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Non-Invasive intemal testing of hi& speed microelectronics is essential for failure 

anal ysis and design veri ficabions. With these advance and complex integrated circuits 

decreasing in dimensions and operating voltages, and increasing in speed, a non-contact 

technique wi th high spatial, temporal and voltage resolutions that can accomplish intemal 

node measurements of integrated circuit over passivation with minimal calibrations is 

longed for by the microelectronics industry. Several internal test techniques are available 

but they ofien failed to compromise between these criteria. 

The u tilization of the electrostatic force microscope for measuring integrated circuits 

has been explored b y diagnostic researchers over the last decade. This technique satisfies 

the above desired criteria except bandwidth which is restricted by the frequency response 

of a mechanical cantilever. 

This thesis presents electrostatic force sampling of high speed digital waveforms with 

the method of synchronous time domain gating to overcome the inherent bandwidth limi- 

tation. By inputting synchronized input signals into various low cost switches and gates, a 

proper probe signal can be generated to d o w  high speed digital sampling with the electro- 

static force microscope. Two specid cases of synchronous time domain gating is exam- 

ined: amplitude and pulse width modulation. 

The perfomance of the proposed instrument using both modulation schemes is evalu- 

ated using theoretical characterizations and measurements on a ceramic transmission line, 

a passivated O.5p.m CMOS inverter chain, and a NT25 pulse generator. Non-invasive 

extractions of up to 1 Gb/s digital patterns are dernonstrated with a voltage sensitivity in 

the range of tenths of millivolts and a delay accuracy of less than 1Ops. The cment band- 

width of the instrument is up to 3-4GHz which can be improved by the speed of the tirne 

domain gating circuitry. This thesis vindicates that the presenting technique is a suitable 

diagnostic tool for sampling internal nodes of high speed microelectronic circuits. 
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Chapter I 

1.1 Motivation 

The prominent microelectronics industry asks for more suitable diagnostic techiiiques 

to accommodate the continuai progress of digital integrated circuits which are increasing 

in speed and decreasing in size and power consumption. The latest Semiconductor Indus- 

try Association Roadmap [ I l  suggests in the near future the emergence of rnicroelectronic 

circuits with deep submicrometer structure numbers, several gigahertz clock rates, and 

only hundreds of millivolts of operating voltage. For design verification and potential fail- 

ures analysis in modem microelectronics, diagnostic instruments that allow internai access 

to arbitrary nodes of integrated circuits become advantageous over conventional probing 

methods [2]. To effectively and conveniently perfoxm interna1 tes ting of high fiequency 

integrated circuits, a diagnostic instrument should be non-invasive while having a high 

bandwidth. Preferably it should allow intemal measurement over passivation with mini- 

mal caiibratiom and preparations. High spatial resolution, voltage sensitivity, and delay 

accuracy are also among the merits of a diagnostic tool. 

This thesis pres ents electrostatic force sampling of high speed digital signals using 

synchronous tirne domain gating. Following this introduction, a few alternatives to the 

presenting technique along with their working principles, capabilities, and disadvantages 

are surveyed in the next chapter. Chapter 3 expounb the operation of the various compo- 

nents in the electrostatic force probing instniment along with a review of a fm existing 

schemes for measuring DC and high fiequency analog signals. The method of synchro- 

nous t h e  domain gating for producing a proper sampling signal for high speed digital sig- 

nal probing is thoroughiy discussed in Chapter 4. Chapter 5 theoreticaily characterizes the 

proposed sampling technique using the standards of spatial resolution, invasiveness, volt- 

age sensitivity, bandwidth, and delay resolution. Chapter 6 presents the specific masure- 
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ment system used in this work as weii as exhibits and examines measurements pafonned 

on matched transmission lines, a O . S p  CMOS inverter chah, and a NT25 pulse generator 

using the suggested method to substantiate that the diagnostic instnunent satisfies its 

aforementioned desirable criteria Lastly, fiture considerations and conclusions are given 

in Chapter 7 to halize this thesis. 
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Many diagnostic tools are available for measuring intemal signals of high fiequency 

integrated circuits besides electrostatic force probing. This chapter explores some of the 

alternative techniques used in microelectronics testing. 

2.1 On-Wafer Contact Probiag 

The common reason for employing on-wak probing is to avoid the packaging of 

defective wafen. Perfotming on-wafer probing on a loose die before packaging is eco- 

nomically attractive because the cost of the package increases with circuit speed and pin 

counts. The prevalence of on-wafer probing is also eamed fkom its relatively facile prepa- 

rations. On-wafer probing requires direct contact of a probe onto an unpassivated pad in 

the circuit. Designers ofien have to add probing pads that accommodate the dimensions of 

the on-wafer probes into their designs. Various types of contact probes exist, and their 

functions, limitations and benefits of some of these probes will be discussed in the next 

few sections. 

2.1.1 Low Impedance Passive Probes 

For microwave applications, low impedance passive probes, which can provide high 

bandwidth measurements are frequently utilized. These probes have been utihzed for FET, 

passive elements, monolithic microwave integrated circuits (MMIC), and lossy transmis- 

sion line s ystem characterization. They are recently used at fiequencies beyond 1 OOGHz 

[3]. A vector network analyzer is usually employai dong with a passive probe to measure 

the S-parameters of a device under test (DUT). Figure 2.1 demonstrates a typical imple- 

mentation. The S-parameters reveai the operation and matching properties of a device or 

circuit. Most network analyzers customarily provide calibration procedures to compensate 

errors created by the probes, cables, and connectors for more accurate rneasurernents. 

These calibrations can be performed on a caiibration substrate prior to wafer testing. 
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Figure 2.1 : Typical implemaitation for microwave on-wafa pmbing. 

needle 

Figure 2.2: C o m n  types of microwave on-wafer probes: (a) coaxial, @) microstrip, and (c) coplanar [4]. 

Since these are contact probes, they should offa 50R characteristic impedance down 

to their tips. Three different types of these microwave probes are ofien used 141, and they 

are illustrated in Figure 2.2. The coaxial and the microstrip styles offer a SOR characteris- 

tic impedance teiminated at the tiny probing needle. The major flaws of these probes are 

high parasitics and their lack of proper groundiag near the test point. 

The coplanar probe is fed by a waveguide which contains a signal line between two 

grounds on the same side of the substrate. Contact bumps are added at the end of the probe 
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for touching onto the wafer. Distance between the contact bumps is refend to as the pitch 

which is typically 1 5 0 ~  151. This is a popular probe because it provides efficient ground- 

h g  near the test point, and it has low parasitics and radiation properties. Figure 2.3 depicts 

an example of relative probe placement on a circuit. To accommodate on-wafer probing 

using the coplînar probe, the pads at the test points must be in a ground-signal-ground 

configuration, as displayed in figure 2.3. Hence, the obvious disadvantage is its size. Prob- 

ing becornes restricted to only a few locations on the circuit because of limited wafer 

space, probe accessibility, and addition of parasitics by placing large pads onto the design. 

In most cases, measurements can only be conducted at the input and output ports of a CU- 

cuit. 

-1 00 x 100p.m' contact probing pad 

Figure 2.3 : Diagram exemplifYing probe positionhg for measuring on a MMiC using rhe coplanar on-wafa 

probe. 

These passive probes may also be used to feed high speed or direct curent (DC) exci- 

tation signals to the wafer. Measurement setup can sometimes be tedious when a DUT 

requires DC biasing as multiple probes may be accessing the circuit simultaneously. 

2.1.2 Resistive Divider Probes 

The resistive divider probe is a passive contact probe that can be applied in both analog 

and digital signal testing. Typically the probe is connecteci to a 50Q scope or other test 

instruments with 50Q loads. This probe has near its tip, a resistor which provides a large 

raistance to the circuit test point to minimize loadhg. This resistor in the probe f o m  a 

voltage divider with the 50R load, thus resulting in an attenuation of the measured signal. 

A 450R resistor divider, for &tance, causes a 10: 1 attenuation of the measured signal in a 

50R system. Commercial versions of these probes are capable of measuring beyond 
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lOGHz [SI. One of the major disadvantages lies in its large parasitic loading onto the test 

circuit. Since there exists a trade off between resistive loading and the attenuation of the 

measured signal, poor voltage sensitivity is resuited when a Iarge resister divider is used. 

2.13 Higb Impedance Active Probes 

High impedance active probes are O fien ernploy ed, together with oscilloscopes for 

testing interad nodes of analog or digital integrated circuits. This probe gives a very high 

input impedance but suffer in bandwidth, which is determinecl by an active element near 

the tip of the probe. Commercial active probes have bandwidths of less than lOGHz, but 

typically o d y  3GHz. The active probe used in this research is from Picoprobe 161, and it 

has a MOS transistor which limits the 3dB bandwidth of the probe at 1GHz. The probe 

makes direct contact onto the wafer using a sharp probing needle which is made of tung- 

sten. It is very static sensitive because of the direct coupling to the gate of the transistor 

that acts as a buffer between the needle and a coaxial transmission line. The Picoprobe 

used has a loading of O.04pF which is mostly contributed by the gate of the transistor. This 

loading increases with the size of the transistor, hdicating a trade off between non-inva- 

siveness and bandwidth. For example, a 3GHz active probe with a tip radius of O . l p  is 

also available from Picoprobe, but it has a Iarger loading of 1pF. Another apparent limita- 

tion of using this probe is that measurement is impossible over passivation. 

2.2 Electron Beam and Photoemission Probing 

Electron beam potential probing pemits measurement at interna1 nodes of high fie- 

quency integrated circuits. Brancheci fkom scanning electron microscopy, it has been corn- 

mercially available and widely utilized by the microelectronics industry for the past two 

decades [7]. 

Figure 2.4 shows a diagram explaining the method The technique uses an electron gun 

to supply a primary electron beam which focuses onto a test point. The primary beam 

causes secondary electrons to volley back from the circuit. The energy of these sekondary 

electrons, coliected by a detector, are analysed by a retardhg grid spectrorneter. The volt- 

age at the test node is dependent on the number and kinetic energy of the electrons 
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received. A feedback mechanism can be utilized to maintain a fixed detector signai by tun- 

ing the grid potential of the spectrometer, thereby tracing the node voltage [8 1. 

Electron gun 

1 Pulse generation k-, Beam blanking control signal 
(synchronized with circuit stimulus) 

1 Electron lenses 1 

Figure 2.4: Skached implementation of high-speed electron beam testing. 

I 

High fiequency sampling is enabled by providing short duration electron pulses as the 

primary b a n .  These pulses are synchronized with the repetitive circuit excitation signal 

to assure proper samplhg. Several mapping schemes are available for electron beam test- 

hg.  In waveform mapping, a slow phase scan between the circuit signal and the electron 

beam pulses gives a mapping of the signal wave form at a single point of interest on the CU- 

cuit. A logic state map is accomplished by executing a I-D cross section scan with the 

bearn-circuit signal phase shifi increasing linearly. Voltage contras t provides a spatial 

scan, or logic image of the entire surface of a cîrcuit at a fixed phase difierence between 

the pulsed beam signal and the circuit stimulus [8]. 

Due to the relatively wide primary electron sampiing pulses of about 40ps and the 

transit time effect of the seconciaxy electrons [9],  the fiequency capability of electron beam 

probing is limited at 8 GHz [ 1 O]. For a rather low primary electron beam energy, the tech- 

0 

nique is non-invasive to nomial circuit operation. A voltage sensitivity of 1 60m VI f i  ia 
achiwable [ I l ] .  Although this is a poweiful diagnostic tao1 with a high temporal resolu- 

tion and a 0 . 5 p  spatial resolution [II], the technique has its faK share of disadvantages 

[12]. The testing system is ver- complex and expensive since measurement must be done 

Secondary electron detector Spectrometer 

Secondary electrons 

Circuit stimulus 
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in a vacuum. Wearisome calibrations cause the method to grapple with passivated circuits. 

The operation of photoemission probing 1131 almost resembles electron beam testing. 

The major point of departure is the usage of a laser beam in photoemission probing rather 

than an electron beam for improving the bandwidtb. A Sps, 0.5p1, and SmV temporal, 

spatial, and voltage resolution, respectively, using a lps duration laser pulse were pur- 

ported for photoemission sampling [13,14]. Poor stability and reliability when measuring 

air-exposed circuits are among the disadvantages. 

2.3 Electro-Optic Probing 

The electro-optic probing technique is based on the Pockels Effect [15], which is due 

to a rotation of optical polarization that is imposed by an electric field across an optical 

crystal. Applications of this method include interna1 m e a s m e n t  of high frequency dig- 

ital integrated circuits 1161 and field mapping in MMlCs [ I 71. 

The characteristics of the electric field is related to the voltage on a circuit. By moni- 

toring the change in the polarization of light passing through a crystal within this field, 

information of the electxic field and circuit voltage can be obtained. 

The two general techniques are direct and indirect electro-optic probing [18,19]. 

Direct probing is perfoxmed on circuits that are fabricated on electro-optic substrates such 

as GaAs. Indirect probing m u t  be practiced on devices which are built on non-electro- 

optic materials such as silicon. A probe with an electro-optic crystal tip is used in indirect 

probing. This probe situates at a close distance above the circuit test point at where the 

electro-optic aystal tip senses the electric stray field lines induced by the desired voltage. 

Figure 2.5 shows the difference in configurations between direct and indirect probing. In 

direct probing, the opticai laser beam is transmitted through the electro-optic substrate 

inside which the electric field is coupled with the beam. The sampled voltage is propor- 

tional to the alteration in the optical polarization. If the ground plane is not present as in 

the case of a coplanar waveguide, the optical beam c m  be directed into the electro-optic 

substrate from the back side of the circuit. In extemai electro-optic probing, the laser beam 

is directed down to the bottom of the ctystal probe tip at whae the beam is reflected back 

for voltage evaluation. 
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Optical beam 
Optical fiber 

field lines 

Optical beam 

Electric t I field lines Electro-optic 

I 

Figure 2.5: Configurations for (a) direct and (b) indirect (extemai) eIectro-optic probing over microstrip 

interconnect. 

Sampling at extremely high fiequencies is made possible by using as short as sub- 

picosecond duration optical pulses as the optical source. Analog measurements of 60Gffz 

in direct probing and 1OOGH.z in indirect probing have beai reported [Il]. Measurement 

of a 2OGb/s digital panan on an integrated circuit was also performed [20]. The voltage 

resolution is in the order of tens of millivolts [Il]. Spatial resolution which relies on the 

size of the focused laser beam in direct probing, is approximately 0 . 5 ~  in diameter [2 11. 

Electro-optic probing &O possessa sirniiar weaknesses as in electron barn probing 

such as cost, complexity and imtating calibrations. Circuits with passivation are alrnost 

impossible to be measured Invasiveness is not a large conceni in direct probing. For indi- 

rect probing, the capacitive loading introduced by the dielectric crystd probe may disturb 

nomal operation. Perhaps the largest disadvantage is the poor spatial resolution when 

measuring circuits with non-electro-optic substrates due to the size of the extemal probe. 

in addition, indirect probing only de& with weak fringing fields in cases such as the 

microstrip line, as demonstrateci in figure 2.5(b). Hence, circuit density and positionhg of 

the crystai probe become significant factoxs as the method is more prone to crosstalk 

effect . 
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2.4 Photoconductive Sampling 

Photoconductive sampling usa a photoconductive switch to measure high fkequency 

integrated circuits. The physical switch is simply a d i t  between two rnetaliic electrodes 

fabricated on a doped semiconductor material such as Ga&, which has a small energy- 

band gap to allow a fast electron-hole recombination t h e .  To enable high speed sarnpiing, 

picosecond width laser pulses which are synchronized with the circuit signal are directeci 

onto the slit to create extra carriers in the semiconductor, thus temporary conducting the 

two electrodes and causing short-duration electrical shorts. 

These photoconductive switches are typically built in as circuit elements and conse- 

quently limit the quantity of interna1 test points. Vixy recently, high speed in-circuit sam- 

pling using a micromachined photoconductive probe was successfully achieved [22]. The 

probe contains near its tip a photoconductive switch which attaches to a single mode opti- 

cal fiber for coupling with the laser pulses, thereby c r e a ~ g  a high speed pulse generator 

on the probe. The probe makes direct contact with the test point to masure absolute volt- 

ages on passivated microwave and digital htegrated circuits [23]. The micromachined 

probe in [22] has a bandwidth that exceeds IOOGHr, a 1 pm spatial resolution and a voltage 

sensitivity of 1 0 0 n v 1 ~ .  The circuitxy on this micromachined cantilever unfomuiately 

may present a large capacitive loaduig, which depends on the s u e  and geometty of the 

photoconductive switch of the probe in (221. These probes also often need very high 

power laser sources. 

2.5 Reactive Coupling Probing 

Reactive probing is a contactiess technique that utilizes electromagnetic probes for 

coupling near fields fiom a test circuit or device. Two types of coupiing: capacitive and 

inductive exist for near field probing. Reactive probing is mainly used in MMIC and 

antenna imaging [24]. Micromachineci probes are recently employed for small MMIC cir- 

cuits to improve spatial resolution [25]. 
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C h p  ter 3 

This chapter studies the electrostatic force microscope (EFM) in the application of cir- 

cuit probing, or electrostatic force probing. The ongin of EFM along with its other sib- 

lings in the scanning probe microscope (SPM) family will be presented first in a cursory 

fashion, follow by the explanation of the operating principle of electrostatic force probing 

and its integral components. Lastly, a few existing schemes for probing DC and high fie- 

quency analog signals using EFM will be reviewed. 

3.1 Scanning Probe Microscopy 

Since the early 8Vs, SPM 1261 has been used for extracthg topographical, mechanical, 

thermal, optical, electrical, and magnetic properties of microscopie materials. The attrac- 

tiveness of the instrument is mainly on its capability of measuring in atomic scale which is 

cot achievable by optical microscopes and scanning electron microscopes (SEM). The 

SPM utilizes a smalt mechanical probe to measure its near-fieid interaction with the object 

under test. Properties of a material can be obtained by scanning the probe over the entire 

surface of interest. The spatiai resolution is mostly defineci by the radius of cwature of 

the probe's tip and the tip-surface spacing which are typicaiiy in the order of nanometers. 

Atomic resolution was h t  achieved by Binnig and Rohrer when the scanning tunnel- 

ling microscope (STM) was brought to hition in 1982 [27]. In this instrument, a voltage 

difference is applied between a sharp conducting tip and a conducting surface separated by 

a few Angstroms. This induces the tunnelling of electrons through the tipsurface gap, thus 

fonning a current which gives information about the gap distance. As illustrateci in figure 

3.1, the tip scans through the surface in a constant current mode in which a feedback sys- 

tem is used to control a piezoelectric that maintains a constant tip-surface separdon. By 

monitoring the voltage that controls the vertical piezoelectric positioner, a topographical 

image of the surface is extractecl 
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Figure 3.1 Iiiusbation of the scanning tunnelhg microscope opaating in constant m e n t  mode 1271. 

The success of this initial STM experiment has propelled and concepnialized many 

other scanning probe microscopes which paved a new line of testing and imaging tech- 

niques. This section briefly situates the works and applications of many of these micro- 

scopes in the SPM family. 

