Non-contact Internal Probing of
High Speed Microelectronic Circuits using
Electrostatic Force Microscopy

by

Dharmand Noruttun

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree of

Master of Science

Department of Electrical and Computer Engineering
University of Manitoba
Winnipeg, Manitoba
Canada

©Dharmand Noruttun
1997



i+l

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliotheque nationale
du Canada

Acquisitions et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada

Your fle Vctre référence

Cur e Notre riférence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibhothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-23444-4

Canadia



THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

Rhkk®

COPYRIGHT PERMISSION PAGE

NON-CONTACT INTERNAL PROBING OF HICH SPEED MICROELECTRONIC
CIRCUITS USING ELECTROSTATIC FORCE MICROSCOPY

BY

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University

of Manitoba in partial fulfillment of the requiremeats of the degree

MASTER of SCIENCE

DHARMAND RORUTTUN 1997 (c)

Permission has been granted to the Library of The University of Manitoba to lend or sell
copies of this thesis/practicum, to the National Library of Canada to microfilm this thesis
and to lend or sell copies of the film, and to Dissertations Abstracts International to publish
an abstract of this thesis/practicum.

The author reserves other publication rights, and neither this thesis/practicum nor
extensive extracts from it may be printed or otherwise reproduced without the author's
written permission.



Abstract

Continuing progress in the microelectronics world has enabled the development of
faster, denser and more complicated circuits. These technological advancements have ren-
dered the internal probing of these circuits both difficult and necessary for performance
evaluation and failure analysis. Existing probing techniques do not satisfy the combined
requirements of high spatial resolution, high temporal resolution, non-invasiveness, high
sensitivity, absolute voltage measurement and simplicity. An alternative internal probing
technique based on the electrostatic force microscope (EFM) is investigated in this
research. The localized electrostatic interaction between a small conducting probe and the
test point is used for non-contact measurement of signals on microelectronic structures. A
heterodyne technique is employed to measure periodic high frequency digital and sinusoi-
dal signals using the EFM instrument. Vector voltage measurements are performed on the
internal nodes of a commercial MMIC amplifier and a MHMIC phase shifter. A nulling
technique is used for absolute voltage measurements of sinusoidal signals up to 2GHz. A
pulse sampling heterodyne technique is used for the measurement of arbitrary periodic
digital patterns. Measurements of /Gb/s digital patterns are demonstrated on the internal
nodes of a BiCMOS circuit.
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Chapter | Introduction

Chapter 1

Introduction

1.1 Motivation

Rapid advances in the microelectronics field have enabled the development of faster,
denser and more complicated integrated circuits (ICs). The ability to test the performance
of a particular technology underlies the progress in developing that technology. It is there-
fore important to develop appropriate tools to accurately evaluate the performance of
these circuits and devices. The increasing chip complexity have made circuit modeling
difficult and the prediction of a circuit behaviour by computer simulations alone are inad-
equate. Accurate measurements for device evaluation are therefore essential. On-chip
waveform measurements are often required for complete characterization of a device and
for failure analysis purposes. Measurements within a circuit are carried out using internal

probing techniques with the device driven by an external source.

The complexity of very-large-scale-integrated (VLSI) circuits present a number of
challenges during testing at the chip level. The ideal probing technique would enable
measurements with high temporal and spatial resolution, high sensitivity and low inva-
siveness. The measurement method should also be simple to operate and enable accurate
extraction of voltage levels. Currently available instruments do not completely satisfy
these requirements. It is therefore important to develop alternative probing techniques.
Present measurement requirements demand probing techniques capable of measuring
GHz signals with sub-micron spatial resolution and mV sensitivity.



