts the predicted timing of the circuit, 

A C E G  

0 1 2 3 4 s 6 
Tirne (ns) 

Figure 5-13: Cadence simulation of the inverter chah without test @. Simulated waveforms at points in 

the circuit comsponding to tcst pads A, C E and G are shown. 

The instrument sensitivity in terms of its delay measUrCrnent capability and the noise ievel 

in the measurement are discussed in this section. To investigate the delay measurement 

capabiiity, the EFM instrument was used to sample one of the rising edges of the result 

presented Figure 5.6 where a microstrip interconnect line was used as the test circuit. The 

HP80000 signal generator was used to introduce simulated edge delays of 0, 10, 20, 50 
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and 100 ps, these corresponding to the five curves shown in Figure 5.14. The EFM meas- 

urernent was made with a sampling iocrement of IOps. An enlarged view of the wave- 

forms is also displaycd and indicaîes that delay measurements are possible to within IOps. 

The RMS time jitter in the electronics of the EFM instrument was estimated to be l e s  than 

IOps in these measurements. 

2 2.2 2 4  2 6  2.8 
Time (ns) 

Figure 5.14: Delay measutements on a micriostrip interconneet line. (a) Applied signal delayed by 10.20.50 

and IO0 ps as measured on an osciiloscope, (b) waveforms measured by EFM, (c) and (d) show an enlarged 

view of the curves ùi (a) and (b). 

mors in the measurement by the EFM are introduced by the jitter in the instrument 

and noise. Possible noise sources are coupling to probe h m  extemal sources, noise in the 

deflection sensor and probe vibration due to thermal noise. To examine these effects, one 

of the rising edges in Figure 5.13 was rtpeatedly measwed. In Figure 5.15. the results 

h m  ten such measurement are plocmi and they show an excellent repeatabiïity in the per- 

formance of the instrument. 
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1.5 2 2.5 3 3.5 4 
Time (ns) 

Figure 5.15: Piots showing the resuits obtained by meaniring the rising cdge of the same signal 10 times- 

The noise level in these measurement was m e r  investigated by repeatedly sampiing 

the same point of a signal with the delay between the circuit and the sampiing signals kept 

constant. The intercomect line was driven by a 0.5 Gb/s square waveform with the logic 

Levels switching between LOV to -LOI? The points comsponding to time, t = 1 . h  and 

3 . h  were sampled 5 1 times and the results are shown in Figure 5.16(a). They an plotted 

over the waveform obtained h m  samphg the signal over a time span of 8ns. 

t 

0 1 2 3 4 5 6 7 8  

Time (ns) 

Figure S. 16: (a) Repeated sampling (51 times) of points at the t = 1.9 ns and 3.0 ns plottcd over O-8ns pat- 

tern. (b) Set of fwr measurcments (101 data points in each) at t = 3.0 os with data in (i), (ui and ( ï )  aver- 

aged 1000 times and those in (iv) avcraged 1OOOO times. (AU sbnds for arbitcary units). 
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Noise is a fùnction of the measurement bandwidth as pointed out in section 3.5.3, In 

the measurement system each sarnple is averaged many times before recording thc data. 

Figure S,ld(b) shows four measurement attempts made where the point in time corre- 

sponding to 3.0ns was measured 101 times. In the first three attempts each data point is 

averaged Lûûû times which correspond to a measurement bandwidth estimsted at UWHz 

resuiting in a RMS noise Ievel of about 30mK The data in the fourth attempt wete 

obtained with a measurement bmdwidth of 0.08& (averagd 10000 times). The RMS 

noise in this case was estimatcd at !hV which is in agreement with AV, = & where B 

is the measurement bandwidth, The insbniment is typicaiiy operatcd at a û.8Hz measure- 

ment bandwidth. 

In order to calculate the theoretical voltage seasitivity of the measurement technique, 

the force at the resonant frequency of the cantilever probe is wn#en as 

using [5.3]. The width of the sampiing pulse, 6. is assumed to be much smaller than the 

thne p e n d  of the sampling signal, I: and the pulse duty cycle (an in these measure- 

men& is estimated at i/32 (250ps /8ns). The parameter K is iatroduced to account for the 

amplitude of the sampiing pulse and for the square wave m d a t i o n  employed in the 

measurement system. Thus, K is estimated at (1.2*4h) taking into account the pulse 

reflection h m  the open cirniited probing tip. The peak pulse amplitude is 0.6V(from Fig- 

ure 5.4). The factor 4h cornes h m  the first harmonic (at the resonant fkequency) of the 

square wave modulating signal. From [5.6], the RMS force at the probe resonant fre- 

quency, fp is given by 

The voltage seasitivity of the measurement technique using equation [3.20] is given by 



The capacitance derivative is esthated as SOpFh assuming a tipto-sample separa- 

tion of I p n  Bridges 92b]. Using this and typical values for the other parameters of the 

micfomachined probt used in this measmement (O = 32. k = 0.064Nh, and f, = 
1227Sm) AV- is estimntcd as 1 2 3 r n ~ 1 ~ z .  A measmement bandwidth of 0.8Hz 

resuits in a minimum dctectablc voltage of IlniK This theoreticai cstimue is in the same 

order of magnitude as the one mtasurtd experimentally. 