A slight modification of STM was emerged to measure elecûic potential distribution in 

semiconductors. This revised instrument, known as the s c a ~ i n g  tmnelling potentiometer, 

enables measurement of surface potential and topography simultaneously [28] .  This tech- 

nique has been used for obtaining potential characteristics of P-N junctions, Schottky bar- 

riers, and heterostructures [28]. 

Measurements with STM can only be performed on conducting materials. However, 

STM served as a foundation for the development of atomic force microscope (AFM) 

which overcomes this restriction, hence allowing the Maging of insulators, semiconduc- 

tors and conductors with atomic resolution [29]. in the AFM, a cantiIever with a sharply 

spiked tip is placed in contact with the surface of the material under investigation. The 

designateci contact force is typically in the order of nano-Newtons. The repulsive force, 

resulted from the overlapping of el-n clou& of atoms between the tip and the surface, 

is monitored rather than the tunnelhg curent. As the tip is scanned over the sample, the 

interacting atomic forces deflect the cantilever. The optical barn detedon technique [30] 

is often used for measuring these cantilever deflections. A feedback system is used to pre- 

serve a constant repulsive force during the scan to track the topography of the sample. 
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Scanning thexmai microscope [26] was evolved from AFM for mapping temperature 

variations on material surfaces. Application of this method can be found in failure detec- 

tion of microelectronics [3 11. Undesired open and short circuits are detected by resolving 

the thermal pattern on the surface of the circuit. The microscope has a resolution of ten- 

thousandth of a degree 1261. 

The scanning capacitance microscope (SCM) [32] and scanning resistance microscope 

(SRM) [33] are contact microscopes that permit the profiling of carrier and dopant con- 

centrations in semiconductors with nanometer spatial resolution. Both microscopes use 

contact capacitance and resistance, respedvely, to trace dopant levels in semiconductor 

devices. These microscopes are very useful for the verification of sub-micron device fabri- 

cations. 

For nominvasive t e s ~ g  on samples and microelectronics, microscopes which operate 

in non-contact mode are desired to minimize defoxmation of surfaces and disturbance of 

nomai operation on circuits. With these non-contact instruments, its tip is held above the 

sample at a typical distance of 10-100nm away at where forces such as Van Der Waals, 

Coulomb, and magnetic forces between the tip and the sample endures [34]. The laser 

force microscope (LFM) [29] is one of the few that operates without the tip contacting the 

surface. It employs the attractive forces due to surface tension by moisture that condenses 

at the tip-surface gap, as weil as Van Der Waals forces. Surface profiling of semiconduc- 

tors is one of the application of L M .  

The idea of AFM also indirectly inspued the magnetic force microscope (MFM) 

which uses a magnetic tip to detect magnetostatic forces [35]. This non-contact micro- 

scope uses a sharp magnetic tip which is usually uon or nickel for their strong magnetic 

dipole moments, and the tip is placed usudly a few nanometers above to the sample. With 

a piezoelectric attaching to a cantilever that holds the tip, the cantilever is excited with an 

oscillating signal at a fiequency close to its mechanical resonance. Due to the interactions 

between the tip and the sample, the force gradient on the magnetic tip modifies the reso- 

nance frequency of the cantilever. The shift in raonance can be detected by obseNing the 

change in amplitude, phase or fiequency of the cantilever vibration. MFM can image 

topography and magnetic domains in a wide range of materials, and it is most suitable for 

imaging magnetic recording medium which produces strong stray magnetic fields. Lateral 
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resolution is in the o rda  of l Onm [36]. An interesting application of M F '  is intemal cur- 

rent probing of integrated circuits [37]. Utiluing Ampere's law, magnetic fields radiating 

fiom curent c a . g  conductors were imageci by scanning a magnetic tip over an inte- 

grated circuit in 1371. Current directions and magnitudes were examined from the resulted 

images with reporteci sensitivities of I mA DC and 1pA AC (altemathg current). 

An important long-ranged forces yet unmentioned is the electrostatic force. Electro- 

static force microscopy 1381 has excited the microelectronic testing field. This novel 

instrument m a u r e s  the locaüzed surface potentiai by monitoring the electrostatic force 

between a conducting probe and the sample. Applications of EFM has been in irnaging 

and depositing localized surface charges [39], dopant profiling of semiconducton [40], 

imaging ferroelectric domains [41], measuring contact potential difference between vari- 

ous types of materials [42], and the main focus of l h i s  research: measuring signals in inte- 

grated circuits [43,44,45,46,47,48,49,50,5 1j. 

3.2 Operation Principle 

The basic operation of the electrostatic force probhg involves mechanical deflections 

of a conducting cantilever with a sharp tip under the influence of a electrostatic force 

fomed by a potentiai ciifference between the tip and the circuit. The objective is to meas- 

ure a localized potential on a circuit under test. 

Las 

Laser source k 
ier beam 

71 Photodetec 

Figure 3.2 The opaation principle of eleurostatic force probing. 
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As demonstrated in figure 3.2, a cmtilever is situated at a small distance above the test 

point to measure the desüed signal v,(x,y,t) on the circuit. The cantilever is supported in a 

way such that it can be deflected by an applied force. A specined vp(r) is sent to the con- 

ducting cantilever to produce a potential difference with the signai vc(x,y,2), thereby form- 

ing a vimial locaiized capacitance C(x,y,z} between the tip of the cantilever and the test 

point. The energy required to charge up this capacitor can be transiated to an attractive 

force that induces a cantilever deflection. The force is expressed as: 

where C(x,y,z) is dependent on the physicd geometry and relative positions of the canti- 

lever and the circuit. The t e m  C(x.y,z) also includes unwanted couplhg and fringing 

capacitances which affect the assorted resolutions of the instrument. 

Under actual conditions, the vertical force in (3. 1) also depends on DC offset effects 

such as surface charges 1521, and these effects are represented by the texm A@(x,y). The 

force in (3.1 ) should therefore be: 

By sensing the deflections of the cantilever induced by the force in (3.1 ), information 

about the circuit signal v,(x,~t )  can be obtained. An optical beam detection technique [30] 

was used to measure the deflections in this research. 

To explore the capabiiities and limitations of electrostatic force probing, characteriza- 

tions must be perfomed on the components of the instrument. The next few sections will 

contain a detailed study of the cantilevers and the deflection sensing mechanism used in 

the experiments. 

3.3 Cantilever C haracterization 

The cantilever deflection by the electrostatic force Fr relies on the mechanical proper- 

ties of the cantilever. Attributes of the cantilever plays an essential role in characterizing 

the spatial, voltage, and delay resolutions of the probing instrument. These crucial proper- 

ties of the cantilever are the spring constant and the fiequency response. 
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3.3.1 Spriag Constant 

Like a spring, the spring constant of the cantilever, k, defines the ngidity of its vibra- 

tion, and is given by 1381: 

6 

where 1 is the length of the cantilever, and E is the modulus of elasticity which is depend- 

ent on the material composition of the cantilever. The moment of inertia, I is different for 

various cross sections of the cantilever. A cantilever with a rectangular cross section of 

width w and thickness t has a moment of inertia i--wr'/12. The spling constant of this can- 

tilever is then: 

3.3.2 Frequency Response 

The detlection of the cantilever is a function of the mechanicd frequency response of 

the cantilever. A cantilever has the propensity to vibrate at a fkequency cailed the natural 

resonant frequency. The vibration amplitude of the cantilever is maximum if the frequency 

of the applied force on the cantilever is equal to the nanual resonant fiequency of the can- 

tilever. At fiequencies distant from the resonance, the amplitude of the cantilwer deflec- 

tion is relatively s m d .  The fundamental resonant frequency of a vibrating cantilever with 

a rectangular cross section, o, is given by [38]: 

where k is the spring constant, and p is the mass density of the material composition of the 

cantilever. For a micromachineci cantilever, the lumped mass of its tip is usually negligible 

as comparai to the distribute. mass of the cantilever. The mass of the tip is therefore dis- 

regarded in (3.5). Under an extemal force with a unit amplitude, the vibration of the canti- 

lever as a function of kequency, i.e. the fkequency response, is 1381: 
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where Q is the quaiity factor, and it is defined as a>,/Am, with Am being the 3dB bandwidth 

fiom resonance. The cantilever deflection due to the force Fz in (3.2) is: 

B y examining (3.7), it can be observed that when the driving frequency is equal to the res- 

onance o=o, the cantilever deflection is: 

which is maximum among al1 other frequencies. The magnitude of vibration at a, is 

enhanced by Q from that at DC at where OFO. 0th- resonances at higher fkequencies 

exist as well, but their corrwponding quality factors are smaller. 

3.3.3 Micromacbined Cantilevers 

Wre probes were used in the early development of electrostatic force probing. A corn- 

petent cantilever for probing should have a high resonance frequency and quality factor, 

with a small mass and spring constant. A cantilever with higher resonant frequency is l e s  

susceptible to low frequency noises, and a smaller cantilever improves the spatial resolu- 

tion of and parasitic loading by the instrument. With a reduction in the spring constant, the 

force needed to induce a cantiiever deflection is lessened, thus elevating the rneasurement 

sensitivity. These are ofien the primary reasons for choosing fabncated micromachined 

cantilevers over wire probes. 

Two types of micromachined cantilevers were employed in this thesis. One of them 

was a V-shaped silicon nitride (Si3N4) cantilever [53] as displayed in figure 3.3. The 

pyramidal tip in the bottom photograph of figure 3.3(b) was deposited at about 4pm from 

the end of the cantilever, and the tip has an estimated height of 4pm. Radius of curvature is 

used to define the sharpness of the pyramidal tip, and it is approxirnately 300nm. For bet- 

ter conduction and optical reflection, the cantilever was coated with a thin gold film. 

Another type of micromachined cantilever utilized in this project, as shown in figure 

3.4, was the SC 12-E silicon cantilevers fkom NT-MDT 1541 with W2C coating. 
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Figure 3.3: (a) Schematic diagram of the mimmachined Si3N, cantilever used with dimensions listeci. (b) 

SEM microphotograph of the pyramidal tip located near the end o f  the cantileva [53,55]. 

Figure 3.4: ~ 1 2 - E  silicon cantjlever h m  Ni-MDT with a picture of Ibe pyramidal tip and manufactura's 

specifications [54]. 

Because of the complicated geometry of the Si3N4 cantilevers, an accurate spring con- 

stant calculation is usually resorted to numerical or experimental techniques. The spring 

constant of the cantïiever is 0.064N/m according to specifications [53], while the specified 

spring constant of the siiicon cantilever in [54] is O.OSON/m. 
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Figure 3.5 exhibits the fkquency response of the Si3N4 cantilever [56] while figure 3.6 

shows the response of the silicon cantiiever. Both experimental c w e s  were extracteci 

using the fiequency spectnim of the intrinsic cantilever vibration by t h m a l  noise which 

has a spectral property similar to that of white noise. A more detail account of this noise 

will be studied in section 5.3. The Si3N4 cantilever has an a d  resonant fiequency of 

12.2750KHz. The resonance of the siIicon cantilever was experimentally found to be 

1 3 .O6XKHr using a s p e c m  analyzer. The respective theoreticai frequency responses for 

both cantileva were obtained by plotting (3.6). The method used for detemiinhg the 

experimental values of the cantiievers' quality factors was by substituting the most appro- 

priate value of Q into (3.6) to match the corresponding experimental fiequency responses. 

The Si3N4 cantilever has a Q=32, and the silicon cantilever has a e 3 0 .  The minor dis- 

crepancy between the theoretical and the experimental curves is mostly due to the back- 

ground noise that exists in the environment. 

Figure 3.5: Nonnalized mechanical frequaicy response of tbe selected Si3N4 micmmachined cantilever for 

this proj ect. It has a bdatnental resonance of l2.îîSKH', Q=32, and A-O.OG4N/m 1561. 

Using equation (3.4) and ( 3 . 9 ,  the spring constant and the resonant frequency of the 

micromachined rectangular silicon cantilevers can be theoretically approximated from 

their given dimensions and material properties. Using p=2330 kg/m3 and E=1.79xl OA1 1N/ 

m2, the theoretical values of k and& for the silicon canalever are determined and corn- 

pared with specifications by the manufacturers and experimental fuidings in table 3.1. The 

experimental value of the spring constant is computed by algebraicaily solving (3.5) for k 

and substituting l3.062SKHz as the resonant frequency/, 
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Figure 3.6: Nonnalizeà mechanid tiequaicy response of the siticon cantileva with a resonant fiequaicy of 

13 . O G Z K H = ,  p30, and k=0.055N/m. 

a0.8 

0.2 - 

Theoretical 1 0.063 1 1 3 . 9 3 0 0  

P - 

Table 3.1: Cornparisons behkreen the theoretical caicdations, expairneutal findings, and specifications for 

tbe spring constant and resonant fiequençy of the silicon cantilever. 

, , - - - - -  -- 

3.4 Optical Beam Deaection Sensor 

O -, 1 

6 8 1 O 1 2  14 16 20 
Frequency (KHz) 

The typical magnitude of cantilever deflection in eiectrostatic force probing is very 

s m d .  A rough calculation of the force using a capacitor plate mode1 [38] was perfoxmed 

and found to be in the order of pico-Newtons [57]. Assuming that the amplitude of the 

applied force on a cantilever with kO.OSSN/m and Q 3 0  at its nindamental resonance is 

lpN, then, the corresponding deflection by using (3.8) is about O.Snm. Hence, the detec- 

tion technique used should be as or more sensitive. A laser beam-bounce detection system 

[30] was employed in this work. The diagram in figure 3.7 depicts the method. A laser 

source with a focused laser beam is directed onto the end of the cantilever. The reflected 

laser beam fiom the cantilever is captured by a carefblly positioned bi-ce11 photodiode. 
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Figure 3 -7: Diagram illustrating laser beam-bounce deteaion for sensing cantilever deflections. 

The foliowing is a derivation of the relationship between the received optical signal at 

the bi-cell photodiode and the cantilever deflection. When a cantilever with a rectangular 

cross section is under an appiied vertical force F, the deflection of the cantilever is [58]: 

where I is the length of the cantilever, E is the rnodulus of elasticity, and 1 is the moment of 

inertia of the cantilever. Since the deflection magnitude is small, the angle of deflection 8, 

at the end of the cantilever, F I ,  can be approxirnated using small angle approximation: 

Using (3.3) and F = k ,  equation (3.10) becomes: 

'ïhe cantilever deflection b displaces the reflected laser beam by AY at the bi-ce11 photodi- 

ode as illustrateci in figures 3.7 and 3.8. Using similar triangles, it can be found that 

O,=&/L [57] where L is the distance between the cantilever and the centre of the bi-ce11 

photodiode. Therefore: 



E r2 

I E ,  

Shifted optical spot 

Original optical spot 
Bi-cell photodiode 

Figure 3.8: Diagram demonstrating the shifiing of the refiected laser beam & at the bi-ceii photodetector 

due Io a cantilever deflectioo. The differaice between the optical signals received by the two cells of the 

photodiode is related to Ar and the cantilever deflection 

Originally, the bi-ce11 photodiodes are placed such that the reflected laser beam is inci- 

dent on both photodiodes with equal optical power. When a deflection L- causes a shift As 

in the reflected beam, more optical signal is acceptai by one ce11 of the photodiode than 

the other. The deviation in opticai signals absorbed between the two photodiodes should 

give information about the deflection &. 
A laser diode was used as the optical source in the experiments. It can be assumed that - 

the laser beam is xnonochromatic, and possesses a Gaussian power distribution. The opti- 

cal power per unit area, or the irradiance of the reflected laser beam is [59]: 

where E, is the irradiance at the centre of the laser beam, and r, is the distance fiom the 

centre of the beam at which the irradiance falls to l/k corn E,. Lets assume the photodi- 

ode is ideal so that the total optical power received by the photodiode is completely con- 

verted into electrical power. The accumulated photocurrent rnust then be q u a i  to the total 

number of photons per second, N entering the photodiode rnuitiplied by the unit charge q. 

Neglecting the smail spacing between the two ceils in the photodiode, the gained cment 

by one ce11 due to a deflection is the same amount lost by its neighbour. The difference in 
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photocurrent between each cell, Id, can be evaluated by integrating the normalized Gaus- 

sian laser beam over the gained area in one of the ceiis due to the shifi AT [57]: 

where Y is the size in the y dimension of the gained area. For Y » r,, (3.14) c m  be 

approximated as: 

From the mathematical table in [60]: 

Using a change in variable and let F& x/rO, then (3.17) can be wrînen as: 

The integral can now be solved by referring to the mathematical table in 1601, and (3.18) is 

now: 

Using (3.12), the photocment Id can finally be expressed as a function of cantilever 

deflection Az: 



Chopter 3 EIectmstatic Force Probing 

The result in (3 -20) infers that relative changes in the difference output signal from the 

det ection s yst em can be convenientl y interpreted as a corres ponding change in cantilever 

deflection. Variables in (3.20) may serve as amplification factors to the deflection. The 

o d y  sensible change, however, is to decrease the spot size of the laser beam r,, and this is 

often difficult to achieve [57]. 

S imilar to other optical deflection sensors, the performance of the laser bearn-bounce 

system is limited by mostly shot noise but it is insensitive to IRnoise since it is a differen- 

tial system 1571. Shot noise is created by the random photon anivai at the detector, and it 

can be minimized by compromising the geometry of the detection system. The sensitivity 

of the laser beam-bounce system was purported to be 7 . 9 ~ 1 0 - ~ n m / ~  in [6 11. This 

finding is later discovered to be insignficant for determinhg the voltage sensitivity of 

electrostatic force probing since other noise sources are dominant. 

3.5 Mechanical Probing Structures 

The cantilever and the optical detection system used in electrostatic force probing 

m u t  be physicaily integrated onto a mechanicd structure. The instrument structure should 

be designed with high rigidity so that the noise due to inherent mechanical vibration is 

minimized. Two mechanical stages were utilized for probing in this work. 

One of the physical stage used is s h o w  in figure 3.9. The stage is supported by an 

anodized aluminium structure which holds the circuit, the cantilever, a 3-D piezoelectric 

positioner for positioning the circuit, and the components of the opticai beam-bounce sys- 

tem. The base of the stage is supported by four vibration absorbers in its corners which 

acts as a damper for better vibration isolation. The adjustments of the circuit piezoelectric 

positioner can be done manually using micrometer-pitched screws or a piezoelectric con- 

troller. The stage also includes a manu1 positioning system for aligning the laser source 

and the photodector to direct the optical beam onto the cantilever, and to collect the maxi- 

mum optical signal nom the reflected beam, respectively. The cantiiever is mounted onto 

the end of a 50R coplanar transmission line on a printed circuit board which is screwed 

securely onto the aluminium stage. 
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Positioning screw 

Figure 3.9: A drawing of the mechanical structure for electrostatic force probing using a rnanuaI aligning 

inechanism for the optical detection system. 

Another physical probing structure used in this work was designed by Micron-Force 

Instruments 0 [62] to automate the aiignment of the optical beam-bounce system. 