Chapter 1 Introduction

In this research, the application of the electrostatic force microscope for non-contact
internal probing of high speed microelectronic circuits is investigated. The electrostatic
force microscope (EFM) is a member of the family of scanned probe microscopes which
are capable of measuring features and properties of surfaces with extremely high spatial
resolution. Different techniques, based on signal mixing, are developed to enable meas-
urements of high frequency signals using the electrostatic force microscope. Measurement
of high frequency sinusoidal signals as well as periodic digital waveforms are demon-
strated using the instrument.

The research project presented in this thesis forms part of an ongoing research on the
use of an EFM-based instrument for non-contact probing of integrated circuits. This
research project was initiated in the department a few years ago and a number of profes-
sors, post doctoral fellows and graduate students are involved. Two types of EFM instru-
ments were used in this project. The main contributions from the members of the group
are mentioned here. The first instrument, based on a fiber-interferometer deflection sensor,
was constructed by Raa Said. The second stage which employs a beam bounce deflection
sensor was designed and constructed by Richard Qi. Some of the sections dealing with the
EFM characterization in chapter 3 are obtained from Raa Said’s PhD thesis [Said 95]. The
investigation of the spatial resolution, for instance, requires accurate modeling of the
probe-circuit interaction and this work has already been completed by a member of the
group [Said 95]. These sections are included for the sake of producing a more complete
document. The test circuit use for on-chip sampling measurements (chapter 5) was
designed by Hugh Pollit-Smith.

The author’s main contribution in the project was the analysis and implementation of
the three modulation techniques in the heterodyne vector voltage measurement discussed
in chapter 4. The author was also responsible for the implementation of a high frequency,
narrow pulse generation system for on-chip pulse sampling measurements presented in

chapter 5.



Chapter 1 Introduction

1.2 Thesis Outline

A brief outline of the thesis is presented in this section. In chapter 2, some of the com-
mon techniques used for testing high speed integrated circuits and devices are briefly dis-
cussed. The operating principle as well as the capabilities and limitations of these
instruments are mentioned.

The electrostatic force microscope (EFM) is introduced in chapter 3. The origin of this
microscope is presented first and then the principle behind the EFM instrument is dis-
cussed. The cantilever probes and their deflection sensors used in the instrument are char-
acterized. The performance of the instrument in terms of spatial resolution, voltage
sensitivity and invasiveness are discussed. A heterodyne technique for high frequency
vector voltage measurement based on amplitude modulation is described.

Chapter 4 describes the implementation of a heterodyne technique for high frequency
vector voltage measurement. The difficulties encountered during high frequency measure-
ments are introduced. The implementation of different modulation schemes are described.
Experimental results from measurements performed on the internal nodes of a MMIC and
a MHMIC are also presented.

In chapter S5 an on-chip sampling technique for probing periodic arbitrary waveforms
is introduced. The technique is demonstrated by measuring high speed digital patterns on

the internal node of a BiCMOS circuit.

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

Review of Internal Probing Techniques

A number of diagnostic tools are available for the measurement of electrical signals at
the internal nodes of circuits. In this chapter some of the common techniques used for test-
ing high speed integrated circuits and devices are briefly discussed.

2.1 Contact Probes

Contact probing is a simple technique used for measuring internal signals of an inte-
grated circuit by directly touching the sharp tip of a conducting probe with the test point.
They have been used in the measurement of both microwave and high-speed digital cir-
cuits. Three main types of contact probes are available: passive low impedance wafer
probes, passive medium impedance probes and active very high impedance probes.

2.1.1 Passive Low Impedance Probes

Microwave wafer probes are low impedance passive probes. They provide very high
bandwidth and are often used in conjunction with a network analyzer for single or multi-
ple port measurement. These probes allow measurement to be made at the wafer level as
opposed to the input/output connections of a packaged device accessed by a conventional
network analyzer. Furthermore the cost of packaging devices as their operating frequen-
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cies extend into the GHz range can become very expensive and device testing at the wafer
level becomes an attractive solution. High frequency probes up to 120 GHz are commer-
cially available [GGB] and microwave probes are widely used in FET, passive element
and MMIC characterization. These measurements enable database generation used for
inputing device/subcircuit parameters into a circuit simulator for parameter optimization

and process control [Jones 87].