The e f f i  of timing jittcr on the instNment capabiIity was adyzed by repeated sam- 

piing of a 0.25GWs square wave pattern as shown in Figure 5.17. The waveform was 

mpeatedly sampled at poinîs comspondhg to the, t = 1.0. 2.35 and 4.0 ns. The jitter 

effect is expected to be more noticeabie at a point on the rising or falling edge as com- 

pared to the fiat portion of the waveform However, the noise Ievels measured h m  these 

results were of the same Ievei in all thtee cases. This demonstrates that the jitter effect is 

small compareci to other noise sources in the measurement system 

-4 1 r 1 1 1 r . 1 1 1 

O 1 2 3 4 5 6 7 8 
Time (ns) 

Figure 5- 17: Repeatcd sarnpling (8 1 times) of signal at time t = 1.0.2.35.4 as plotted o v a  8ns long patteni. 
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Chapter 6 

Conclusion 

Existing techniques for intemai probing of microeiectronic circuits were reviewed. 

Brief descriptions of their operating pxinciples were given and the measurement methods 

were evaluated in te- of tùeir capabilities and limitations. 

An alternative instrument based on the eiectrostatic force microscope was investigated 

for on-chip measurements of high frequency signals. The operating principIe behind the 

instrument and its main components were descri'bed, The mechanicd properties of the 

cantilever probes and the performance of the detlection sensors were characterized- The 

performance of the instrument was evaluated in terms of spatial nesolution, invasiveness 

and voltage sensitivïty. 

A heterodyne technique based on amplitude moduiation was described for non-contact 

measurements of high fiequency signais. The use of a nuihg technique for absoiute vec- 

tor voltage measurements was implemented Measurements in the Gt.ii range was possible 

by empioying a square wave amplitude modulation in the heterodyne technique. Different 

schemes were investigated for the implementation of the square wave amplitude modula- 

tion using simple and inexpensive microwave components. 

A double-path modulation system was implemented and vector voltage measurements 

were performed at IG& on a simple feed-through microstrip intercomect as weii as on 

the i n t e d  nodes of a commercial MMIC low noise amplifier. The EFM resuits were 

compared with the measurements obtained using a network analyzer and an active contact 
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probe and with specification data Excellent agreement was obtained thus demonstrating 

the capability of the instrument. 

The hetedyne technique for vector voltage measurement was also implemented 

using an YQ moduiator. This technique enableci considerable simpIification and automa- 

tion of the mtasurement system, Extensive characterization of the non-Linearitis in the 

component would enable compLete automation of the measUrexnent meth06 Vector volt- 

age measurements at 881- were demoostrated on a thru-line and on the intemal nodes 

of a MME amplifier. Experimental fesults were compared with specification data and net- 

work analyzer measurements. A fairly good agreement was obtained The accuracy of 

vector measurernents of small amplitude signals was adversely affected by the direct cou- 

piing h m  the probe to the circuit. A mimmachined cmtilever probe was employed in 

the instrument and the coupihg capacitance between the probe and the circuit provcd to 

be signibcant. This effixt can be minimised by using properly shielded probe fixtures and 

by employing probing tips with a longer aspect ratio, 

A mixer moduiation system was also employed for heterodyne vector voltage meas- 

urements. This technique aliowed an extension of the fkquency range of measuremenu. 

Measurements of internai sinusoida1 signals at 2GHz were performed on a MMlC ampli- 

fier. The EFM results were compared with those obtaiaed h m  active contact probing and 

network anaiyzer meastuement. and with specification data. A good agreement was 

observed for large signals. The measurements of smaller signals were again affixted by 

the probe-circuit parasitic coupling. Vector voltage measurements were aiso performed at 

I.7GHz on a MHMIC phase shifter. The EFM and active contact probing results compared 

weli with network anaiyzer measurements at large bias voltages. The retum loss of the cir- 

cuit was found to be dependent on the bias voltage and a better match was obtained with 

higher magnitude bias voltages. 

In vector voltage measurement, the discontiauous probe was matched manuaiiy using 

delay lines. Vector measurements were made at a singie frequency at a tirne. The use of an 

adjustable electronic phase shifier would enable automatic matching of the probe. Swept 



fkequency measurements, similar to a netwotk analyzer, wouid then be possïbIe. For high 

ftequency measurements the probe discontinuity should be carefully analyzed for parasitic 

effects, An improved probe design with a 50n transmission iine t b t  reaches the probing 

end of the cantilever beam wouid enable higher frtquency measuretnts, 

Arbitrary periodic high frequency waveforms were extracted using a hetemdyne puise 

sampihg technique- A high frequency puise generation system was implemented using 

simple components. The measmement systcm was demoll~trated by extracting periodic 

digitai patterns on a thni-line and on the interna1 nodes of a BiCMOS circuit. Digital pat- 

terns up to lGb/s were measured using the technique. The experiment resuits compared 

well with sirnulated results and those obtained fiom active contact probing. Propagation 

delay measurements were aiso demonstrated on the BiCMOS circuit- The voltage sensitiv- 

ity was found to be 30mV with a measwement bandwidth of 0.8& The delay measuring 

capability of the instrument was also investigated and measurements were found to be 

accurate to within ZOps- The use of a narrower pulse width and a sampling signal with 

fewer non-idealities can improve the measmernent capabiiity of the EFM instrument. 
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