Figure 3.10 shows a photograph of the aluminium probing structure which contains the 

cantilever and the parts of the optical detection system. This structure uses a magnetic 

positioner to firmly mount on a probing station which includes an optical microscope and 

a 3-D manuai circuit positioner. Vibration absorbers were used at the base of the probe sta- 

tion. The laser source on the structure focuses its beam through a prism onto a mirror 

which directs the beam to the catilever. The reflected beam off the end of the cantilever 

travels back to the prism which acts as a polarïzed light beam splitter, and the optical sig- 

nal is capturai by a bi-ceil photodector. A cornputer with a software provided by MF1 was 
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used to receive and display the signals nom the optical detection system. Depaiding on 

the geornetry and original positions of the components in the beam-bounce system, this 

software may also automatically calibrate their positions by driving electrical moton on 

the stmcture. These parts can ais0 be adjusted ushg manual knobs and screws. Similar to 

the previous setup, a 50R coplanar line with the cantilever at its end was scrwed onto the 

structure. 

EFM 
probing 
arm 

Probing 
station 

Figure 3.10: The aluminium probing stnicture designed by MF1 1621. It holds the cantiiever, the optical 

beam-bounce system, as wdl as eledrical motors and manual laiobs for positionhg the above components. 

It is magnetized onto a probing station that contains a microscope and a circuit positioner. 

Cantilever 

DUT 

Microscope 

Printed circuit 
board with a SOS2 
coplanar line 
for feeding the 
cantilever 

Figure 3.1 1 : A zoomed view of figure 3.10 showing the cantilever and DUT. 
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3.6 DC and Analog Signal Measurement Schemes 

Signals on devices and circuits can be DC or time-vaxying. Ofien, the absolute voltage 

and relative phase at an arbitrary location on the circuit is required. Before discussing dig- 

ital signal extraction, several measurement schemes using electrostatic force probing for 

measuring DC and analog signals is reviewed in this section. The DC measurement 

scheme using force nulling i s  introduced, follow by a theoretical presentation of vector 

voltage measurement which is used to measure high frequency sinusoidal signals. 

3.6.1. DC Measurement 

A DC signal on the circuit, V,(x,y), is constant in tirne, and the electrostatic force 

between the cantilever and the circuit produced by this DC signai with reference to (3.2) 

is: 

If this electrostatic force is to be evaluated, knowledge of the mutual capacitance between 

the tip and the circuit must be calculated. This requires precise and bothersome cantilwer 

positioning. The concept of force nuiling is conceived for conquering this problem, and is 

accomplished by driving the cantilever with the following signal [43]: 

v,(t) = A + Kcos (o,t) (3 -22) 

where A is a DC bias, and K is an arbitrary positive non-zero value. Both parameters are 

adjustable during the experiment. The fkquency op is chosen nea. the fundamental reso- 

nance of the cantilever, a, Using (3.22), equation (3 -20) can be expressed as: 

which suggests that the force possesses only bequency components at DC, mpi and 2%. 

The DC component translates into a static deflection. At fkequency ~ p ,  the force is: 
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which vibrates the cantilever at the fiequency m p  By selecting co, equal to the resonance 

of the cantilever, a, the deflection improves by the quality factor of the cantilever, Q, 

fiom DC. Using (3.8), the deflection is: 

Equation (3 -25) reveals that the cantilever deflection can be nuiled by adjusMg A such 

becornes unnecessary. For relatively small DC offset effects A@, the voltage on the circuit 

can be found by reading the parameter A when the deflection is zero. 

The implementation of the DC measurement scheme is presented in figure 3.12 [63]. 

The cantilwer is placed at a close distance above a test point on the circuit. T&e cantilever 

osciIiations are detected by a deflection sensing system and a lock-in amplifier which only 

monitors the deflection amplitude at the resonant frequency of the cantilever. The output 

of the lock-in amplifier is directed through a feedback system at where it is integrated and 

summed by an AC signal generator, thereby allowing the parameter A to be controiied to 

achieve a nulled deflection. 

Figure 3.12: Block diagram illustrating the M= measurnent scheme using dectrostatic force probing for 

obîaining absolute DC voltages [63]. 
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3-63. Vector Voltage Mensurement 

The objective of vector voltage m e a s m e n t  is to acquire the magnitude V, and rela- 

tive phase eC of a high fkequaicy sinusoidal signal on a circuit: 

vC(& y, t)  = Vcsin(aot + 4,) (3 -26) 

where a, is usually much higher than the resonant fiequency of the cantilever. Electro- 

static force probing depends on the frequency response of the cantilever used in the instm- 

ment. Wlthout proper manipulation of the signal to the cantilever, high frequency 

rneasurement is unfaible. A modulation concept is implemented to doumconvert a high 

fiequency signal to a fkequency near the resonance for amplimg the cantilever deflec- 

tions. This idea will be expounded in the next chapter. In the next two subsections, two 

amplitude modulation schemes for measuring high speed analog signals will be presented 

3.6.2.1. Sinusoidal Modulation 

The specified signal applied to the cantilever for sinusoidal modulation is [47]: 

vJt) = (A + KCOS ( ~ , t ) ) s i ~ ( m ~ t  + qP) (3.27) 

where A, K. and a are adjustable parameters. Unda such excitation, the electrostatic 

force in (3.2) acting on the cantilever is: 

([A + Kcos(ort)]sin(mot + $,,) - Vcsin(oot + 9,) + A@(x, y))' 

Expanding the square term in (3.28) yields components at DC, a,, Zo,, a,, 2 0 , ,  

CU, + o r ,  Z o o  f o r ,  and 2mo i 20,. Using ( 3 . Q  the induced cantilwer deflection by the 

force component at or is: 

Since Azl = [A - Vccos($, - $,)], equation (3.29) hints that the nulling idea should 
m, 

once again be employed here. By cleverly adjusting the parameten A and $p, the deflec- 

tion can be nulled, thaeby revealing the magnitude and phase of v , ( x , ~  0 without deter- 



Chapter 3 Electrosratic Force Probing 

mining C(x,y,z), Q, 4 and A@(x,y). As a matter of fact, this method is independent of DC 

offset effects because A@(x,y) is absent Erom (3.29). 

The nulling procedure m u t  require an optirniration algorithm because the phase can- 

not be determined without the knowledge of magnitude, and vise-versa. To understand this 

algorithm, a plot of cantilever deflection amplitude versus the phase difference $p-$c is 

exhibited in figure 3.13 [56]. 

0, - oc 

Figure 3 . l 3  : Relative cantileva dellection ILI as a hinction of cantilwa-circuit phase difference - += for 

the c a s a  of A=Vc. AeV,, and A>V, [56]. 

In the case of A>Vcy the deflection is never nulled, and therefore, this case is not con- 

sidered. When A=V,, the deflection is only nulled when there is no cantilwer-circuit phase 

difference. Since Vc is unknown originally, the remaining case A W ,  is chosen. In this 

case, the deflection can be nulled at two distinct phase differences. The mean of these two 

is where $-qC is zero. The two nulls can be located by scanning the phase $,,, and the 

phase of the circuit signal is at the centre of these nulls. With the knowledge of qC, magni- 

tude of v,(x,j 0 c m  be determined by setting $p=+c, and then adjusMg the parameter A 

until the deflection is nulled. 

In reality, the nuiled value of A may not be exactly equal to the circuit magnitude Vc. 

This is due to cantilever mismatch which becorna a more significant issue at higher fre- 

quencies; though the value of A is off only by a h e a r  scaling fmor fiom V,. A calibration 

curve measurement of V, against A c m  be easily performed uing a microstrip line [64]. 
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3.6.2.2 Square Wave Modulation 

Sinusoida1 modulation is ofim very difficuit to implement at radio hquencies (RF) 

for where square wave modulation becomes a more viable scheme. The cantilever signal 

used in square wave modulation is [64] : 

vJt) = [ A  + KG,(t)]sin(o,t + @,) (3 -30) 

where A, K, and are controllable parameters. The term A+KG,(t) is a square wave with 

offset A and amplitude K. The term G,(t) is a unit square wave with a fundamental fie- 

quency of o, and it has a Fourier senes representation of: 

Substituthg (3.3 1) into (3.2) gives a force with components at DC, oo , 203, , na,, 

o, t no,, and 2m0 t na,. The cantilever deflection by the force at the resonance or is: 

The obtained expression in (3.32) is identical to that in (3.29) except for the factor 4 h .  

Hence, the nulling algorithm discussed for sinusoidal modulation can be utilized \vithout 

modifications to extract magnitude and phase of the circuit signai. Calibration curve meas- 

urement can be performed to compensate any discrepancies between A and Vc due to the 

mismatch by the tip of the cantilever at where it is modelled as an open circuit. 

Figure 3.14 shows a block diagram of the square wave modulation implementation 

[63]. A high fkquency source excites the circuit and triggers the probing signal vp(t). The 

phase shifter adjusts the parameter a. The signal vp(l) is then modulated to the resonance 

of the cantilever, usually using a mixer. Matching circuitry is added to deal with any possi- 

ble reflections that may be present in the probing signal. The vibrations of the cantilever 

by the electrostatic force are detected by a deflection sensor such as the beam-bounce 

detedon system. The lock-in amplifier acts as a narrow bandpass filter at the resonance w, 

to allow reading of the cantiIever deflections. 
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Figure 3.14: Implemeniation of the square wave modulation scheme for vector voltage measuremair [63]. 



Synchronous Time Domain Gating 

This chapter introduces the methodology of synchronous thne domain gating in con- 

junction with electrostatic force probing to pennit arbitrary waveform sampling at high 

frequencies. The general implementation technique will fkst be expounded foilow by the 

theoretical analyses and experimental realizations of the two special cases of synchronous 

time domain gating : amplitude and pulse width modulation. 

4.1 Introduction 

The methods for measuring magnitude and phase of DC and RF analog signals ushg 

electrostatic force probing were briefly reviewed in the section 3.6. In digital microelec- 

tronics, the waveshape, relative levels, voltage transitions, and delay characteristics of dig- 

ital signals are ofien the major interests to be investigated besides exact signal magnitudes. 

Possible dynamic failure caused by those such as clock skew or power supply bounce in 

integrated circuits can considerably mutate the shapes and affect the latencies of digital 

signals. To enable detailed extraction of the desired features of a digital signal on an inte- 

grated circuit, the diagnostic instrument used must be able to perform measurements with 

a high bandwidth. 

The EFM has been explored by test researchers so far as an instrument that can accom- 

plish non-invasive intemal diagnosis on passivated integrated circuits with high spatial and 

voltage resolution. As discovered in section 3.3.2, the EFM must comply to the frequency 

response of the cantilever. The cantilever deflection is maximum at its fundamental 

mechanical resonance which is typically in the kilohertz range. For probing signals on 

common microelectronic circuits in the range of megahertz or gigahertz, a sampling signal 

of the same frequency range must be sent to the cantilever to acquire proper measurements 

of the wanted circuit waveform. However, driving the cantilever at these frequencies 

which are much higher than the resonance results in a diminutive deflection. The EFM 

instrument becomes unfeasible at high frequencies without proper implementation. 
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A rnixing concept was discussed in section 3.6.2 for conducting vector voltage meas- 

urements of high fiequency sinusoicial signals. The technique is implemented by modulat- 

ing the probing signal with a low fiequency carrier using a mixer to accommo&te the 

frequency response of the cantilever. In fact, this mixing idea has previously incorporateci 

into EFM to perform measurements of high frequency analog [46,47,50,65,66] and digital 

signals [48,49,5 1,67,68,69]. These suggested techniques use the idea of frequency offset 

or amplitude mixing. In the fiequency offset method, a high fiequency circuit signal is 

sampled by a signal with a slight offset frequency, and the ciifference in kequency which is 

usually in the intermediate fkquency (IF) range, is related to the harmonies of the reso- 

nance of the canlilever. In the amplitude mixing method, the high speed probing signal is 

modulated with an IF signal near or at the resonance of the cantilever using a high speed 

mixer. Both meam presented in the associated literatures are subjected to many inconvm- 

iences such as tedious calibrations, low fiequency noises, poor signal to noise ratio (SNR) 

when measuring long-bit patterns, and the requirement of expensive components. 

Synchronous time domain gating is a generalized ampiitude modulation based method 

to produce the proper signal at the cantilever and to allow electrostatic force sampling 

(EFS) of high fiequency digital pattems at interna1 nodes of integrated circuits. The tech- 

nique synchronizes the circuit stimulus and the sampling signal at the same fiequency, and 

then modulates the high speed sampling signal at the resonance of the cantilever to 

entiance the deflections with relatively low cost t h e  domain gating components such as 

ultra-wide-band switches, RF MUXs or high speed logic components. The bandwidth lim- 

itation of EFS becomes reseicted only by the capabilities of the high speed pulse or step 

generators. In this thesis, two specific cases of synchronous time domain gating are imple- 

mented: amplitude and pulse width modulation. They will be expounded in section 4.3 

and 4.4, respectively. The understanding of the technique will be presented next by 

explaining iis general irnplementation. 

4.2 Implementation Method 

This section presents the implementation and analysis of synchronous tirne domain 

gating for EFS 1701. A block diagram of the measmement method is s h o m  in figure 4.1. 

The operathg principle of electrostatic force probing aforementioned in section 3.2 is uti- 



lized. To summarize here, a conducting micromachhed cantilever is placed at a small dis- 

tance above a desired circuit test point. An electrostatic force is induced on the cantilwer 

due to a potential difierence between the cantilever signai vp(Q and the circuit waveform 

v,(x,y,Q. The deflection of the cantilever Az due to this force is sensed by the optical beam 

detection system. 

Az 
I ) lock-inamplifier 

Figure 4.1 : Block diagram of  the general implernentation for synchronous time domah gating [70]. 

The following is the description of the synchronous time domain gating realization for 

the production of a suitable sampling signal v,(O to conform with the mechanical response 

of the cantilever. Ln figure 4.1, a synchronizing source at frequency/,= 1/T drives a digital 

pattern generator which smds out a set of &,-bit long test vectors with a bit rate/b=NdT to 

the circuit under test. The source at f, also synchronously triggers a row of K sampling 

generators, each of these creates a signal vsi(î-Ac) whae i= 1,2.. K, and Ai is an adjustable 

delay. These K waveforms are alternately selected at a lower fiequencyfi using high speed 

switches with switch control signals Gsi(t). This modulating frequencyfi is chosen close to 

or at the mechanical resonance of the catltileva% to increase SNR. The K switches should 



have a high bandwidth to allow high speed inputs, but their switching speeds do not have 

to be as fast since f, is usually in the kilohextz range. The signals vSi(t-Ai), i= 1,2, ..K are 

then summed together. The high fiequency synchronizing source in figure 4.1 also triggas 

the digital vector generator to activate a gating signal Gm(Q with a tirne delay Am. Using a 

RF-MUX, the signal Gm(t-A,,j can be used to gate out in time domain the undesired com- 

ponents of the summation fkom the K high speed wavefonns to form the desired sampling 

signal vp(t). In practice, various parts of the system in figure 4.1 can be realized through a 

single or combination of devices and components. Figure 4.2 displays some typical exam- 

Figure 4.2: Skaches of some example waveforms in synchfonous time domain gating: (a) circuit signal 

vc(t), (b) sampling genaator signal v&-Ai), (c) gate signai G,(t-Ad, and (d) switch control signal G,(r). 

The synchronking source frequency is f,=llT while the modulating frequaicy is the fiindamental resonaace 

of the cantileva,&=l/T, 
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Since the cantilever does not insert a large load onto the circuit, the end of the canti- 

lever cm be modelled as an open circuit. An optional fixed delay ATc= be applied to v,@ 

for matching against possible multiple signal reflections in case that the RF-MUX does 

not M y  absorb the reflection of the sampüng signal fiom the open-ended cantiiever. 

Neglecting AF the signai at the cantilever, vp@, c m  be expressed mathematically as 

[7 O] : 

where the control signal Gsi(o is usually a square wave with its fundamental fiequency 

chosen at the resonance of the cantilever, f, a 50% duty cycle, and o d y  two phases ( O p ) ,  

represented by si [70]: 

1 GSi( t )  = - + s i  
1 

2 
n = 1, odd 

Combining (4.2) and (4. l ) ,  v,(t) can be wrinen as follows: 

Recalling that (3.2) is the electrostatic force that indudes the DC offset effects 

A@(x,v). This force c m  also be expressed as: 

+ 2vp(~)A@(x, y )  - 2vc(x, y, t)A@(x, y) + AQ2(x, Y )  ) 

Lets expand the terms in (4.4) at mr=2nf, by substituting (4.3) into it : 
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where (x ( t ) )  is the DC component of x ( i ,  or an average of x() over its period T: 

(4.5) through (4.7), the force on the cantilever in (4.4) at the monitored fkequency or is: 

Although (4.9) is a complicated expression, the fint and third terms are independent of the 

desired circuit voltage vC(x,jr). For extracthg waveshapes of digital s ipals  only, these 

texms contribute an offset voItage as they are constant terms at or For simplicity, these 

tems can be manipulated and lumped together to form a term called A which depends on 

the capacitance C(x,y,z), the characteristics of the sampling signal, the DC offset effects 

Am, and the gating signal G,(t-Ad. 

By carehlly examining the inner product that contains the circuit signal vc(x,y,t) in 

(4.9): 

(4. IO) 

it can be observed that the force at m, is in fact a convolution between the effective sam- 

pling signal ~ s i v , , ( t  -A,) G,(t - A,) and the circuit signal vC(x,jr) .  if Ai is a varia- [: ) 
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ble. This observation promotes the foilowing simplification to further comprehend the 

technique. If zs ivs i ( t  - Ai) Gm(t - A,) is a train of sharp rectangular sampling pulses ( r  1 
with amplitudes of Y,, a pulse width of &<T, and each pulse having infinite nse and fa 

times identical to that in figure 4.2(b), then (4. IO) becomes: 

where A is the initiai delay of the sampling signal G,(r - A,) . The 

expression for the magnitude of the cantilever deflection at or using the above assump- 

tions and (3 -8) can be written as: 

where A, as dehed earlier, is a constant deflection at op and is independent of the circuit 

voltage v,(x,y,l). Measurement of the deflection at or c m  be accomplished using a lock-in 

amplifier as presented in figure 4.1. As A is scanned over the entire period T, the monitored 

deflection magnitude changes proportionally to the circuit voltage v,(x,.y.t), thereby per- 

rnitting waveform extraction. Since A is subjected to the sampling generator signals vsi(t- 

AI) and the gate signai G,(t-A$, the sweeping of A requires the delays Ai and Am to be 

synchronously scanned across the period T. 

Note that when calculating the deflection in (4.12), it must be realized that V, should in 

fact be two times the amplitude of the sampling pulse because it is an open circuit at the 

end of the cantilever, assuming that precautions for multiple reflections are taken into con- 

sideration. The forward wave of the sampling signal adds onto the reflected to double the 

signal amplitude at the end of the cantilever. 

To extract the circuit waveform with the proper polarity, it is important to realize the 

several factors that affect the polarity of the measurements: the polarity of the sampling 

pulse, and the phase of the signal at the synchronized fiequency set by the lock-in ampli- 

fier. It should also be noticed that the capacitance derivative in (4.12) is negative. 



If the absolute voltages of the circuit signal v,(x,y,t) are not required, the DC offset 

effects and the rest of the contnbuting factors in A become unimporiant. This means that 

calibrations for determining the Ioading capacitance and DC offset effects are unnecessary 

for circuit pattern or waveshape extraction. However, this also implies that expensive elec- 

tronics are needed for calibration when absolute voltages of v,@,y,Q are desired. This the- 

sis only concems with measuring signai transistion times, propagation delays, oveahoots 

and other Niging effects of digital signals. 