Measurements at GHz frequencies with wafer probes require the use of controlled
impedance probes that provide the characteristic impedance (usually 50€2) down to the
wafer level connection. Minimal inductive and capacitive parasitic effects are desirable to
avoid pulse distortion and timing errors. Microwave probes are commercially available in
coaxial, microstrip and coplanar configurations [Rabjohn 86]. Coaxial probe tips are
formed by extending the centre conductor beyond the outer shield and sharpening the
probing tip as shown in Figure 2.1(a). A 50QQ impedance is provided to within a few milli-
metres of the tip. In the microstrip configuration a short needle probe is attached to the
microstrip feed line. The main drawback of these type of probes are the parasitic induct-
ance of the tip and the lack of an RF ground close to the test point.

(a) (b) (c)

Figure 2.1: Microwave probe types; (a) Coaxial probe, (b) microstrip probe, (c) coplanar probe.

In a coplanar waveguide the signal line is located between two ground lines on the
same side of a substrate. The lines are tapered in width to match the probe point to the
device-pad size. Direct contact is made at the tip end avoiding the problems associated
with inductive needles. The main disadvantage of coplanar probes are their size which

limits the number of probes that can be used on a circuit.
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The use of coplanar probes in the characterization of a test FET is illustrated in Figure
2.2 [Strid 86]. In this set-up the S-parameters of the device were obtained up to 26GHz
with the aid of a network analyser.

In contact wafer probing, circuits have to be especially designed in order to accommo-
date the probes. This limits the number test points which may not be adequate for com-
plete characterization of a circuit. Moreover direct measurements at internal test points are
not feasible as the probe low impedance load would disturb the normal operation of the

device.

Figure 2.2: Measurement of a test FET using two ground-signal-ground probes [Strid 86].

A low-loss microwave wafer probe with a GaAs directional time-domain reflectome-
ter (TDR) IC directly mounted on the probe has been used in vector network analysis to
120GHz [Yu 93]. Time-domain on-wafer measurement with a S00GHz bandwidth has
been reported [Shakouri 93]. A nonlinear transmission line (NLTL) pulse generation sys-
tem was used to generate picosecond transients and a GaAs IC attached to the probe

served as a TDR sampler.
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2.1.2 Passive Medium Impedance Probes

Resistive divider probes are examples of passive medium impedance probes. An
example of a commercial resistive divider probe has a 450€2 resistor in the probing tip
[Cascade]. In a 502 system the probe resuits in a 10:1 attenuation and the input imped-
ance is 500Q2 The measurement bandwidth of these probes lie in the DC to /0GH?z range.
Probes with input impedances up to Sk are also available. The medium impedance
probes can be used for internal probing in 50Q systems. One important limitation is the
larger capacitive loading from these probes.

2.1.3 Active Very High Impedance Probes

Internal signals of a device can also be measured by active probes as compared to the
passive ones discussed so far. Active probes provide very high input impedance but are
limited in bandwidth and dynamic range. A commercially available active probe (Pico-
probe) is used in this research [GGB]. The input connects directly to the unprotected gate
of an MOS transistor through a probing needle making the probe sensitive to destruction
by electrostatic discharge. These needles are usually made of tungsten and can be sharp-
ened to less than 0.5um point radius. One example of this type of probe has an input
capacitance load of 0.04pF and a DC to /GHz 3-dB bandwidth. There is usually a trade-
off between bandwidth and loading.
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2.2 Electron-Beam and Optical Probes

2.2.1 Electron Beam Testing

Electron beam (e-beam) testing is a commercially available tool for internal voltage
measurement of integrated circuits and has been applied in industrial environments over
the past two decades. The principle behind e-beam testing is the emission of secondary
electrons by the probe area when focused with a beam of primary electrons. The analysis
of the secondary electrons in terms of their energy by a retarding grid spectrometer ena-
bles the determination of the voltage on the internal test point being probed. A feedback
loop is usually used to maintain the detector signal constant by adjusting the grid potential
which then tracks the circuit voltage.