By employing synchronous t h e  domain gating to generate a suitable vp(l) for high 

kequency EFS, the bmdwidth of the instrument is no longer restricted by the fiequency 

response of the cantilever, but only by the sharpness and non-idealities in the sampling 

signal. In reality, the approximation that the effective sampling signal 

s v i (  - A )  Gn(t - A,,,) is a train of prefect rectanguiar pulses similar to that in fig- ( r  1 
ure 4.2(b) is often void due to the non-ideal electronics that produce these pulses. To accu- 

rately examine the effects of these non-idealities on the measurements, a convolution 

between the circuit signal and the effective sampling pulse signal should be perfomed to 

yield a predicted wavefom of the cantilever deflections. 

4.3 Amplitude Modulation 

Various modulation schemes can be realized using the general implementation in fig- 

ure 4.1 by choosing the quantity of the samphg generators K. and the waveshapes of vSi(t- 

AI) created by each of these sampling generators. One of the special cases of synchronous 

tirne domain gating is pulse amplitude modulation in which K'2, vsl(r)=v,(i), and 

vs2(t)=0. Though, this is commonly implemented with K=l by modulating v,*(Z) at the 

cantilever resonance using a high speed switch. The idea of this technique is analogous to 

a conventional repetitive sampling oscilloscope, except that the sampling is accomplished 

dkectly at the tip of the cantilever. For high speed sampiing, v,(t) is desired to be a train of 

narrow pulses similar to that in figure 4.2@). There exist several techniques for produchg 

high speed narrow width pulses. Rior to discussing some of the popular means for gener- 



aMg these sampliag pulses, including the reaüzation assembled in this thesis, a concep 

tual explanation through the mathematics of amplitude modulation is next. 

4.3.1 Theory 

The IWO sampling generator signals v,l (t-AL) and vs2(t)=0 are perïodicaliy chosen at 

the fkequency/, using a high speed switch with control signals Gsi(r). i= 1,2, sl=l, SF- 1. 

Assuming an aU pass gate signal G,(r)=l and a delay A f l ,  the probing signal vp(l) in 

(4.1) becomes: 

Figure 4.3 illustrates a plot of the sampling signal vp(t). The signal can be simply inter- 

preted as the multiplication produa of a high speed pulse train v&A) with a low fie- 

quency carrier signai Gsi (0. The pulse train signal only appears for half of the modulating 

period T,= 1 l j ,  while the other haif is zero. For a modulating frequency l,= 13KHz, there 

are &=OS *TJT=4808 sampling pulsa if the penod T is 8m, wwhich is typical in the high 

freqüency measurements in this work. 

Figure 4.3: (a) The samplhg signai v,() in amplitude moduiation. (b) A zoom-in version of vp(0 rwealing 

the saxnpling pulse train. 



According to (4.9) and (3.8), the deflection of the cantilever at its resonance fiequency 

o72G due to the probing signal in (4.13) is: 

The waveform of this deflection magnitude can be anticipated by convoluting the sam- 

p h g  pulse in v,(t-A) and the circuit signal v&,y,t). When the effective sampling pulse 

v&A) is a sequence of ideal rectangular sampling pulses with the same features as those 

in figure 4.3(b), the mathematical expression of the deflection is exactiy as (4.12). 

4.3.2 Narrow Pulse Generation 

Pulse generators are used to produce the high speed puise train v,(t-A) in amplitude 

modulation. The idealities of the effective sampling pulses, and in him the bandwidth of 

EFS with synchronous time domain gating seriously depends on the performance of these 

pulse generators. This section is dedicated to a few popuiar pulse generators and tech- 

niques for generating narrow width pulses for samphg. 

4.3.2.1 Vector Generator 

Commercial high speed vector generators are capable of producing bit rates in the 

range of GMs. These sources can generate pulses with widths about a few hundreds of 

picoseconds. The vector generator used in this thesis was the multi-channel lGHz 

HP80000 data generator fkom Hewlett-Packward which is capable of producing lm width 

pulses with 10-90% nse and fall times of l e s  than 1 SOps [70]. However, to be compatible 

with the speed of many commercial microelectronics, pulses with widths in the picosec- 

ond range are prefmed. This data generator was used as the synchronizing source for gen- 

erating excitations for the test circuit and the pulse generation systems in this work. 

Vector generators that produce sharper pulses are commerciaUy avaiiable but they are 

expensive (>$100K). Since cost is usually an immediate factor to be considered, puise 

generation is usually accomplished by 0th- means. 
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4.3.2.2 TLansmission Line Fiter 

High p a s  filters are perhaps the most economical solution for sharp pulse generation 

because they can be simply made of 50R transmission lines [72]. Figure 4.4 shows the fil- 

ter designeci and constructed using 50Q coplanar transmission lines [73] for this thesis. 

The filter was built by placing two short-circuited 50R coplanar stubs at the same location 

of another 50Q coplanar line, thus foming a cross-shaped circuit as depicted in the figure. 

The stub lengths can be varied by taping pieces of copper onto the stub lines as short cir- 

cuit terminations at any locations. This method aliows the optimum pulses to be e x p i -  

mentally and quickly determined to escape complicated simulations of the filter. 

50R , detachable copper pieces 

Figure 4.4: The transmission line tïiter for n m w  pulse gaieration consiruded in this thesis. Two daachable 

copper pieces are used to search for the correspondhg stub laigths to optimise the output pulses v,,(t). 

Once the optimum stub lengths are found, the output voUl(t) should be a derivative of 

the input vin(t). By applying a relatively wide pulse with finte nse and fa11 times into the 

filter, two narrower pulses with opposite polarities at the transition points of the input is 

fomed at the output. The widths of these output pulses are dictated by the sharpness of the 

input signal transitions. The extra unwanted pulse c m  be eliminated using a RF-MUX 

"th a propa gate signal G,(t-Ad. 

It was found that the best length for bath stubs is the same as half the length of the 

aansmitting SOC2 coplanar line. Figure 4.5 shows the signals associated with the filter 

above for pulse generation. 



Synchmnous Time Domain Gating 

-1 ! 1 1 , 1 

2 
1 

3 4 e 
1 

s 
i 

7 6 
Tirne (ns) 

-1 t 1 1 , 
O 1 2 3 4 6 

I 

e 7 0 

Time (ns) 

-0 -2 i 1 

O 1 2 3 4 
1 

5 6 7 e 
1 

Time (ns) 

! 
I I 6 

O 1 4 
L 

2 
1 

3 
i 

6 e 7 O 
Time (ns) 

Figrne 4.5: (a) An input to the nuisimssion h e  filter in figure 4.4, v,(t); @) output of the füta, vaAt); (c) 

sketch of the gate signal G,,,(t-A J for gaiing out the undesird puise; and (d) the desired sampling pulse 
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The fiita input signal in figure 4 3 a )  is a 4ns pulse generated by the HP80000 data 

generator. A DC-SGH. RF-MOX was employed to gate out the extra pulse fiom the dual 

pulse signal in figure 4.5@) with a gate signal G,(t-A,,J sketched in figure 4.5(c). The 

acnial logic levels of the gate signal into the MUX was O and 2.2SV (4.W at the switching 

logic input at where it is an open circuited load) [74]. A DC-20GHz Tektronic 1 180 1 B 

digi ta1 sampling oscilloscope which was utilized throughout this thesis, was used to cap- 

ture the signals in figure 4.5(a), (c), and (d). The pulse has an amplitude of 8OOm and a 

full width at the half amplitude, or full width half maximum of 2SOps. The mag- 

nitude of the pulse is mostly detemiined by the filter input signal level and losses intro- 

duced by the RF-MUX. This type of pulse generator was not utilized for any 

measurements in this work, but was used in [56] and [63]. 

4.3.2.3 Non-Linear Tkansmission Line 

A non-linear transmission line [75] is an ordinary transmission line with the addition 

of a non-linear elernent to purposely distort the input signal of the line. For fast pulse gen- 

eration, a non-linear transmission line is realized by placing varactor diodes periodically 

in shunt with a transmission h e .  Figure 4.6 shows a single section of this non-linear 

transmission line. 

diode 
- ground plane 

Figure 4.6: A singie section of a non-hear transmission h e  for high speed pulse grneration. 

Since a varactor diode behaves as a voltage dependent capacitor [76], thae diodes in a 

non-Iinear transmission line cause the capacitance of the original transmission line to be a 

function of input voltage. Because the phase velocity of the line y,h is affected by the line 

capacitance, yph also becomes a function of voltage Y: 
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where LI and Cl denotes the total inductance and capacitance of the non-linear transmis- 

sion line, respecîively, and Vis the instantaneous voltage of an analog input signal vin(t). 

The capacitances of the varactor diodes nse and drop in concert witb the input volt- 

ages. Accordhg to (4.15), the phase velocity of the line should therefore be higher when 

the input voltage is large. Revenely, a lower input voltage slows down the phase velocity. 

With a tune-varying input, the higher instantaneous voltages in the signal travel fasta 

down the non-linear transmission line than the lower instantaneous voltages. Ushg a sinu- 

soid as an input, a non-linear transmission line can compress the input sine wave and 

develop unbalanced transitions at the output as displayed in figure 4.7 177,781. 

Time (ns) 

T 
-15 - 

0 -  - 
a ,  

O 0-5 1 1 .J s? 
* 

2.5 3 3.5 

Time (ns) 

Figure 4.7: Simuiations of input and output wavefom of a non-hear transmission line for fast pulse gena- 

ation: (a) a 1 G k  sinusoïdal input, (b) distorted sine wave at the output with sharp transitions at the f a h g  

edges, and (c) n m w  periodic pulse yielded &a diffaentiating the output waveform in (b) [78]. 
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A n m w  pulse generator can be formed by adding a differentiator such as a high pass 

filter at the output of the non-linear transmission line. Figure 4.7(c) shows the pulses 

obtained by taking a derivative of the output signal in figure 4.7(b). The generator can be 

implemented on a printed circuit board or fabncated on a substrate as an integrated circuit. 

4.3.2.4 Step Recovery Diode 

Like the non-linear transmission line, a few other pulse generators utilize non-linea. 

elements to produce narrow width pulses fiom a sinusoicial input. One of the often used 

non-linear components is a step recovery diode (SRD) which acts as a charge storage 

diode [79]. The capacitance of the SRD is large under foward bias and is small under 

reverse b i s .  Hence, the SRD stores charge during the positive half cycle of a sine wave 

input, and a negative current produced by the negative half cycle of the input discharges 

the SRD before it accumulates charge again. The rate of discharge for the SRD is quite 

high, thereby forming a fast step typically of only picoseconds. This transition time is 

defined by the R C  time constant of the SRD, where R is the parasitic resistance, and C is 

the reverse bias capacitance. Figure 4.8 shows the ideal response of the SRD under a sine 

wave excitation. 

n Fast transitions 

Figure 4.8: The output of an ideal step recovery diode due to an input sine wave. 

An impulse generator c m  be built by adding a matched fîlter network and a DC retum 

to a SRD as depicted in figure 4.9. The filter network is used to match a 50R source drive, 

while the DC rehirn is for providing a self-biasing retum cumnt for the SRD. Figure 4.10 

shows a sketched output of the impulse generator. The matching network is resonant at a 

specific frequency and thus, the repetition rate,&, is ûxed which may cause difficulties 
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when this is used to sample a signal with an arbitrary p&od. Commercial impulse genera- 

tors are available among which the bandwidth can be up to 5OGHz [793. 

Input 
network 

Figure 4.9: An example of an impulse gaierator made with a step recovay diode. 

Figure 4.10: Sketch of a typical output waveform of an impulse generator in figure 4.9. The pulse paiodi- 

cally repeats at the Ikquaicy of the input sine wave;A,,. 

4.3.2.5 High Speed Logic Switches 

Pulse generation can simply be achieved by a single high speed digital switch or an 

AND/NAND logic circuit. A wide variety of these devices can be purchased at reasonable 

prices. Although the switch and the AND logic circuit distinctively have their own array of 

applications, there exists a common arrangement of input signals when using these 

devices for pulse generation. Figure 4.1 1 shows the production of narrow pulses ushg 

switching circuitry. Al1 sketched signals in this figure are ideal for demonstration here. 

The device in figure 4.1 l (a) can be a digital switch/MUX or an AND logic circuit. For 

a digital switch, v,l is one of the high speed input terminais to the device. The input port 

to the switch dnver is representeâ by Scnrl, and v,,, is the common signal output port of 

the switch. In a typical two-input switch, two high speed inputs at v , ~  and vw2 are ma- 

bled or disabled at the output port v,,, by the signal at Scn,I. For instance, v,l is selected 

when the logic level of SCntI is high, and v d  is chosen when is logic low. 'The input to 

the switch driver at Sc,,,, dictates the turn on duration time of the switch inputs. By supply- 
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h g  the specific synchronized input signals vin, and v ,~ ,  as exemplified in figure 4.1 1, fast 

pulses can be generated at v,,,. The pulse widths or duty cycles of the inputs 6i,,i and b2 
are rather &al as the only significant factor is the delay 7, between viril and vinî. Assum- 

ing the inputs have infinite rise and fall tirnes, the width of the generated ideal pulse v,,, at 

v,,, is 6,i-%. The actual N e  and fall times of the output pulse are rnostly govemed by 

the transishon speed of the switch control circuitry. The transistion times of the output 

should not depend on the Ne and fall times of the switch input signals because the switch 

triggers at a specific threshold between the high and low logic levels of the controi signal 

at SCnfI. However, jitter nom the source generator and the switch circuitry may affect the 

transistion tirnes of generated pulse. 

If the daice in figure 4.1 l(a) is a two-input AND logic circuit, then v m l  and v m ~ 2  

are the two inputs ports of the logic gate. Since the AND logic function States that its out- 

put is logic high only when both of its inputs are logic high, the delay sa can be adjusted so 

that the time during both inputs are high is ver). short for fast pulse production. The ideal 

width of the pulsa produced at v ~ m  by the gate is 6,i-%. The bandwidth of the resulted 

puise is solely determineci by the device because the transistion time of the generated sig- 

nal veuf is conditional on the switching speed of the circuit. A commercial logic AND gate 

is usually equipped with a complementary logic output Y-, giving the circuit AND and 

NAND functions for versatility. Either ports can be chosen as the output for pulse genera- 

tion, but the unselected output port is usually match terminated to avoid possible reflec- 

tions. 

An 8GMs two-input ANDNAND circuit (NL4519-2) was purchased £tom NEL [go], 

and utilized as a puise generator in this thesis. The circuit was fabricated with 0 . 5 ~  GaAs 

MESFETs. The circuit has a high logic level of O K  a low logic level of -0.9G: and it is 

specified to have both rise and f d  times of typically 65ps (maximum 95ps). It requira a 

bias supply of -3 -7 and its threshold switching level was set to be -0.5 V using an extemal 

voltage divider. The chip was mounted on a low-loss printed circuit board which has a die- 

lectric constant &,= 10.8, and a thickness of 0.64mm. The high speed input/output pins 

were soldered onto SOR microstrip lines 1621 which eventually connect to 50R SMA 

semi-rigid coaxial cables for signal tram fer in and out of the chip. Capacitors of 1 nF were 



added in shunt with the bias supply lines to divert possible AC signals exist in the DC sup- 

ply for reducing power supply fluctuations. Figure 4.12 shows a photograph of the 

mounted chip. 

Figure 4.1 I : Designations of input and output signals for a switch/AND circuit for gaierathg fast puises. (a) 

A device which can be a digital switchMUX or an AND logic circuit; (b) input signal vi,,~; (c) input signal 

 vin^; and (d) output of the device v,,. 6,, and aid denotes the pulse widths of the input signals viril and 

Vin->, respectively. The time delay between vin2 h m  vin] is 7,. The width of the output pulse is 64, -7,. 

Othe? high speed input/output ports of the device in (a) are 5 M  match terminated. Al1 example signals are 

synchroniztd, and has a period I: 
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Potenhometer 
for adj usting 
the threshold 
switching levei 

~ P P ~ Y  

Figure 4.12: Photograph of the 2-input ANDMAND gate h m  NEL mounted on a low-loss printed circuit 

board. 

The HP80000 data generator was used to supply a 125MHz signal with Ins pulses at 

an amplitude of -1.25 V into a sampling generator containing the NEL logic gate in figure 

4.12 as displayed in figure 4.13. In general, the repetition fiequency of the outputs by the 

HP generator to the sampling generator can be set at any values between 8MHr to 

SOOMHz. A simple BNC splitter and cables with different designated lengths were utiiized 

to obtain a delay 7, of 840ps between the two input signals viril and vin? which are dis- 

played in figure 4.14(a). The reflections caused by the splitter is not a concem since both 

input ports of the logic circuit and the output tenninals for each channel of the HP genera- 

tor have 50Q tenninations. 

1 25MHz fiom the 
HP generator 

u Cable with length l2 

Figure 4.13: The sampling gentxator constructed for amplitude modulation ushg the 8Gbh AND/NAND 

gate h m  NEL. Specified cable laigtbs II and l2 are used for a suitable delay T~ between Vin 1 and Vin2- 

The output of the NEL gate, which was taken fkom the NAM) logic output of the cir- 

cuit was measured using the DC-2OGH.z Tektronic 1 1801B digital sarnpliag oscilloscope. 
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The output measured bas an amplitude of 1 C: a FWHM of 120ps, and rise and fa11 times 

(10-90%) of 78p and 84ps. respectively, was as exhibited in figure 4.14@). Both transis- 

tion times of the output falls under the expected maximum of 95ps [803. 
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Figure 4.14: (a) input and (b) output signals of the 8Gbh ANDMAND gate fiom NEL. 

4.3.3 Experimental Implementation 

This section describes the implementation of the amplitude modulation technique that 

is undertaken in this thesis. To produce the proper probing signal for EFS using amplitude 

modulation, the mangement of the utilized components as displayed in figure 4.15 was 

cultivated. 

The HP80000 data generator was used as the synchronizing source which has four out- 

put channels. Two channeis provided the test circuit pattem v,(t) and the triggering signal 

to the DC-2OGHz Tektronic 1 1 80 1 B digital sampling oscilloscope for monitoring the sam- 

pling signai v,(t), respectively. The remaining two channels of the HP generator were 

inputs to the synchronous gating system for generating vp(l). The delays, magnitude and 

logic pattems of the generator output signals were defineci and controiled by a cornputer 

program wing a general purpose interface board (GPIB) 18 11. The software automates the 
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experiment by monotonicaily scans the associated signai delays for sampiing. This pro- 

gram is part of the measurement system used in this work that will be descnbed in further 

detail in section 6.1. The generator has a maximum delay range of 2m with a resolution of 

2ps. 

cable with a designated lengh 

Figure 4.15: Lmplementation of the sampling pulse generation system for EFS using amplitude modulation. 

The signal v,(@ in figure 4.15 is a 12SMH.z signal with I N  puises which enters into a 

MS WA-2-20 absorptive switch with a bandwidth of 2GHr [74]. The logic levels of the lns 

pulses were chosen to be -1.3 V and OV so that the inputs to the AND gate have the appro- 

pnate logic levels of -0.9 V and O K This signal attenuation is mostly by the BNC splitter. 

The DC-2GHz switch acts as a modulator which downconverts the 1 ns pulses to the 

resonant frequency of the cantilever, f, A DS345 function generator was used to supply 

the control signals Gsi(t) at logic levels of O V and -8 V to the switch with the aid of a simple 

buffer-inverter circuit. A DC voltage of -1.3 V was served as the second input to the switch 

to define the logic level of the base of the pulses, i.e. the voltage level when the pulses in 



the sampling signal are tumed off by the switch. The output of the switch was fed into the 

sampling generator descrïbed in figure 4.13. Compared to figure 4.1, the orientation of the 

modulating switch and the sampling generator is reverseci in this implementation. This is 

because the switch has a bandwidth of only 2GHz while the ANDNAND gate has a 

higher bandwidth of about SGHs. NonetheIess, this setup performs the same f'unctionality 

as intended in figure 4.1. The output of the sampling generator within the ensemble in fig- 

ure 4.15 is a modulated version of the signal in figure 4.14(b). 

A DC-5GHz MUX was used to eliminate some of the non-idealities that exist in the 

output signal of the sampling generator. A carefully aligned gate signal G,(t-A,J was sup- 

plied by the HP generator to the MUX for turning on its high kequency input va(?-A)Gs 10) 

when this sampling signal was logic low, i.e. the duration of the pulsa, and to select its 

grounded input when the sampling signal was at the high logic level of OK 

A bias tee was inserted into the reaiization to eliminate possible damage to the canti- 

lever from a large current that could be formed if the cantilever contactai a hi& voltage 

DC supply or bias on a test circuit, and thus protecting the cantilever fiom over heaMg. 

The DC-20GHz coupler was used to divide 1/20th of the power f?om the sampling signal 

to the sampling oscilloscope for monitoring the shape of the sampling puIse and its reflec- 

tions from the tip of the cantilever, which is essentially an open circuit. As a result, the 

cable length between the coupler and the cantilever was carefully selected so that the 

reflected pulses were absorbed by the DC-SGHz MUX. Using the coupler and the Sam- 

pling oscilloscope, the required cable length which corresponds to a correct delay Ar for 

matching was experimentdy found through trial and error. After the appropriate cable 

length was appointed, the signal at the scope only consisted of two distinct pulses with 

similar amplitudes within the period E the incident sampling puise to the cantilever, and 

the reflected fiom the cantilever. 

Figure 4.16 shows an effective sampling pulse belonging to the probing signal v,(r) 

generated using this implementation. The MLTX and the bias tee slightly degraded the sig- 

nal amplitude and bandwidth bom the output of the sampling generator. The pulse has an 

amplitude of 750mV and a FWHM of 140ps at a fiequency of 125MHz. It also possesses 

some non-idealities which may be eliminated by using a MUX with a farter switching 
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tirne. The influence of these imperfections due to the sampling pulse on the measurements 

will be explored in section 5.4. The a d  sampling signal is a modulation of the pulse in 

figure 4.16 at the resonant fiequency of the cantilever, f, 

Time (ns) 
Figure 4.1 6: A pulse w i h  the sampling signal genaated by the amplitude modulation implementation in 

figure 4.15 capnired by a sampliag osciiloscope. 

4.4 Pulse W~dth Modulation 

Another specific case of synchronous time domain gating that can be implemented for 

EFS is pulse width modulation. In contrast to amplitude modulation in which a pulse gen- 

erator is required, pulse width modulation c m  forego the use of a pulse generator by using 

a fast step generator instead to achieve high speed measurements. This has a couple of 

potentid advantages. First, it is perhaps easier to produce a signal with a sharp rise or fall 

time and a large duty cycle, then to create an impulse with both sharp rise and fat1 &es 

and a narrow duty cycle. The second possible benefit is bandwidth versatility because the 

effective sampling pulse width can easily be adjusted by the inter-delay between the input 

signals to the modulating switch(es). High bandwidth can be obtained by minimizing this 

inter-delay. The pulse width modulation approach 1821, can be implemented using t h e  

domain gating described in section 4.2. A more detailed theoretical concept of pulse width 

modulation is explained next. 

4.4.1 Theory 

Referencing the general case of synchronous t h e  domain gating described in section 

4.2, the pulse width moduiation scheme cm be implemented by selecting the number of 

sampling gaierators K=2, vsl (2)=vpm(r), and v ~ ( ) = v ~ ( ~ - T ) ,  where vpm (0 is usually a 



train of pulses with its fiequency matched to the circuit signal, and r is called the modula- 

tion depth or the inter-delay between the signals vsl(r) and v2(t). A larga duty cycle of the 

signal vpm() than that of v,(t) in amplitude modulation may be allowed without sacrifie- 

ing the bandwidth, since the bandwidth in pulse width modulation is deterrnined by only 

one of the signal transistion t ima in v,,(t) and the modulation depth. Therefore, it does 

not require the gating signal v,,(O to possess both fast nse and fall times, and the duty 

cycle of vp,(r) is absolutely &al. This is quite practical because devices may not pro- 

duce signals with equal N e  and fall times. Figure 4.17 helps to discem the concept of 

pulse width modulation by exempli£jmg a few sketches of the associateci typical signais. 

Figure 4.17(a) shows an example of vP,(l) created by a generator which produces a 

pulse with a faster fa11 time than its rise time. Both input signais in figure 4.17(a) to the 

sampiing generators are identical except for the phase difference of T. The boundary of the 

effective moddated portion is d e h e d  by the transition edges of the signals after these sig- 

n a l ~  are downconvened, and the size of this modulated portion is controlled by the modu- 

lation depth T. In amplitude modulation, high fkquency sampling pulses created by a 

pulse generator is modulated by a lower carrier fkequency f, whereas in pulse wvidth mod- 

ulation, the sampling pulses are created by the modulation process rather than using a 

pulse generator. Mathematically, it can be proven that the effective sampling signal in 

pulse width modulation is deduced by a fdtered subtraction b e ~ e e n  vsl &Ac) and vs2(r- 

Ad, i.e. vp,,(t-AS-v,,(t-Ai-@. Ushg (4.9) and (3.8), with also the observation that 

cvp,,(t-A 3 -vpmo-Al+) > is zero, the cantilever deflection at the resonance or=21g, is: 

Lets examine the inner product in (4.16) by setting v,(t)=v-(0-vp, (t-T) : i.e. -<vs(r- 

A 3Gm ( t -A , ,Jvc (~ ,~  r)>. This is also a convolution between the effective sampling signal 

vS(t-A I)G, @-AM, and the circuit signal under investigation v,(x,) l), if the time delay of 

v, (t-A t)GnI (t-Ad, A, U a varying parameter. By perfonning this convolution, the wave- 

form of the measured deflection signal by EFS c m  be predicted. 
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Figure 4.17: Skached waveforms of example signals ia pulse width modulation: (a) v-(r-aS and v-0- 

LI ,-TI. (b) îhe duai pulse signai v,(r-A d=v-(t-A 3-vPYm(t-A 1+, (c) the gate siguai Gm(t-A,,,) with a 50.A 

duty cycle, and (d) the effative sampling signal vS&AL)G,(r-A$ with an effixtive initial dday A. 



The subtraction vs(I-L53 between v,,(t-A3 and vpwm(t-Al-~) contains a positive and 

a negative pulse within a period T as displayed in figure 4.17(b). The signal G,(t-A$ is 

used to filter out in time either the positive or the negative pulse using a RF-MUX. A typi- 

cal signal GJt-AJ is sketched in figure 4.17(c). Usually, the sharper transition which cor- 

responds to a narrower effective pulse is chosen. For instance, if the fail tirne of vpwm(Z) is 

faster than the rise tirne, the positive pulse, i.e. the rising edge of vp,(t), can be gated out 

and only the negative pulse remains for sampling, as depicteci in figure 4.17(d). 

The gate signal Gm(t-AJ conaibutes to the making of the desired sampling signal. 

Sampling must therefore be achiwed by synchronously scanning the time delay AI and Am 

through the entire period T, or by sweeping the circuit signal delay while maintainhg both 

Al and A,,, constant. The term A in figure 4.17(d) is the initiai delay of the effective sam- 

pling signal vs(t-AdG,(t-Ad. 

Although there is an absence of A* in (4. I6), EFS using puise width modulation is still 

affecteci by DC effects as the DC component of the effective samphg signai is non-zero. 

4.4.2 Experimental Implementation 

This section presents the realization of the pulse width modulation technique en@- 

neered in this work. A block diagram of this irnplementation is illustrateci in figure 4.18. 

The synchronkhg source used was the HP8000 data generator, and its outputs were 

defined by a cornputer program through a GPIB connecrion. Two channels of the genera- 

tor were used to provide the triggering signal to the 20GHz Tektronic scope, and the signal 

to the test circuit, respectively. Another channel supplies the input v,(i) which is a 

125MHz signal with 4- pulses and logic levels -1.3V and OV to a BNC splitter. The mod- 

ulation depth was set by appointhg two cables with different lengths for the inputs to a 

MS WA-2-20 absorptive switch. The DC-2GHz switch modulates the two input signals by 

altemating them at the resonance of the cantilever, f, A DS345 fimction generator and a 

buffer-inverter circuit identical to those in section 4.3.3 was utilized for providing the con- 

trol s igna.~ Gsi(t) to the switch. Ihe 8Gbk two-input N'EL AND/NAND circuit was 

employed as a step generator to accelerate the transition times of the modulated signai. 



Again, the order of the step generator and the modulation switch was reversed as corn- 

pared to figure 4.1 due to the bandwidth inferionty of the MSWA-2-20 switch. The gaie 

signal G,(t-A,,,) with period T and a 50% duty cycle was generated by the HP generator, 

and was coaxed into the DC-5GHz MUX for filtering out one of the transition edges of the 

modulated signai. Finaily a DC-2OGHr coupler was used to monitor the reflected sam- 

pliag signal by the cantilever for determinhg the suitable cable length for matching. 

The bias tee was not used here because that would eliminate the DC component in the 

effective sampling signal, which in tum wodd have deformed the sampling signal to give 

a more distorted measurement of the signal under test. 

Scope trigger 
cable with a designated lm@ 

HP Circuit S tirnulus v, (0 
O 

Buffer/ - -12v - - 
inverter ,- +12V 

v 
--SV 

DS345 DC-5 GHz to +S V 
fhction gai. 

Gm (t-A,,J Coupler 
F 

DC-20 GHz 

Scope cantilever 

Figure 4.18: Rea tiization of the sarnpling pulse genaation systan for EFS using pulse width modulation. 

Pragmaticaiiy speaking, the polarity of the effective sampling pulse cannot be recog- 

nized by a sampling oscilloscope because the pulse is virtual using this specific ensemble. 

The 'subtractor' and 'subtractee' of the subtraction between vp,,(0 and V,,~-T) is inde 

terminable, and thaefore, propa control experiments may be required to select the correct 

transistion edge for sampling if the polarity of the measured signal pattern is desired. 
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Because the shape of the effective sampling pulse for pulse width modulation in this work 

is similar to that for amplitude modulation, the measured wavefoms of the 0.5 pm CMOS 

circuit using both modulation techniques were compared ta determine the appropriate 

polarity of the puise width modulation method This procedure should be valid since the 

CMOS inverter chah used in this work gives signals with non-identical rise and fail tirnes. 

-1 -2 ! 1 8 I r I 

O 1 2 3 4 5 6 7 8 

Time (ns) 
Figure 4.19: The two modulated sampling signals in the pulse width modulation scheme in this work. 'fbese 

signals are captured by a sampling oscilloscope. The delay between ihese signals is 250ps, which is the 

modulation depth. 

Figure 4.19 shows the two modulated signals in vp(0 in the pulse width modulation 

implementation in figure 4.18. The delay between these two signals at the failing edges 

corresponds to the modulation depth, which is 250ps for the case shown in the figure. The 

nsing edges of the signals in figure 4.19 shows the switching speed of the DC-SGHz 

MUX, which is about 2m. 

Figure 4.20 shows the effective sampling pulse V,(~-A~)G,(~-A,,J, which was mathe- 

matically deduced by subtracting the two m o d u l a ~ g  sampling signais showed in figure 

4.19. The modulation depth is 250ps, as indicated in figure 4.1 9. This pulse has an ampli- 

tude of 880mV and a FWHM of 2SOps at a frequency of 125MHz. The signal contains a 

few non-idealities near the pulse which are quite difncult to eliminate. niey are caused by 

the inherent overshoots and ringing that exist in the signals generated by the HP generator 

and the empIoyed electronics. The FWHM is not necessary identical to its corresponding 

modulation depth. This is shown in the next example. However, their values should be 

very similar when the modulation depth is large. 
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Figure 4.20: The effective samphg puise generated by pulse width modulation (modulation depth of UOps) 

ohtained by subtracting the two modulating signals in figure 4.19. 

Figure 4.21 shows the virtual sampling puise obtained by subtracting the two signals 

in figure 4.19, but using a modulation depth of 50ps. The modulation depth can be 

changed by changing the length of one of the cables that comects fiom the BNC splitter to 

the input of the MS WA-2-20 switch. This pulse has an amplitude of 4SOm V and a FWHM 

of 1 OOps at a fiequency of 1 25 MHz. 

O 1 2 3 4 5 6 7 6 

Time (ns) 

Figure 4 2  1 : The effective sampling pulse geaaated by pulse width moduIation (moduiation depth of 5Ops) 

obtained by subtracting the two modulahg signals in figure 4.19, but with a 5Ops delay between them 



This chapter contains a preliminary performance evaluation of EFS. The proposed 

instrument will be characterïzed by the criteria of spatial resolution, invasiveness, sensitiv- 

ity, bandwidth and delay resolution using which the standards of a competent diagnostic 

tool are defined 

5.1. Spatid Resolution 

Spatial resolution generaliy indicates the locality of the measurernents perfonned by 

an instrument. This is an important parameter to be considered for elecîrostatic force prob- 

ing when circuit density is cmently increasing drastically. To resolve the spatial resolu- 

tion of EFS, its definition of must k t  be carefully and precisely defmed. 

Spatial resolution depends on the tip-circuit geomeûy and the interactions between the 

cantilever and the circuit. Specifically, the force on the cantilever is derived f?om the 

capacitive coupling between itself and the entire circuit. The magnitude of this force is in 

fact, a complicated average of electrostatic forces induced by all points on the surface of 

the circuit. It is then logical to define the electrical spatial resoiution as a size of a region 

on the circuit that bounds a certain fkaction of the total electrostatic force on the tip of the 

cantilever. Since the tipcircuit geometry is also associated with spatial resolution, this 

specification must not be forgotten when stating the spatial resolution for an instrument. 

The interactions between a micromachineci Si3N4 cantilwer and a coplanar waveguide 

fabricated on a GaAs substrate were modelled to determine the spatiai resolution of the 

insrnunent [83]. Figure 5.1 shows a graph of force density at three different tipciucuit s e p  

arations versus horizontai distance away fkom the test point. The spatial resolution was 

defined in [83] as the diameter of the circle at where the force density decreases to l/e 

fiom its maximum, witb the centre of this circle king the desired test point. The spatial 

resolution for a lOOnm tip-circuit spacing was resolved to be 300nm. Resolution was 

worse when the tip is further above i%om the circuit. Yet, with a vertical tip-circuit gap of 
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SOOnrn, resolution remained near 1 p.m or less. This finding suggests that EFS using the 

Si3N4 cantilever should pedorm accurate measurements of a lpm interconnect line on a 

typical integrated circuit. Thus, this canalever should be sufficient for reliably meauring 

the circuits in this work. 

Figure 5.1: The force daisity on a micromachined cantilever versus horizontal distance (x-direction) of a 

Ga& coplanar waveguide at diffaent vdcal  tipsurface distances, hI=lOOnm, hz=200nm, and h3=SOOnm 

[83]. The ckles indicate the I/e points h m  the maximum of each correspondhg cuve. 

-. 
fi il 1 1 L c 1 

-2 -1 0 2 
Position M m  ceitre of test pÔht (p) 

Figure 5.2: Simulations of the nonnalized vertical force srperieoced by the NT-MDT scl2-E cantilever at 

h l = 0 . 3 p  and h z = û . 5 p  above a lm wide interconnect Line on a 5 0 0 ~  thick GaAs substrate [84]. 

The spatial resolution using the scl2-E silicon cantilever htroduced in section 3.3.3 is 

predicted by simulations of the electrostatic force above a microstrip line on a GaAs sub- 

strate [84]. Figure 5.2 shows the simulated vertical force experienced by the silicon canti- 
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lever situated at 0.3 and 0 . 5 ~  over a 1 pm wide interconnect h e  on the 5 0 0 ~  high 

GaAs substrate with an infinite ground plane. By defining the spatial resolution as the 

radius of the area in which the electrostatic force drops to 112 fiom its maximum, the spa- 

tial resolution suggested by figure 5.2 is about 2pm under static conditions, but this may 

be hadequate for integrated circuit measurements. Howwer, the radius of curvature of the 

cantilever's tip speci£ied in the simulation in [84] was lOOnm while the specification in 

[54] is 35nm. The actual resolution may thetefore be better than the calculated value. 

5.2. Invasiveness 

Invasiveness translates to a disturbance of nomal circuit operation due to loadllig or 

crosstalk by a mechanical conducting probe. The parasitic loading on the circuit consists 

of three types. Resistive loading becomes apparent when the input resistance of the probe 

is comparable to circuit impedance. It results in attenuation of the test signal, and cm per- 

turb the DC bias of the DUT. Inductive loading introduces overshoots and other distortions 

of the circuit signal. The most destructive effect is perhaps capacitive loading, which alters 

the transitions and latency of the test signal. The input capacitance for a minimum size 

gate is cwently about l O j F  which is comparable with or much less than most loadings by 

commercial contact probes which are typicaliy 0.014. lpF [5,6]. A physical probe inserts 

an extra capacitance Cpmbe parallel to the existing load on the circuit, CCiKui,, thereby add- 

ing these two capacitances to form a larger loading on the circuit test point, Cm,* 

=Cpmb,+Ccimi,. The signal transistion t h e  of an integrated circuit is mostly govemed by 

the speed of charging and discharging a capacitive load, i.e. î=Cfo,$V/dt. When addi- 

tional capacitive loading is introduced by probing, the voltage transition time dt increases 

for the same amount of driving cument i on the circuit. This rnay decrease the operathg 

frequency of the circuit, or men fail digital devices when voltage levels at certain timings 

are not satisfied for switching certain transistors [63]. 

Electrostatic force probing is a non-contact technique which depends on the capacitive 

coupling between the cantilever's tip and the test point. The value of this mutual capaci- 

tance should be calculated to detexmine the impact it has on the circuit signais. The cou- 

pling capacitance between a Si3N4 micromachineci cantilever and a 3 p  microstrip line 
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was simulated to be 0.24fF when the cantilever was situated lpm above the l h e  1851. At 

1 OOGHr, the parasitic shunt impedance l/ZIgCpmbe is 6.6KQ This means the capacitive 

coupling is practically nonexistent when measuring 50R systems. When the sc 12-E sili- 

con cantilever is 0Spm above a 1pm wide interconnect line on a 500pz thick GaAs sub- 

strate, the capacitance Cpmbe added to the circuit was simulated to be 1.2SfF [84]. The 

realistic loading by the cantilever rnay be Iowa than the simulated value due to the incom- 

patibleness between the radius of curvature of the cantilever's tip used in the simulation in 

1841 and that specified by the manufacturer. 