High frequency measurement is possible by sampling the test signal with short elec-
tron pulses and a schematic diagram illustrating this technique is shown in Figure 2.3
{Winkler 90]. The captured signal from the secondary electrons is usually very small and a
repetitive sampling technique is needed to extend the temporal resolution of the measure-
ment as compared to a real time system. Thus a repetitive stimulus v(?) is also needed to
drive the test circuit. The electron pulses are generated by chopping the beam with a
blanking capacitor. The beam blanking control signal is synchronized with the repetitive
circuit signal so that the same voltage is sampled at a fixed phase relation. The entire cir-
cuit signal can be mapped by shifting the phase relation between v(#) and the e-beam
pulses.

Temporal resolution of the technique depends primarily on the e-beam pulse width.
The e-beam probing technique is noninvasive especially when low energy probe beams
are used although radiation damage and charge trapping are possible at higher energies.
Spatial resolution under /um can be routinely achieved [Corsi 94]. E-beam testing is a
powerful tool for the high frequency internal diagnostics of circuits. However the instru-
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ment is expensive and complicated to operate. Measurements are made in vacuum and
therefore complicated test circuit fixtures are needed. Furthermore extensive calibration
procedures are necessary for absolute voltage measurement.

Electron Source

Pulse generation Beam blanking
B control signal

Grid potential control
Voitage measurement and SE signal

\ Secondary electrons (SE)

o
5'7' %_ Test circuit stimulus, v(t)
==

Figure 2.3: Schematic illustration of the principle of pulse e-beam testing. The test circuit is driven by a
repetitive stimulus v(2) which is synchronised with the beam blanking control signal that generates the elec-
tron pulses. Analysis of the secondary electrons emitted at the test point permits the measurement of v (1)
[Winkler90].

Photoemission probing is a technique similar to the e-beam probing [Clauberg 90].
The test point on a circuit is focused with a laser beam resulting in the emission of second-
ary electrons. The energies of these electrons are then analyzed to obtain the test signal.
Both real-time (continuous laser beam) and sampling mode (pulsed laser beam) measure-

ments are possible.
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2.2.2 Electro-Optic Sampling

This technique employs the electro-optic effect which is the change in the birefrin-
gence properties of certain crystals when placed in an electric field. This results in a
change of the polarization of light propagating through such a crystal. By monitoring the
polarization of an optical probe beam, the electric field resulting from voltages on a circuit
can be investigated. Since the optical probe is spatially localized and can be focused to
~Ipum diameter the technique can be applied to internal probing of ICs [Wiesenfeld 90].
Substrate materials that exhibit a linear electro-optic effect such as GaAs and InP can be
probed directly as shown in Figure 2.4(a). An indirect probing configuration is shown in
Figure 2.4(b) where an electro-optic crystal, typically LiTaO;, is used as the probe tip and
placed in close proximity to the test point. This would be the case for nonelectro-optic

substrate such as silicon.

Transparent
support
ical Beam
Opti Electro-optic
+ crystaltip
Electro-optic
substrate

(a) ()

Figure 2.4: Possible probing geometries of coplanar devices for electro-optic probing; (a) probe tip geome-
try for direct probing of the electric field in a linear electo-optic substrate, (b) probe tip geometry for external
probing of the stray field from the coplanar lines.

The principle of electro-optic probing is depicted in Figure 2.5 [Takahashi 95]. An

electro-optic crystal probe is positioned over some test point and a laser beam is focused
into the probe and reflects off a mirror attached to the bottom. The polarization of the laser

10
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beam depends on the circuit signal after passing through the crystal. The use of polarizing
beam splitter together with the photodetector enables the determination of the circuit sig-
nal by a lock-in amplifier or an oscilloscope. A continuous laser beam is used in a real
time system while measurement of high speed signals involves a sampling technique
where the optical beam is a train of short pulses that acts as sampling gates. As in all repet-
itive sampling techniques the signal to be measured on the DUT is repetitive. Advances in
laser technology have enabled the generation of very short pulses, less than /00fs in some
of the fastest systems, which provides a very high temporal resolution.

A

Laser beam l
Photodetector

Polarized light
beam splitter

Output
waveform
input
signal
Test circuit
—

]

Figure 2.5: Schematic of the electro-optic probing [Takahashi95]. A polarised optical beam is focused into
an electro-optic crystal placed in close proximity over a test point.

Electro-optic probing have been used in a number of applications such as the internal
field probing of sub-micron MMIC devices [David 95] and the measurement of internal
signals of integrated circuits [Wiesenfeld 90]. The electro-optic technique has also been
utilized in the characterisation of ultrafast pulses on MMIC devices using a time domain
network analyser system [Lee 90]. One example of a reported sampling system has a fre-
quency bandwidth of /0GHz and a minimum detectable voltage of 0.4 mV/ JHz [Taka-

11
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hashi 95]. Temporal resolution is determined mainly by the pulse width in the sampling
beam although factors such as response time of the electro-optic effect and transit time
effects are relevant as well especially for subpicosecond resolution [Wiesenfeld 90]. Spa-
tial resolution of the technique depends on the spot size of the focused beam and a resolu-
tion of 0.5wn has been achieved in a direct electro-optic probing system [David 95].
However the electro-optic system suffers from limited spatial resolution when its applica-
tion is extended to silicon-based circuits since it relies on fringing effect of the circuit field
into the probing crystal. Accurate probe positioning is difficult in indirect probing and the

measurement becomes sensitive to crosstalk effects.

Electro-optic probing operates in a non-contact mode and measurements are expected
to be non-invasive. While this is true for direct probing the close placement of the probe
tip in indirect probing may lead to the perturbation of the electric waveform due to its high
permittivity resulting in circuit malfunction and measurement errors [Mertin 93].
Although the technique provides excellent temporal resolution it remains a complex and
expensive technique as far as the laser system is concerned. Extensive calibration steps are
required for absolute voltage measurement as the technique senses the electric fields from

the test signals.

2.2.3 Photoconductive sampling

In photoconductive (or optoelectronic) sampling techniques photoconductive switches
are used to measure internal signals of high speed circuits and devices. Photoconductive
switches are usually fabricated on doped semiconductor material with a semiconductor
gap between metal electrodes. A metal-semiconductor-metal photoconductive sampling
probe which integrates the photoconductive switch is illustrated in Figure 2.6. In this case

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

A reported switch has a high impedance, about 30M(, under normal condition which
then drops to Jk€2 when the semiconductor gap is optically excited [Pfeiffer 95]. The use

12
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of narrow laser pulses to excite the switch allows high speed signals to be sampled by this
technique. A laser beam is usually split into two parts with one beam focused on a biased
photoconductive switch to generate the high frequency electrical excitation of the device
under test. The other beam is used to excite the probe switch and the phase variation
between the two laser beams allows the signal on a circuit to be sampled.

Moetal electrodes

Figure 2.6: Top view illustration of a photoconductive sampling probe with a 5-lm high Ti tip [Pfeiffer 95].

Temporal resolution is limited by the lifetime of the charge carriers in the semiconduc-
tor and a resolution of 2.7ps has been reported [Kim 93]. Voltage sensitivity in the uV
range has also been achieved and spatial resolution is limited by the diameter of the prob-
ing tip. Loading in this case is only due to the capacitive effect of the switch/contact area.

In another measurement system photoconductive switches form an integral part of a
circuit and the photoconductive sampling technique has been used to characterize MMICs
in the GHz range [Lee 90].