EFS may cause aaother fom of invasiveness by crosstadc or radiation. The signal at 

the cantilever or the feed to the cantilever may interfere with the circuit signal perturbing 

normal operation. For investigating the severity of this crossralk, the cantilever can be 

placed at a typical measuring distance from the circuit test point with the circuit signal 

d n g ,  and observe the induced crosstalk signal at the cantilwer using an oscilloscope or 

examine the S-parameters of the path to the cantilever. At the operating fiequencies in this 

work, this is not a concem. However, the crosstalk effeçt should be considered as one of 

the limiting factors for EFS at very high fiequencies. 

5.3 Voltage Sensitivity 

Voltage sensitivity is defineci as the minimum root-mean-square (RMS) detectable 

voltage that can be sensed by an instrument. Noise is the obvious limit since voltages cm- 

not be extracted if the signal level is buried in the noise range. In EFS, any signal detected 

by the deflection sensor that is not induced by the electrostatic force between the canti- 

lever and the circuit is considered as noise. This section perfoms the formulations for the 

SNR and the voltage sensitivity of EFS. 

The beam-bounce system used in this thesis provides shot noise as discussed in section 

3.4. Other conaibuting noise factors include mechanical vibrations fiom the probing struc- 

ture, electrical noises coupled to the cantilever by external sources, and thexmal noise. 

Mechanical noise can easily be minimized by installing the mechanicd probing insûu- 

ment onto a vibration isolated structure, or by using vibration absorbers. Electrical noise 

can be eliminated by shielding the probing signal path with proper grounding. The una- 
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voidable noise factor is thermal noise. 

Themal noise vibrates the cantilever simply because of the existence of temperature 

as random air molecules crash onto the cantilever. The RMS deflection of the probe as a 

f ' c t i on  of frequency due to thermal noise can be expresseci as 1711: 

where kB is the Boltnnan constant, Tm is the medium temperature and B is the measure- 

ment bandwidth. The shape of the spectrum in (5.1) is identical to the fiequency response 

of the cantilever because the intrinsic response of thexmal noise is cons tant. The maximum 

probe vibration is at the resonance of tbe cantilever, o, and is given by: 

For the Si3N4 micromachined cantilever with Q32, kO.O64N/m, and a resonance of 

f,=12.275KHr, the maximum deflection due to thermal noise at room temperature is 

0.0lnm/mz which is also the same for the silicon cantilever (Q=30, k0.055N/m, 

f,=13.0625KHz). Comparing this to the deflection of 8 ~ 1 0 ~ n m / m z  contributed by the 

shot noise, it is cogent to state that thermal noise is the dominating noise factor in deter- 

mining the SNR and the sensitivity of EFS. 

The SNR of the instrument can be defineci as the following: 

SNR = rk:(<~,)l~/~ 
where [A~=(o>,)1~'~ is the RMS deflection by the electrostatic force on the cantilevq 

which is derived fiom (4.9) and (3.8). The voltage sensitivity cm be determined by equat- 

ing the maximum RMS deflection due to thermal noise to the maximum RMS deflections 

by the induced force: 
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Lets explore the two special cases of synchronous time domain gating for EFS imple- 

mwted in this thesis project: amplitude and pulse width modulation. 

5.3.1 Amplitude Modulation 

In amplitude modulation, with the assumption that GJt-A,,J is an al1 pass gate signal 

and the DC offset effects A@ is negligible for sirnpiicity, the RMS deflection at the reso- 

nance of the cantilever 01;2~jf,, deduced h m  (4.14) is: 

The SNR for amplitude modulation can be found by dividing (5 -5 )  with the deflection by 

thermal noise in (5.2): 

Using a rectangular pulse approximation for h e  pulses in v&-A), the inner products 

become: 

and 

where V,  is the amplitude of the rectangular sampling pulse. If the value in (5.8) is usually 

very small compared to (5.7), the SNR in (5.6) is then: 

Using the sampling pulse in figure 4.16 and the silicon cantilever, the SNR for the meas- 

urements using amplitude modulation in this work can be approximated fkom (5.9). The 

ill-conditioned factor in (5.9) is the capacitance derivative aC(x, y, z ) /az  because this 

value changes with the unpredictable tip-circuit geometxy during measurement. For 

approximation, it can be assumed that this value is roughly 80pF/m for both microma- 



chined cantilevers [84]. With e30, /,=13.0625KHr, H.OSSN/m, 6 =FWHM=l4Ops, 

T=Bns and V,=2~750mV (Y, is 2 h a  the signal amplitude due to reflection fkom canti- 

lever), the SNR is found to be 50 /Y at room temperature. For the Si3N4 cantilever 

with (Q=32, k=0.347N/m,f,=12.275KHr), this S N R  is estimated to be 20 m / ~  
The mathematical expression of the voltage sensitivity for amplitude modulation is 

derived by substituting into (5.4) with (5.5) and (5.2), and then solving for the minimum 

circuit voltage. in general, the minimum voltage detectable is represented by the inner 

product between the sampling signal and circuit wavefom: 

Neglecting the relatively niminutive tenn 1 /2( v?(t - A)) and employing rectangdar puise 

approximation for the puise in figure 4.16, the voltage sensitivity is: 

Using the parameten above for the S N R  calculation, the minimum RMS voltage detecta- 

ble using the silicon cantilever is 20rnWm and S O ~ V / ~  for the Si3N4 cantilever. 

The derivative of the mutual tip-circuit capacitance must be found to theoretically cal- 

d a t e  the minimum detectable voltage. Therefore, both SNR and voltage sensitivity are 

subjected to the uncertain tip-circuit geometry. 

Neither the SNR nor voltage seasitivity is a ninction of fiequency or bit rate of the sig- 

nal under test Yet, through the rectanguiar pulse approximation for the sampling pulse, it 

shows clearer that the SNR and voltage sensitivity are dependent on the duty cycle of the 

sampling pulse. This  suggats a trade off between bandwidth and voltage sensitivity. In 

fact, using the silicon cantiiwer and a unit rectangular sampling pulse at I25M' the 

pulse width 6 camot be narrower than 42ps. if 100m V / ~ Z  is the required sensitivity. 

5.3.2 Pulse Width Modulation 

The RMS deflection of the cadever for pulse width modulation can be easily 



obtained fiom (4.1 6): 

where vs(r)=vpwm(t)-v,,(t-.c) is the dual pulse signal described in section 4.4.1. The SNR 

for pulse width modulation can be found by dividing (5.1 2) with (5 -2): 

The gate signal G,(t-A,,J, which is synchronized with vs(t-At)Gn(t-Am) at the sarne fie- 

quency T, is typically a unit square wave with a 50% duty cycle. Using a rectangular pulse 

approximation for the effective sampling puise, the inner product transforms to: 

where Vs is the amplitude of the effective sampling pulse, and A is the effective initial 

delay of the pulse. The S N R  in (5.1 3) becomes : 

Utilizing the pulse in figure 4.19 with 6 =FWHM= 100ps. T=8nr, V,=2x450m and again 

approximating a(C(x, y, z)/& = 8OpF/m, the SNR is found to be 10.7 &IV for the sil- 

icon cantilever which is wed for ali aicloseci measurements using pulse width modulation 

in this thesis. 

The minimum voltage detectable is in general, defined by the inner product: 

With the rectangular pulse approximation for the effective sampling 

vs(t-A r)Gm (t-Am), the RMS voltage sensitivity is: 

puises in the signal 

(5.17) 

Using the same parameters as in the SNR calculabon of (SM), the minimum RMS volt- 

age detectable with the silicon cantilever is 9 3 r n ~ l ~ .  Under the same conditions, the 
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voltage sensitivity for a modulation depth of 250ps with the corresponding effective pulse 

displayed in figure 4.20 is 1 9n v / ~ .  

5.4 Bandwidth 

Since the workhg principle of EFS is very similar to that of a sampling oscilloscope, 

the definition of bandwidth for EFS should foliow those set for the oscilloscopes. The def- 

inition of bandwidth for a sarnpling instrument 1861 is: 

B W =  O .44 
F WHM 

where FWHM is the full width of a Gaussian shaped sampling pulse at its half amplitude. 

It was stated that the measured signal uçing EFS is a convoiution between a sampling 

pulse and the actual circuit signal. Intuitively, an accurate mapping of the circuit signal c m  

be obtained by a very narrow sampling pulse; the narrower the sampling pulse, the higher 

the bandwidth, which is consistent with (5.1 8). Assuming the shape of the sampling pulse 

in figure 4.16 and figure 4.19 are Gaussian, the bandwidth of the EFS instrument calcu- 

lated by (5.18) is 3.14GHz for amplitude modulation and 4.4GHz for pulse width modula- 

tion with a moduiation depth of 50ps. 

To experimentaily determine the bandwidth fiom the rise times of the digital signals 

measured by the EFS instrument, The following formula can be used, based on the 

assumption that both the transitions of the digitai test signal and the sampling pulse has the 

same shape as the rise of a Gaussian function 1871: 

where mm, is the 10-90% rise time of the rneasured signal using the sampling instni- 

ment, and Irintr is the 10-90% rise time of the acnial signal being measured. Since the 

measured signal c m  be foreseen by convoluting the sampling pulse and the circuit signal, 

lets first speculate the bandwidth for amplitude modulateci EFS. 
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Figure 5.3: (a) A 0.5Gb/s, 250A4Vz digital signal on a matched microstrip transmission line obsaved h m  

an oscilioscope versus its convolution with the sampliag pulse used in amplitude moduiation. Both signals 

are nonnalized to [O, f 1. (b) Zoomed view for obserMng rise times of the signais in (a). 

1 . 

The amplitude of the signals in figure 5.3 were nomalized and labelied in arbitrary 

units (A. CL). The signal was supplied to a matched 50R microstrip transmission line by the 

HP80000 generator, and the output of the line was measured by a sampling oscilloscope. 

The HP generator signal has a 10%-90% Ne time of tri,,,= 128ps if the low and high logic 

I 

. . 

levels are dehed as A. U.=O.l and A. U.= 1, respectively. The nse t h e  of the convoluted 

wavefom between the sampling pulse in figure 4.16 and the generator signal is approxi- 

mated at h,,=255ps. Using equation (5.19), the bandwidth is estimated to be 1.6GHz 

, , ),,- . : */-' 
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Time (ns) 

which is much wone than 3.14GHr calculated by (5.18). The discrepancy between these 

two values is mostly caused by the non-idealities of the sampling pulse. By closely exam- 

ining the signal in figure 4.16, a smail pulse of amplitude 0.1 V exists immediately afier the 

main sampliag pulse. This undesired component of the sampling signal introduces unwel- 

corne ovashoot in the convolution product between the pulse and the test signal. The nor- 

malization of the convoluted waveform presented in figure 5.3 is therefore invalid. Proper 



scaling of the convolution is needed for comparing with the signal king measured. The 

scaling factor should be selected according to the level of overshoot by the sampling sig- 

nal. The transistion time and bandwidth is very sensitive to the scaling of the convolution 

and sampled signals by EFS. A method to fitthgly account for this oveahoot is to scale 

the convoluted waveform such that the signal levels at the beginning of the fa11 transitions 

(at 3ns and 7ns in figure 5.3) matches with those of the signal measured by the oscillo- 

scope. Figure 5.4 suggests this new scaling, and the bandwidth is re-examined. 

Figure 5.4: ( a )  A normalized 0.5Gb/s, 250MIdT digital signal at the output of a matched microstrip line 

obsmed fkom an oscilloscope versus the convoluted signal wiih pmper scaiing to compensate for the over- 

shoot introduced by the non-idealities of the saxnpling pulse in figure 4.16; (b) zoomed view for obsaving 

rise tilnes of the signals in (a). 

By specifying the low logic as A. W4.1 and hi& logic as A. U=l, the nse time of the 

scaled convolution as seen in figure 5.4(b) is tr,,=172ps. The correspondhg bandwidth 

calculated using (5.19) is 3.04GH.z which is in excellent agreement with 3.  MGHz calcu- 

Iated by (5.18). 

The theoretical bandwidth of pulse width modulated EFS with a modulation depth of 

50ps is determinecl nsrt. The circuit being investigated is a matched 50R ceramic trans- 
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mission line. Figure 5.5 shows the O.SGb/s digital signal at the output of the ceramic line 

rneasured using an oscilloscope. Us ing the scaling method propos ed previousl y, the con- 

volution between the signal at the oscilloscope and the effective sampling pulse in figure 

4.19 was imposed onto the actual ceramic line signal for cornparison. 

0 - ---- 0,clllomwpo 

--- ConvolutSon (Puho WMth Modulation) 
Convolutlon (Arvwlltude ModulaUon) 

-0-2 , I l 1 1 I i 

4.85 4.9 4.95 5 5.05 5.1 5.1 5 5.2 

Time (ns) 
Figure 5.5: (a) A nomalized O.SGb/s, 2SOMHz digital signal at the output of a ceramic transmission line 

observed h m  an oscilloscope versus its scaled convolution with the effective sampling pulse gaierateci by 

pulse width modulation using a modulation deplh of  50ps; (b) zoomed view of (a) with the addition of a 

scaled convolution between the caamic line signal and the puise in figure 4.16 for amplitude modulation. 

Figure 5.5(b) indicates the oscilloscope signal and its convolution with the pulse for 

pulse width modulation (modulation depth of 50ps) are aimost indistinguishable. With a 

designateci low logic of A. M. 1 and high logic of A.U=l, the 10%-90% rise time of the 

justly scaled convolution is 176ps in figure 5.5@), while the rise time of the ceramic line 

signal in the figure is 174ps. Bandwidth for pulse width modulation camot be deduced 

fiom the correspondhg rise times since they are essentially identical. In fact, this differ- 

ence in rise times between the a d  sarnpled signal and the test signal is less than the 

temporal noise which will be discussed in section 5.5. 
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The convolution produced by the ceramic iine signal and the pulse for amplitude mod- 

ulation in figure 4.16 is also shown in figure S.S(b). The rise time of this scaled convolu- 

tion is 256ps. and is higher than that of the convolution by the pulse in figure 4.19, which 

has a smaller FWHM. Tbis insinuates that for some cases such as those in which the width 

of the pulse produced by the impulse generator implemented cannot be adjustecl, higha 

bandwidth may be conveniently achieved by using the impulse generator in a pulse width 

modulation setup with a modulation depth which corresponds to an effective modulated 

sampling pulse with a smaller FWHM than that of the amplitude modulated pulse pro- 

duced by the same impulse generator. In these cases, pulse width modulation provides bet- 

ter bandwidth versatility. 

Although in this research, the width of the amplitude modulated sampling pulse can be 

increased by selecting a smaller delay q between the two signals entering the AND circuit 

described in section 4.3 .ZS.  As a matter of fact, if high speed switches or AND gates are 

served as pulse generators, the width of the pulses at their outputs can easily be changed. 

Thus, both amplitude and pulse width modulation schemes in this work possess equal 

bandwidth versatiiity. Wxth the premise that the implementation for both modulation 

schemes produce sampiing pulses with flexible widths using the same equipments, both 

modulation techniques have the same bandwidth capability. 

The enèctive sampling pulse width is usually chosen at a minimum while maintaining 

a maximum amplitude possible, such as in the case of the amplitude modulation imple- 

mentation in this work. If the effective sampling pulse width can M e r  be decreased, the 

bandwidth of the EFS i n s rnen t  can be improved but with the sacrifice of pulse ampli- 

tude. Consequently, higher bandwidth is obtained in the expense of voltage resolution, not 

only on the account of the shrinkage in the duty cycle of the sampling pulse, but also of a 

reduction in pulse amplitude. The large decrease in pulse amplitude from 880mV for a 

modulation depth of 250ps to 450mV for a modulation depth of 50ps in the pulse width 

modulation scheme is due to this phenomenon, which is explained with figure 5.6. This 

figure shows two sketched effective sampling pulses A and B, using a triangular approxi- 

mation for the pulses, as the sampling puises in figure 4.16, 4.19 and 4.20 are not Gaus- 

sian. Both pulses possess the same transistion slopes as they are produced by the same 

pulse grneration device(s). Rilse A has a FWHM of WA and an amplitude of VA, and pulse 
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B is obtained by decreasing the delays between the input signais into the pulse genaation 

device(s), i.e. 7, in the amplitude modulation schemey or the modulation depth r in pulse 

width modulation. This new pulse B has a smaüer FWHM of WB. but also a smaiier 

amplitude of YB. Based on a Gaussian approximation, EFS has higher bandwidth if pulse 

B is utilized, but it has a poorer voltage sensitivity. Though, on a cautionary note that a tri- 

angular approximation is made h a e  instead, thus one m u t  consider carefully when 

assuming the validity of WB yielding a higher bandwidth for EFS in general. 

- - - - Pulse B F 
Figure 5.G: The uade off betweai bandwidth and amplitude of the effective sampling pulse. Puise A has an 

anplitude of VA and a FWHM of WA, while pulse £3 has a smaller amplitude of VB and FWHM of WB- 

5.5 Delay Resolutioa and Temporai Noise 

Delay resolution is the minimum propagation delay detectable in signals under test. 

There are two factors that limit the delay resolution in EFS. The first factor is the inherent 

t h e  jitter in the electronics that produce the sampling signal. This timing inconsistency 

may cause EFS to sample at an incorrect tirne. In the presenting experimental setups for 

both modulation schernes, the dominant source of this factor of inaccuracy is the HP gen- 

erator which has a typical RMS jitter of lOps [61]. 

The second major factor that bounds the delay resolution of EFS is amplitude noise 

which is thermal noise. The effect of amplitude noise on temporal error is illustrated in fig- 

ure 5.7. The voltage sensitivity and the slope of the signal tramistion times c m  be utiiized 

to formulate the relationship between a m p h d e  noise and timing ambiguity [86]: 
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where AT is the resulted RMS jitter fiom the RMS amplitude ermr E, and dddv is the 

inverse slope of the signai transition. 

Inherent jitter AT A - 
Figure 5.7: Effect of amplitude aror on temporal inaccmcy 1863. 

The term AT can also be intexpreted as the temporal noise exerted by the EFS instru- 

ment, provided that the jitter by the pulse generation electronics is much less than AT. The 

temporal noise decides the precision of the signal transitions measured by EFS. Lets 

assume the maximum slope measured by EFS is &+AT. Consequently, a more suitable 

representation of the delay resolution or temporal noise AT by amplitude noise is: 

Using the rise times of the scaled convolutions on the ceramic transmission line in figure 

5.5 for computing diidv, and the voltage sensitivities calculated in section 5.3 as e, the the- 

oretical RMS error AT for both amplitude modulation and pulse width modulation (modu- 

lation depth of 50ps) can be detennined from (5.2 1 ), and are found to be 6.6ps/m and 

23.2pslm, respectively, for a circuit signal amplitude of 1 Vif the silicon cantilever is 

employed. The actual delay resolution of the EFS measurements in this work should be an 

accumulation of the RMS jitter AT as calculated above, and the RMS jitter fiom the HP 

generator. 