2.3 Electromagnetic Probes

Electromagnetic probes are used in the reactive near-field probing of planar circuit
surfaces. The technique relies on the capacitive or inductive coupling between the near-
field of the test circuit and miniature probes. In capacitive near-field probing the fringing
electric field from a circuit is investigated. As the probe is positioned close to the test point
a signal is induced in it which can then be measured. The principle behind this technique

13



Chapter 2 Review of Internal Probing Techniques

is illustrated in Figure 2.7 where the centre conductor of a coaxial cable acts as the probe.
This probing method has proved to be useful in the design of microwave circuits and for
antenna diagnostics [Gao 96]. The shrinking dimensions of MMIC'’s have created the need
for probes capable of high spatial resolution. The use of micromachined probes in near-
field probing have been reported with a spatial resolution of /5um [Bridges 92a].

Miniaturized
coaxial cable
Electric field
lines
Microstrip line

Figure 2.7: Reactive near-field probing of a microstrip line by capacitive coupling of the electric field with
the centre conductor of a coaxial probe.

The principle behind inductive near-field probing is the coupling between the mag-
netic field lines from a test circuit and a loop probe. This is demonstrated in Figure 2.8.
Also shown in Figure 2.8 is a schematic of a double loop magnetic field probe [Osofsky
92]. The double loop improves the performance of the probe by minimising the coupling

from near-uniform fields arising from distant sources.

To spectrum analyzer

Loops m
— Feed CPW 850
2 g

Dielectric

Microstrip
Loops
(a) (b)
Figure 2.8: Inductive near-field probing; (a) magnetic field coupling to a double loop probe, (b) schematic
of a double-loop probe [Osofsky 92].
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A miniature magnetic field probe has been used for measuring surface current distribu-
tion on planar circuits in the 5-20GHz band [Gao 95]. The block diagram of a near-field
measurement system is shown in Figure 2.9. The probe is mounted on a table and is mov-
able in three dimensions. As it is scanned over a circuit under test the induced signal is

measured by a network analyzer.

Computer Motor controlier
Network Analyzer |e— : 3-D Table
Output ‘j_|
U Probe
= el
Input

Test-fixture

Figure 2.9: Block diagram of a field measurement system [Gao 95]. The probe is scanned over a planar test

circuit.

Near-field probing is a simple method capable of high frequency measurement with a
large bandwidth. The technique, however, suffers from limited spatial resolution and abso-

lute measurement is impossible without calibration.
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Chapter 3

Electrostatic Force Microscopy

Electrostatic force microscopy (EFM) is a member of the growing family of scanned
probe microscopy (SPM) techniques. The origin of these microscopes is presented first
and then the EFM instrument used in this research is described. The operating principle as
well as the capabilities and limitations of the instrument are discussed.

3.1 Scanning Probe Microscopy

Scanning probe microscopes are a set of instruments used for resolving features and
properties of surfaces on a microscopic scale [Wickramasinghe 89]. Originally developed
to measure surface topography, SPMs have proved to be useful in a variety of applica-
tions. They have been used to investigate the mechanical, electrical, magnetic and thermal
properties of surfaces. Measurement in all SPM instruments involves the near-field inter-
action between a small probe and a surface under investigation. Extremely high spatial
resolution is achieved by using a very sharp probe tip with a radius of curvature on the
order of a few nanometers and by keeping the tip-to-sample spacing within a nanometer.

Conventional techniques used for studying the morphology of surfaces such as optical
microscopes and scanning electron microscopes (SEM) suffer from resolution limitations
due to diffraction effects (the Abbe limit). SPMs provide an alternative tool that over-
comes such limitations. Contrary to optical and electron microscopes SPM can also pro-
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vide measurement in three dimensions.

The scanning tunneling microscope (STM) was the first SPM instrument developed
and enabled measurements with atomic resolution for the first time [Binnig 82]. The oper-
ation of the STM is remarkably simple. As outlined in Figure 3.1, a sharp conducting tip is
scanned over a conducting sample. A bias voltage is applied between the tip and the sam-
ple resulting in a tunneling current as the tip is brought to within a few Angstroms of the
sample surface. The motion of the tip is controlled on such a fine scale by piezoelectrics
(materials that deform very slightly in the presence of an electric field). Due to its expo-
nential dependence on the tip-sample spacing, the tunneling current provides a very sensi-
tive measure of separation. The instrument is usually operated in a constant current mode
by using the tunneling current in a feedback loop. As the tip is scanned in a raster pattern
the feedback loop causes the tip to track the sample surface with very high precision and
the control signal provides the image data.

Piezo-positioners

y ——— x’y ——l
Zz
Z 1
IR U/ ~ o

Current
Feedback Tip

loop

Sample

Figure 3.1: Schematic illustration of the scanning tunneling microscope. An enlarged view of the tip-surface
interaction in a constant current mode is also shown.

The outstanding results from the STM generated a lot of interest in the technique and a

whole new set of instruments, the scanning probe microscopes, were developed. The
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atomic force microscopy (AFM) was developed to overcome an important limitation of
the STM which is the need for conducting surfaces [Binnig 86]. Similar to the STM, the
AFM operates by scanning a sharp tip over a sample. However it is the force acting on the
probe as the tip interacts with surface that is monitored. In this method the tip is found at
the end of a long cantilever with a low spring constant. The tip is pushed against the sam-
ple by a very low specified force in contact AFM. The force is usually in the range of
atomic forces (about /0 9N) resulting in elastic deformation of the surface. A feedback
loop is used to maintain a constant force and thus a fixed tip-to-sample spacing. As the
probe is scanned over the surface an image of the sample topography is recorded. The can-
tilever deflection was detected by using the tunneling current on the back side of the canti-
lever in the original instrument. In later versions of the AFM simpler optical detection
techniques were employed to measure the probe deflection.

Aside from topography, other surface properties have also been investigated using
these microscopes. A modified version of the AFM uses thermal imaging to detect device
failures in microelectronics [Lai 85]. A thermocouple junction was formed by using
chromel and alumel] to form a V-shaped cantilever. A diamond tip which has a very high
thermal conductivity was attached at the probing end. The probe could thus map tempera-
ture variation and device failures were located in the form of hot or colds spots resulting

from short or open circuits.

Scanning tunneling potentiometry is a modification of the STM which allows simulta-
neous mapping of topographic and electric potential data on material surfaces [Muralt 87].
The potential distribution under operating conditions and related properties such as the
extent of space-charge regions next to p-n and material junctions can be investigated.

The scanning capacitance microscope (SCM) is capable of mapping two-dimensional
carrier and dopant density quantitatively in semiconductor devices with nanometer scale
spatial resolution [Huang 96]. A conducting tip is brought to the surface of the sample and
a high sensitivity capacitance sensor measures the capacitance between the tip and the
sample. An AC bias voltage applied to the sample changes the capacitance detected due to
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semiconductor depletion. The instrument is operated in a feedback loop so that a constant
AC capacitance is maintained. Dopant density profiles are derived from the SCM data
using a quasi-one-dimensional analytical model. Another technique that allows dopant
profiling in semiconductors is the scanning resistance microscope (SRM) [Shafai 94].
Here a conducting probe is used to perform localized resistance measurements which are
used to delineate between regions of different doping types and concentrations.