The bandwidth of EFS is subjected to temporal noise A r  which can modify the meas- 

ured signal transistion times by EFS. Because temporal and amplitude noise are related, 

the values computed by (5.21) show the pnce of pulse width modulation also pays for 

higher bandwidth in this work, is temporal accuracy besides SNR or voltage sensitivity. To 

calculate the minimum bandwidth of EFS using the proposed setups, the measured rise 

time trmeas in (5.19) becornes @,,+Al: which is Wrely to be the typical worse sceoario. 

This will be explored M e r  in section 6.2.1.3 and 6.2.2. 



This chapter exhibits and analyse measurements conducted by EFS with synchronized 

t h e  domain gating, specificdy using the two speciai implementations of amplitude and 

pulse width modulation. Performance of EFS will be evaluated and compared with theo- 

retical findings through the measurernents obtained over transmission lines, a 0 . 5 ~  

CMOS inverter chah and a NT25 pulse generator. 

6.1 The Measurement System 

The block diagram in figure 6.1 presents the experimental setup for the rneasurements. 

A computer with a home-written software using a Turbo Pascal language interface (NI- 

488 DOS Handler) by National Instruments [81,88] automates the experimental proce- 

dures by commanding the HP vector generator and reading the measured deflections . Uti- 

lizîng a GPIB, the sohvare inquires the experimenter to input the signal levels, pattern and 

timing of the signals nom each channel of the generator. These user-specified signals are 

the inputs to triggering the sampling oscilloscope, the test circuit, and the sampling pulse 

generation system for producing the proper probing signal, as presented in section 4.3.3 

and 4.4.2. For the convenience of the s o h a r e  programmers, the soh-are automates the 

sampling process by ordering the generator to shifi the delay of the circuit signal over its 

entire period, while holding the sampling signai delays Aland Am constant. The user of the 

program can specify this incremental delay shift of the circuit signal, which will be 

referred to as the sampling resolution in this document. The software also allows the user 

to assign the number of deflection readings at each sampling location for averaging before 

shifting to another sampling t h e  location. The software stores these deflection averages 

to a computer text file for analysis and procasing. 

The sampiing pulse generation system in figure 6.1 is the implementation describeci in 

figure 4.15 and figure 4.18 for genaating a sampling signal v,(i) either by amplitude or 

pulse width modulation. 
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Cornputer 
with interactive 
software for the optical 

I 

system and cantilever 
positioning 

HP 80000 
vector * 

g enerat or 

Lock-in Amplifier . 

Sampiing pulse generation sy stem 
using 

synchronous tirne domain gating: 
amplitude modulation 

or 
puise width moduiation 

Figure 6.1 : Block diagram of the rnea~u~ement system. 

Another computer with a software provided by MF1 was used for positionhg the cm- 

tilever and the components of the optical detection system in the probing structure in fig- 

ure 3.10. The measured deflections of the cantilever were monitored by a spectrum 

and yzer and a Stanford Research Sys tems SR5 1 O lock-in amplifier. The lock-in amplifier 

acts as a narrow-band f i l ta  to coliect the deflections at the resonant fkequency of the canti- 

lever o, An analog to digital converter was used to direct the measured signal into the 

computer containhg the automation software which stores the received data. 

For the measurements conducted using the anodized aluminium stage sketched in fig- 

ure 3.9, only the Si3Nq cantilever was employed. The parameters of the lock-in amplifier 

for this cantiiever was set with the foliowing: sensitivity= 100p thne constant=30m, and 

the phase of the square wave refaence signal at a,is -32.9'. The silicon cantilever was the 

only cantilever ins talled onto the stage in figure 3.1 0. For this cantilever, the sensitivity of 
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the lock in amplifier was set to ImV and the time constant remained at 30mK The refer- 

ence signal phase of the lock-in amplifier was adjusted to -39.7'. The Si3N4 cantilever was 

only used for the measurements in section 6.2.1.1. Mer  measurements herein were per- 

fomed using the siiicon cantilever. 

Since absolute voltage m e a s m e n t  is extraneou to this work, the amplitude of ail 

measured signals by EFS are normalized to [O, 11 in arbiirary units (A. U )  unless stated 0th- 

6.2 Measurements on Transmission Lines 

This section vaifies the principle of and performance by EFS using 50R transmission 

lines as test circuits. Measurements of a feed-through 50Q microstrip line on a printed cir- 

cuit board and a ceramic 50R transmission h e  are presented. Both lines were matched 

with 50R terminations to eliminate unwanted reflections. AU signals on these lines were 

supplied by the HP vector generator which had a high and low Iogic of 1.5 Y and 0y 

respectively. 

6.2.1 Amplitude Modulation 

This section demonstrates measurements of signals on using amplitude modulation. 

Al1 enclosed measurements were obtained using the sampling pulse in figure 4.16. 

6.t.l. 1. Pattern Extraction 

Figure 6.2 exhibits measurements of lGb/s digital signal patterns on the feed-through 

mi crostrip line. The sampling res olutions (Le. the incremental pro be-circuit signal delay 

between each sampling t h e )  were set to be lOps for the measurement in figure 6.2(a) and 

50ps for that in figure 6.2@). Knowing that a measurement by EFS can be forecasteci by 

the convolution product between the actual circuit signal and the sampling pulse, the cor- 

responding convolutions were scaled and plotied with the measured signals by EFS in fig- 

ure 6.2. The real microstrip line signals were obtained by comecting the output of the 

feed-through line to a sampling oscilloscope. Figure 6.2(a) shows a digital pattern [O1 001 

repeated at 250Mnz. while figure 6.2(b) contains the pattern [O 1 100 10 1 ] at 1 2SMHz. 
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Figure 62: (a) A IGb/s digital pattem [O LOO] at 250MH" and (b) a 1 Gb/s digital pattem [O 1 100 10 11 at 

125Mz on a feed-ihmugh microstrip line measured by amplitude modulated EFS. The comesponding con- 

volutions between the respective apptied signals and the sampling pulse in figure 4.16 are also shown for 

The slight discrepancies between the measured signals by EFS and the convoluted sig- 

nais in figure 6.2 are mostly due to noise and cantilever mismatch. This noise will be 

examined in detail in the section 6.2.1.2. Minor mismatch against the multiple signal 

reflections initiated at the end of the Si& cantilever causes disagreement in shapes of the 

measured signal from that of the respective convoluted wavefoms . 

Figure 6.3 : A 1 Gb/s digital pattem [O100101 1 100101 101 at 62.SMH.z on a ceramic transmission line meas- 

ured by amplitude modulated EFS. 
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Measurement of the 1 Gb/s signal on the ceramic microstrip line in figure 6.3 was 

obtained by changing the repetitive rate of the sampling pulse in figure 4.16 fiom 12SMHz 

to synchronize with the signal under test at 62.5MHz. The cable after the 20Gffz coupler 

(see figure 4.15) was also changed for matchuig. The sampling resolution used was 100ps. 

6.2.1.2 Voltage Sensitivity 

To experimentaily determine the RMS noise in the instrument, a rising edge of a 

125MHz digital signal on the ceramic transmission line is k ing  studied 

Figure 6.4: Measurement of a digital signal king d g e  at 125MH= on a ceramic transmission line using 

amplitude moduiated EFS is repeated 10 times unda the same conditions. 

Figure 6.4 shows the signd of interest reproduced 1 0 times using amplitude modulated 

EFS with al1 variables in the experiments being held constant. The sarnpling resolution 

was selected to be IOps. The experimental RMS noise was obtained by first collecting in 

total, 120 measured values from 12 different sampling locations: 

(O.6ns,O.65ns,O.7ns,O.75ris,0.8ns,O.85m~O.88ns,0.9m,O.95ns,1m,1 .05ns,l .lm), with 10 

values at each sampling time. The set of these 10 measured values at each of the samphg 

locations were then subtracted by theù mean. Finally the RMS value of these 120 data 

points were calculated, which c m  equivalentiy estimate the experimental voltage sensitiv- 

ity which was found to be 13m K Recalling fkom section 5.3.1, the theoretical voltage sen- 

sitivity was 2 0 r n v 1 ~  with a rectanguiar pulse approximation for the sampling puise. 

Since the automation software averaged the data 1000 times over 1.25s at a sampling loca- 

tion, the measurement bandwidth B was III .25s = 0.8Hz. Thus, the expected voltage sen- 

sitivity is 18mK This is in excellent agreement with the experimental resolution of 13mK 
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considering that there are quite a few uncertainties or assumptions in the theoretical calcu- 

lation. The obvious one is the capacitance denvative X ( x ,  y, z)/& which depends on 

the uncertain cantilever-circuit geornetry. Another major cause of the minor disagreement 

from theory is the non-idealities of the sampling pulse, since the pulse was modelied as an 

ideal rectangular pulse in the theoretical computatioos. The last and somewbat hidden fac- 

tor is the DC offset effects symbolized by A@, which was neglected in the derivations. 

The experimental SNR is computed by dividuig the amplitude of the signal in figure 

6.4 with the experimentai RMS noise, SNR=1/0.0 13=77. Since the signai unda test had 

an amplitude of 1 -5 the SNR is theoretically 5O* 1.5 V/JOT~I =W wing the caldations 

from section 5.3.1. 

Figure 6.4 also shows impressive repeatability of the rneasurements using EFS. The 

'bump' at 0.75~ reflects an error by the signal delay production of the HP generator. 

6.2.1.3 Bandwidth 

Figure 6.5(a) shows a rneasurement of a 0.5Gbh digital signal at 250Mffz on the feed- 

through microstrip h e  using EFS with a sampling resolution of IOps. This result was 

scaled and imposed onto figure 5.4 which displays the output of the line signal measured 

using a sampling oscilloscope and the convolution product between the sampling pulse in 

figure 4.16 and the signal at the oscilloscope. To resolve the bandwidth, the nsing edges of 

these signais are examined in a zoomed view in figure 6.5@). The EFS measured wave- 

foxm was scaied to match its convolution coumerpart. 

Convolution 

O 1 2 3 4 6 6 7 8 9 1 0  

Time (ns) 
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Figure 6.5: (a) A O.SGb/s, 250ME digital paaem on a ceramic transmission line measured by amplitude 

xnodulated EFS and a sampiing oscilioscope. The couvolution product baween the applied signal and the 

sampling puise is also shown for comparisoa (b) Expanded version of (a) featuring the rising edges. The 

EFS result in (b) was processed with 7-pt smoohg. 

Figure 6.5(b) shows a remarkable resemblance between the prediction by the convolu- 

tion and the measured signai using EFS with a 7-point @t) smoothing routine (provided by 

the graphing software RPlot). In fact, the 10-90% smoothed N e  time measured by EFS is 

identical to the hypothesized rise tirne of 172ps if the low and high logic levels are defineci 

as A. U. =O. 1 and A. U.= 1, respectively. Using equation (5.2 1 ), the experimental temporal 

noise AT is 1.9ps with ~=13rnK d~ 172~s. and dv=80%x1.5 K Thus, evaluating (5.19) with 

~F-~~,=~>.,,,+AT, the minimum bandwidth using amplitude modulation is about 3GHz. 

The noise is reduced in figure 6S(a) fkom that in figure 6.2(a), although the same sam- 

pling resolution o f  lOps was used. This is because the result was obtained using a Si& 

cantilever in 6.2(a), while the silicon cacltilever, which corresponds a better voltage semi- 

tivity, was used for the measurement in figure 6.5(a). 

6.2.1.4 Delay Resolution 

By using the HP80000 &ta gaierator to introduce delays of 0, 10,20,50 and 1 OOps to 

a 125MHz digital signal on a caamic transmission line, measurements of the leading 

edges of the signals with these initiai delays using EFS at a samplùig resolution of lOps 

are shown in figure 6.6. These waveforrns were processed with a IO-pt smoothing routine. 

As discussed in section 5.5, the RMS amplitude noise can contribute to jitter. The 
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equivdent RMS jitter AT calculated earlier is only 1 . 9 ~ ~ .  The repeatability measurement 

in figure 6.4 suggests a peak-to-peak jitter of 1 lps, which is indicated by the diameten of 

the circles in figure 6.6(b). It can be concluded that the dominant cause of this timing inac- 

curacy is the typical RMS jitter of 1 Ops by the HP generator. 

O.78 0.8 0 . ~ 2  0.84 0.86 o.ae 0.9 0.92 0.94 0.96 o.se 
Time (ns) 

Figure 6.6: (a) Rising edges of 5 digital signals on a ceramic transmission iine at l2NfHz with deiays of O, 

10, 20, 50 and IOOps, respectively, measured by using amplitude modulated EFS. (b) Expanded vasion of 

the delays in (a). 'Zhe caitres of the circles in (b) indicate the expected deiay, and the diameta of the circles 

represents peak to peak jitter suggested by figure 6.4. 

6.2.2 Pulse Width Modulation 

Two 1Gbl.s digital patterns were measured on the cerarnic transmission line using 

pulse width modulated EFS. These measuranents displayed in figure 6.7 are cornpared 

with their correspondhg scaled convolutions between the respective actual ceramic line 

signals and the virtual sampling pulse in figure 4.21 produced using a modulation depth of 

SOps. The sampiing resolution used was 1 Ops in figure 6.7(a) and 1 OOps in figure 6.7@). 

The disparities between the convoluted signals and the correspondhg EFS measurements 

are mostly due to noise and minor cantilever mismatch. 
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Figure 6.7: (a) A 1 G b k  5SOOMHr digital pattern, and (b) a 1 Gb/s digital pattern [ 10 100 1 1 O] at 1 ZSMHz on a 

ceramic transmission line measured by pulse width modulated EFS with a modulation depth of 50ps. The 

comesponding convolutions between the respective applied signals and the effective sampling pulse in figure 

4.2 1 are also show for comparison. 

Figure 6.8 presents a measurement of a O.SGb/s, 250MHz digital pattern using a mod- 

ulation depth of 250ps and a sampling resolution of 50ps. The slight disagreement with 

the supposedly matching convolution between the effective sampling pulse in figure 4.20 

and the actuai signal on the ceramic line is mostly due to minor probe mismatch. 

EFS 
Convolutlon 

1 

Figue 6.8: A OSGb/s, 25OMRz digital pattan on a c&c transmission line measured by EFS (pulse width 

modulation with modulation depth of 250ps). Tbe convolution product betweai the applied signal and the 

effective sampling pulse in figure 4.20 is a h  shown for cornparison. 
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The calculations in section 5.3 foretold the poorer SNR and voltage sensitivity for 

pulse width modulation than those for amplitude modulation in this work. This fact is 

apparent when the results in figure 6.7(a) and figure 6.5(a) are being compared. This 

increase in amplitude error for pulse width modulation also damages the temporal accu- 

racy of the EFS instrument, AT. 

Simiiar to the methodology in section 6.2.1 -3, the bandwidth for pulse width modula- 

tion is explored by studying the nsing edge of a 0.SGbL.s digital signai at 2SOMHr. Figure 

6.9 demonstrates EFS measurement of this signal using a modulation depth of 5Ops. A 

sarnpling resolution of lOps was used. 

Convolutlon 

-. 
- 0 . 2 ! ~ ~ ~ ~ . ~ . l r 1 ~ , ~ 1 . , - t r ,  

O 1 2 3 4 5 6 7 8 9 1 0  

Tirne (ns) 

-.--- ( 
I 4 1 I 

4.85 4.9 4.95 5 5.05 5.1 5-1 5 5.2 

Tirne (ns) 

Figure 6.9: (a) A O.SGb/s, 250MEk digital paneni on a ceramic transmission line meamed by pulse width 

modulated EFS with a modulation depth of 50ps, and a sampling oscilloscope. The convolution product 

between the applied signal and the siunplhg pulse in figure 421 is also shown for cornparison. (b) Expandd 

version of (a) faniring the rishg edges. The EFS result in (b) was procased with 14-pt smoothing. 

The signal rneasured by EFS in figure 6.9 obeys both the actual applied signal and the 

convolution between the real signal and the effective sampling pulse after proper scaling. 

The rise time of the 14-pt smoothed EFS signal in figure 6.9(b) is 180ps if the low logic is 
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A. U=O. 1 and the high logic is A. U.=l . This transistion time may however be sensitive to 

the temporal noise as noted in section 5.5. W1th a measurement bandwidth of B=O.SHz, 

the theoreticai voltage sensitivity is 93m ~ ( ~ ~ z ) = 8 3 m  K Using the rneasured 10%- 

90% rise tirne of 180ps by EFS for a 1.5 V signal, the expected temporai noise calculated 

by equation (5.22) is 13ps. The difference between the rise time measured by EFS and the 

rise time of the actuai or convoluted signal is less than this noise. Nonetheless, the band- 

width can be deteriorated by this timing uncertainty. Suppose that the maximum rise time 

measured by pulse width moduiated EFS is tr,,,,,+AT= 1 80ps+ 1 3 .0ps-193psY the mini- 

mum bandwidth of EFS using pulse widtb modulation in this work is approximately 

4.1 SGHr using equation (5.19) for a modulation depth of 50ps. This is consistent with the 

estimation of 4.4GHr by equation (5.18). 

6.3 Measurements on a 0.5pm CMOS Circuit 

To investigate more practical capabilities of the proposed technique, measurements 

were perfomed on a O . S p  CMOS inverter chain. A photograph and the equivalent sche- 

matic of the integrated circuit is shown in figure 6.10. 

Figure G. W: (a) A microphotograph and (b) a schematic diagram of tôe 0 . 5 ~  CMOS inverter chaia. Meas- 

uranai ts  were conductd at sites Al,  A2, A3, AS, BS, and CS. Sites Al ,  A2, A3, and f i  are 2 0 r ~ 0 p ~  

unpassivated pmbing pad Site BS is a 1 . 2 ~  passiva@ intercomeçt, and site CS is a 20x20pm2 passivated 

pro bing pad. 



Chapter 6 Meanrrements using Electmstatic Force Szrnpling 

The circuit contabs four rows of inverter chaius. ALI inverters are comected with 

1 . 2 ~  interconnects. The top two rows have 2 0 x 2 0 ~ ~  unpassivated probing pads 

between every two inverten. The third and fourth row of inverters are mostly passivated. 

Passivated 2 0 x 2 0 ~ '  probing pads are between inverters in the bottom chah. The power 

supply of the CMOS circuit is 3.3 V and O l? The packaged circuit was mounted onto a 

printed circuit board with a 50R microstrip line [72] to transport the high speed digital 

input signai into the chip. 

6.3.1 Pattern Extraction 

Using a sampling resolution of 100ps, measurement of a 12SMHz signal at site A3 

indicated in figure 6.1 O@) using amplitude modulated EFS is exhibited in figure 6.1 1 (b). 

Figure 6.1 1: (a) Simulation of  a 250M/s, I2SMHz digital signai at site A3 o f  the 0 . 5 ~  CMOS invaier 

c h a h  using Cadence HspiceS. (b) Measurement o f  the 125MHz signal by amplitude modulated EFS and (c) 

contact probe. 
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The simulated wavefonn of the 125MHz signal fiom the circuit schematic with in-cir- 

cuit parasitics at site A3 using Cadence HspiceS is also provided in figure 6.11 (a) dong 

with the measurement of the digital signal using the 1 GHz contact Picoprobe described in 

section 2.1.3. The congnllty of the signals measured by EFS and the contact probe in fig- 

ure 6.1 1 (b) and (c), respectively, suggests the actual waveshape of the digital signal in the 

circuit. These measurements are quite different fiom simulation because the SOR output 

dnvers of the inverter chah attempt to pull down the power supply, but they were not 

included in the schematic used by simulation. It is also primarily because of non-idealities 

of the sampling signal, the absence of a shunt capacitor in the power supply path, and the 

parasitics introduced by the bondwires in the circuit package. 

The 10%-90% rise and fa11 tirne of the simulated signals are 230p.s and 1 1 Sps, respec- 

tively, while EFS estimated these transitions to be approximately &ce the simulated val- 

ues. Even though the Cadence HspiceS simulation included parasitics inherited by those 

such as interconnect lines and probing pads, the 5 0 9  drivers excluded in the simulation 

may affect the rise and fall times of the circuit signals. The length of the bondwires in the 

packaging is possibly the major cause for limiting the signal bandwidth. Assessrnent of 

the m e  signal trausition times from the measured signals involve conjecture because of 

the severity of the non-idealities present in these waveforms. Thus, signals in this CMOS 

inverter chah cannot be used to accurately deduce the bandwidth of the EFS instrument. 

in addition, convolution between the simulations and the sampling pulse cannot predict 

the measured signais in the intermediate stages of the inverter chah by EFS due to the 

non-ideali ties caused by the incompatibility between the simulation and actuai circuitty . 
One of the most practicai advantag es of EFS over many other interna1 diagnostic tech- 

niques is its ability to measure integrated circuits over passivation. To demonstrate this, 

EFS measurements were performed at sites AS, B5, and CS, with sites BS and CS being 

passivated sites. The signals at these three sites should have similar waveshapes because of 

circuit geometry. Since the third row of the inverter chah has 4 faver probing pads than 

the second and fourth rows, the signal should arrive earlier at site B5 than at sites A5 and 

CS. Yet, HspiceS simulations revealed this timing difference to be only 20ps. In another 

words, the extra delay introduced by a 2 0 x 2 0 ~ ~  probing pad can be assumed negligible. 

Figure 6.12 preseats measurernents of a 250MHz digital signal at the ttiree designated sites 
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using amplitude modulated EFS with a sampling resolution of SOps. A 5-pt smoothing 

routine was applied to these results. Seeing that the signal at site BS has approximately the 

same transistion characteristics as those at sites A5 and C5, the extra loading introduced 

by the probing pads is also insignificant. 

- 
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I 

O 1 2 3 4 5 6 7 6 

Time <ns> 

Figure 6.12: Digital signals of O.SGb/s at 250MH' measured using amplitude rnodulated EFS at sites A5, 

B5, and CS of the CMOS invata c h a h  Site A5 is unpassivated, and sites BS and CS are under passivation. 

Figure 6.12 also gives partial information about spatial resolution. The signal transi- 

tions and waveshape measured on a 1 . 2 ~  passivated interconnect by EFS is found to be 

similar to those measured on the 20x20~' unpassivated pad. This implies that the EFS 

instrument in this work is capable of measuring a stand-alone lpn interco~ect line on a 

passivated CMOS circuit. 

Two separate packaged dies of the identical CMOS inverter design were measured to 

demonstrate the consistency of measurements, design, and fabrication. Figure 6.13 shows 

measurement of a 2SOMHz digital signal at s i t a  Al and A2 using amplitude modulated 

EFS with a sampling resolution of 100ps. The signai at Al  was inverted to that at A2 by an 

inverter. A 5-pt smoothing routine was applied to the wavefoxms in figure 6.13. 
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O 1 2 3 4 5 6 7 & 
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Figure 6.13: Measutment of a O.SGb/s, ZSOMRI digital signals at sita (a) Al  and (b) A2 on two difkrent 

packaged dies with identical designs of the CMOS inverter chah using amplitude modulated EFS. 

To determine the impact of an AC drainhg capacitor in the power supply path, a InF 

surface-mount capacitor was added in shunt with the positive DC bias path on the printed 

circuit board, which holds the packaged CMOS circuit. Figure 6.14 shows 'before and 

after' rneasurements with 5-pt smoothing of a 2SOMHr digital signal at sites Al and A2 

using pulse width modulation, with both the modulation depth and the sampling resolution 

being 50ps. The measurements of the circuit with the 1nF capacitor show slight improve- 

mats  from the signais in the circuit without the extra capacitor. 

O 1 2 3 4 6 6 7 e 
Time <ns> 

O 1 3 4 6 6 7 m 
Time <ns) 

Figure 6.14: Measuremait of a 0.5Gb/s, 25OMHi signal at sites (a) Al and (b) A2 of the CMOS inverter 

chain with and witbout a bias capacitor using pulse width modulated EFS with a modulation depth of 5Ops. 
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6.3.2 Voltage Sensitivity 

The experirnental noise in the rneasurernents of the CMOS integrated circuit using 

EFS is evaluated following a similar fashion as in section 6.2.1.2. Figure 6.15 demon- 

strates rneasurement of a 0.5Gb/s, 250MHz digital pattern repeated 10 tirnes at site Al of 

the CMOS inverter chah without the InF bias capacitor using amplitude modulated EFS. 

A sampling resohtion of 1 OOps was used. 

O 1 2 3 4 5 6 7 8 

Tirne (ns) 
Figure 6.15: M e a m m a t  of a OSGb/s, 250MHz digital pattern at site A l  of the CMOS inverter chain 

repeated IO times using amplitude modulated EFS under the same conditions. 

A set of 10 measured values were collected and are subtracted by the mean of these 

values from each of the 10 différent sampling locations selected fiom the resulu in figure 

6.15: (lm, 1 .4ns,2ns,3ns,3 .2ns,4n.s,511~,6ns,7ns). Thus, 100 data points were gathered to 

determine the RMS noise fiom the measured waveforms. This noise was found to be 

32m V which is worse than 13m V obtained from the ceramic transmission line. There are 

two important factors that are different when measuring integrated circuits as supposed to 

measuring the ceramic transmission line. The first is the capacitance denvative 

aC(x, y, z) /& which is a doubtful parameter. In faa, using a parailel plate capacitor 

model, aC(+ y, r ) / &  is proportional to the area under test (20x20Clm2 unpassivateci 

pad) which is much smalier than the area of the transmission lines used in section 6.2. 

Accordingly the voltage resolution should be poorer when measuring the integrated 

CMOS inverter chain, as propose. by equation (5.1 1) or (5.1 7). 

Another factor which was omitted for simplicity in the theoretical derivation of the 

voltage sensitivity, but is an essentiai element to consider for probing integrated circuits is 
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the DC offset eff- represented by the texm A*. Signals on the adjacent interconnects 

can interfixe with the signal king measured by parasitic coupling, and by changing the 

local sunace charge on the circuit, and both affects the term A .  This suface charge is 

also subjected to environmental conditions such as humidity, surface defects, and contam- 

ination. As a result, A@ is perhaps more unpredictable than aC(x, y, z ) / &  . This also 

implies that absolute voltage measurexnents are extremely difficult using EFS because of 

these surface charging effects. Due to these predicarnents associated with the two factors 

aC(x, y, z)/& and A ,  the voltage resolution for measuring integrated circuits is 

expected to be worse than the one obtained fiom the measurements of the transmission 

Iines. 

The erratic term A@ changes rapidly during the initial charging of the integrated cir- 

cuit surface by the power supply. Such charging may cause the amplitude levels of the 

measured waveforrns by EFS to drift. Therefore, it is desueci to gram time for this surface 

charging to complete before conducting any measurements. The automation software used 

for these experiments commands the HP generator to supply the circuit signal for a period 

of time before sampling to avoid measurement during the charging. 

The noise appears to be larga at the high logic level of the measured signal than that at 

the low logic level. This may be related to unstable fluctuations in the 3.3 V power supply 

caused by the 5 0 a  output drivers and the DC offset effects A@. 

6.3.3 Propagation Delay 

Figure 6-16 demonstrates the propagation delay through the second row of the CMOS 

inverter chah by presenting noxmalized measured signais at sites Al, A3, and A5 with a 

250MHz input. The CMOS circuit used did not have the InF AC drainhg shunt capacitor 

at the power supply path. The sampliiig resolution used was 50pr. and a 5-pt smoothing 

routine was applied to aii EFS wavefoxms. Delay between each of the two signals is for 

two inverters, and they are taken fiom the fa11 tirnes of the signals at A. U.=O.4. Table 6.1 

displays the propagation delays estirnated by the various tesMg techniques, and these 

delays are compared with simulation. The simulated delays were acquired £kom the fd 

transitions at the half amplitude of 1.65 V in figure 6.16(a). 
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Figure 6.16: Measurements of a O.SGb/s, 2SOMFL- digital pattern at sites Al,  A3 and AS of the CMOS 

inverta c h a h  Resuits were obtaind h m  (a) Cadence HspiceS simulation, (b) amplitude moduiated EFS, 

(c) pulse width modulatd EFS with a 250ps modulation depth, (d) puise wiuimb modulated EFS with a 50ps 

modulation deph, and (e) contact probe. 
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1 Al to A3 1 A3 to A5 1 Average for 1 Average for 
I I 1 2 inverters 1 1 inverter 

Ampli tude I 175p 1 170pr 1 172p 1 86ps 
modulation 

Pulse width 
modulation (250p.s 
modulation depth) 

Contact probe 1 140ps 1 165's 1 152ps 1 76ps 

Pulse width 
modulation (SOps 
modulation depth) 

Table 6.1: Estimations of the propagation delays in the second row of the CMOS inverter chah by various 

ineasurement techniques versus the simulated values. 

140ps 

The rneasurements by pulse width modulation with a 50ps modulation depth in figure 

6.1 6(d) possess the most non-idealities likely because of the violent ripples adjacent to the 

effective sampling pulse in figure 4.2 1. The minor inconsistency between these measured 

propagation delays are largely due to temporal noise in the EFS instruments and jitter 

from the HP generator as both should contribute a combined error of at least 1 Ops. 

1 7Sps 

6.4 Measurements on a NT25 Pulse Generator 

160ps 

This section preçents and examine measurements of a pulse generator fabricated in 

Nortel's NT25 technology. The schematic and layout of the NT25 circuit are displayed in 

figure 6.17. This circuit generates pulses using NAND circuitry. Inverters before the 

NAND gate are for adjusting the delays of the two signais entering the gate to produce a 

narrow pulse. Inverters after the NAND gate are for ciriving the signal to a 50R load 

Measurements were performed at four different locations within the NT25 circuit which 

was match tenninated at its output. Sites A and B are 3~ passivated interconnects that 

carries the signds into the NAND gate. Sites C and D are 10x1 0pm2 unpassivated probing 

' I 

1 5Ops 

i 75ps 

75ps 

1 7Sps 88ps 
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pads at the output of the NAM) gate and at the end of the three inverter-driverç, respec- 

tively. The input of the NT25 circuit can be a square wave signal at any fiequencies 

between 100 to SOOMH.. 

m ,  
, 1 ox 1 oW2 unpassivated 

probing pads 

Figure 6.17: (a) Layout and (b) schematic of the NT25 pulse geoerator. Viirious meaSUTements were ptx- 

formed on passivated htercomects at sites A and B, and on 1(brl0pn2 unpassivateci pads at sites C and D. 

Figure 6.18(a) and 6.19(a) shows the measured signals at 250MHz on passivated sites 

A and B using amplitude moduiated EFS, respectively. To reassure the waveshapes of 

these signals, measurements were conducted at these locations with a square wave input of 

125MHz dnven into the circuit, as exhibited in figure 6.18@) and figure 6.19(b). A Sam- 

pling resolution of lOOps was used for these measurements, and a 5-pt smoothing routine 

was applied to these wavefom to reduce noise. The non-idealities in these rneasured 

waveforms may be caused by power supply bounces induced by bondwire parasitics and 

other design related issues. Large inductances fiom the bondwires can cause large over- 

shoot afta a signal transis tion (Le. v=ldi/di). The bondwires in the actual packaged circuit 

have lengths of 4mm while the designer anticipated these lengths to be only 2mm. 
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O 2 4 6 6 10 1 2  14 16 

Tirne <ns> 

Figure 6.18: Mea~ufemaits on site A of the NT25 pulse generator at a frequeacy of (a) 250MHt and (b) 

1 Z M Y z  using amplihide modulated EFS. 

O 1 2 3 4 6 6 7 8 

Time <ns> 

O 2 4 6 8 1 0  l Z 2  14 1 6  

Time <ns> 

Figure 6.19: Measurements on site B of the NT25 puise generator at a frequens. of (a) 250ALMz and (b) 

1 2 5 M z  using amplitude modulated EFS. 

The immediate output of the NAND circuiiry is examined by measuring site C on the 

NT25 circuit. Figure 6.20 compares the measurements of the 250MHz signal conducted 

using amplitude modulated EFS and pulse width modulation EFS with a modulation depth 

of 50ps. The sampling resolution of 1 OOps was used, and the resulted signals were refined 

by 5-pt smoothing. The two measured waveforms by both methods were scaled such that 

their logic levels coincides with one another. Both modulation schemes concluded with 

the same rise and fall times of 200ps using a low logic level of A. U.=O and a high logic 

level of A.U.=O.8. 
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Figure 6.20: Measuremaits on site C of the NT25 puise grnerator at a fiequaicy of 2 5 0 M t  ushg ampli- 

tude moddated EFS and puise widîh moduiated EFS with a modulation depth of 5Ops. 

L a d y  the output of the puise generator is determined and displayed in figure 6.2l(a) 

which contains EFS measurements of the NT25 circuit on site D at an operating fkequency 

of 250MHz. Measurernent using the contact probe on site D, and the sampling oscillo- 

scope at the output of the packaged circuit are also provided in figure 6.21(b). The 

FWHMs of the pulse generated by the NT2S circuit approximated by ûach technique are 

collecteci into table 6.2. The measured waveforms by both modulation schemes of EFS 

were scaled to each other according to their logic levels which are A. U=0.2 and A. U . 4 .  

The FWHME of the measureà signals are estimateci at A. U=0.6. The bandwidth of the sig- 

nals are mostly limited by the bondwires in the package. 

1 10-90% N e  1 lO-90% fa 1 FWHM 

Contact probe 1 4OOp 1 400ps ( 800ps 

Amplitude 
modulation 

Pulse width 
modulation 
(mod depth=SOps) 

Table 6 2 :  Estimations for the FWHM and transition thes of the gmerated pulses by the NT25 pulse gena- 

ator using various measurernent techniques. 

250ps 

300ps 

300ps 

235ps 

- 

465ps 

45Sps 
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Figure 6.2 1: Measuremaits on the output of the NT25 pulse generator at an operating fiequency of 2SO-. 

1 

c. 0.8 - '  

0.6 - u 
w 

(a) - 0.4 - 
E 
- 0 - 2 - -  

R a t s  wae obtained at site D using (a) amplinde modulated EFS and pulse width modulatad EFS with a 

r- ---- m l i t u d m  moduiaîbn 
Putao width rnoduimtion 

. .. 

I 

- . - ,  . 

50ps modulation depth. (b) Measured wavefoms by contact probe at site D and a sampling oscilloscope 

uieasured at the output of the packaged circuit 

UT 

The EFS estimations of the transition times and FWHM displayed in table 6.2 almost 

- 
O -  - 

replicated with those measured by a sampling oscilloscope. The cause of the small dis- 

-- - 

crepancies is the thermal noise in the EFS instrument and the non-ideaiities of the effec- 

-0.2 - 

tive sampling pulses. The contact probe fails to give an accurate portraya1 of the actual 

generated wavefonn by the circuit since it only has a bandwidth of 1 GHz. 

B ecause the sampling osciiloscope measurernent was not perfoxmed concwently with 

the EFS measurements, the near conformity between the pulses measured by EFS and the 

sampling oscilloscope validates the non-invasiveness of the EFS technique on this circuit 

as the cantilever did not introduce significant loading. 
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7.1 Conclusions 

Electrostatic force sampling of digital waveforms using synchronous time domain gat- 

ing was presented by implementing two modulation schemes to produce a suitable prob- 

ing signal to sample high speed digital signals: amplitude and pulse width modulation. 

EFS using both modulation techniques have been characterized through theoretical predic- 

ti ons and various experiments . Internai measurements over transmission lines and two 

passivated circuits: a 0.5pm CMOS inverter chah and a NT25 pulse generator were per- 

formed to CO& the competence of the submitting EFS instrument. 

The spatiai resolution and capacitive loading of the EFS instrument was found to be 

about l pm and l p ,  respectively, through several references. One of the major factors that 

is needed to be considered for improving these criteria is the size and geometry of the cm- 

tilver. 

The voltage sensitivity and SNR of the EFS instrument were theoretically derived and 

compared with the findings deduced fkom the measurements. The experimental RMS volt- 

age resolution was 13mV on a ceramic transmission line for amplitude modulation while 

the correspondhg theoreticdy approximated value was 18mK A poorer resolution was 

discovered when rneasuring the CMOS integrated circuit because of the decrease in the 

spatial derivative of the coupling capacitance and the iacrease in DC offset effects. 

The bandwidths for both implementations of amplitude and pulse width modulation 

engineered in this work were defîned and experimentally determined to be 3GHz and 

4GHz, respectively. Yet, it was concluded !bat botfi modulation schemes have equal baud- 

width capability. The measured and the convolution counterpart mut be carefbliy scaled 

when cornparhg with the actual signai under test to deduce the proper bandwidth. The 

bandwidth is also sensitive to temporal noise which is just another version of amplitude 

noise. The delay resolution is also dependent on this temporal noise as well as the jitter 

possessed by the eiectronics and generators employed. 
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7.2 Future Challenges 

The bandwidth of the EFS ins tment  is mostly limited by the sharpnas sampling 

pulse since the measured wavefom is essentiaiiy a convolution between the sampling 

pulse and circuit signal. Few commercial impulse generators are adequate but they are 

ofien subjected to cost. Since bondwires reduces the bandwidth of signals, the concept of 

attaching a micromachined cantilever to the die of a pulse generator circuit is ciirrently 

under development in the EFS laboratory at the University of Manitoba 

Most of the attention has been àwoted to increasing the speed of the circuits in the 

microelectronics industry. Unfortunately, the bandwidth of the diagnostic instniment 

should ideally be better than that of the circuits under test. EFS generates impulses electri- 

cally, which also relies on state of the art circuiûy. In the long run, 'a dog cannot catch its 

own tail', and optical pulses may have to be utilked eventually. 

In fact, the overwhelmingly advancing industry has many tricks up its sleeves to better 

the performance of microelectronics. However, these innovations also puzzle and chai- 

lenge diagnostic and failure analysis researchers. For instance, the number of lwels of 

metal interconnect in mimelectronic circuits are cwently up to seven and is stiU increas- 

ing. Desired intercomects under test could be burieci under l O p  of passivation. This 

working distance is too large for EFS to operate at. 

Anotha invention in integrated circuit engineering that makes EFS impossible is the 

flip chip paclcaging technology. This packaging technique eliminates the need of bond- 

wires for improving the bandwidth of integrated circuits. The top side of the circuit is 

placed upside down towards the routing board. Measurements must be perfomed fiom the 

backside of chip, and this abolishes the accessibility of EFS and many other existing diag- 

nostic techniques. Possible future solutions for measuring these circuits may have to resort 

to optical means such as using infared beams. 
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