All the microscopes discussed so far involve operations in contact mode. In certain
applications non-contact measurements are desirable. By increasing the tip-surface sepa-
ration beyond 10-100 nm only the long range forces such as Van Der Waals, electrostatic
and magnetic forces remain. The magnitude of these forces at relatively large separation
may be considerably smaller than forces encountered in contact mode and therefore the
detection of the force on the probe is usually different. The cantilever is vibrated near its
resonant frequency as compared to the quasi-static forces that are encountered in contact
force microscopy. The change in the resonant frequency as a result of tip-sample force
interaction is measured and this a.c detection method is sensitive to force gradients rather
than the interaction forces themselves. The enhanced amplitude of vibration which is pro-
portional to the force can also be detected.

Magnetic force microscopes (MFM) evolved from the AFM and employs a sharp
magnetic tip attached to a cantilever probe [Rugar 90]. The tip is placed in close proximity
to the sample and interacts with the stray magnetic field emanating from the sample. A
schematic of the instrument is presented in Figure 3.2. The cantilever is mounted on a pie-
zoelectric bimorph which is driven close to the resonant frequency of the cantilever. The
presence of a force gradient due to the interaction of the tip with the magnetic field alters
the resonant frequency of the cantilever. This shift in resonance will change the oscillation
amplitude of the probe which is detected by an optical fiber-based interferometer. A feed-
back loop maintains a constant level of interaction (constant vibration amplitude) by pie-
zoelectrically adjusting the tip-to-sample spacing. The microscope has been used to study
the structure of recording track written on disks and other magnetic media.
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Figure 3.2: Schematic illustration of the magnetic force microscope [Rugar 90].

Magnetic force microscopy has also been applied in the internal current probing of
integrated circuits [Campbell 93]. A magnetic probe is scanned over a current carrying
conductor and images the magnetic field emanating from the current flow. Current direc-
tions and magnitudes have been analyzed with a sensitivity of ~ ImA dc and ~ JpA ac.

The electrostatic force microscope is a specialized instrument that has been developed
for application in the microelectronics field [Wickramasinghe 89]. Localised potential is
measured by monitoring the electrostatic force between a conducting probe and the sam-
ple. The instrument has been used in the deposition and the imaging of localized surface
charges on insulators [Stern 88] and the measurement of contact potential difference
between different materials [Nonnenmacher 92]. Ferroelectric domain walls have also
been investigated where the microscope is sensitive to the stray electric field emanating
from the surface [Saurenbach 90]. When a voltage is applied between the probe and a
semiconductor sample, dopant profiling is possible [Huang 92]. The potential difference
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mobilizes the conduction electrons or holes resulting in a charged region beneath the
probe. The resulting electrostatic force is detected and provides a measure of the dopant
concentration. The instrument used in this research is based on the electrostatic force

microscope and is presented in more details in the following sections.

3.2 Operating Principle of EFM

The EFM instrument operates by sensing the mechanical deflection of a small non-
contacting probe which is caused by the electrostatic force between the tip of the probe
and the circuit being measured. As illustrated in Figure 3.3 the sharp tip of a cantilever
probe is positioned in close proximity to the test point on the circuit where the local volt-

age v.(x,yt) is to be measured.

Position sensitive

Laser source
detector

Figure 3.3: Illustration of the Electrostatic Force interaction between conducting probe and a test point.

An adjustable voltage v,(1) is externally applied to the conducting probe. The probe tip
and circuit test point are not in contact and form a small localized capacitor C(x,y,z) which
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charges up when there is a potential difference between them. The charge on the capacitor
produces an attractive force F, which then results in a mechanical deflection, Az, of the
probe beam. Thus, by monitoring the deflection using a position sensing detector, the
force and subsequently the potential difference between the probe and circuit can be meas-
ured. The z-component of the Coulomb force can be derived from the energy in the capac-
itor (E = %CVZ) as

2
F, = %%C(x,y.z)(vp(r)-vc =30 [3.1]

Here C(x,y,z) is the capacitance between the probe and the circuit and is dependent on the
probe tip geometry and its position above the circuit surface. An accurate estimate of the
capacitance for various probe geometries (including passivated test circuits) can be deter-
mined using a static integral equation solution [Bridges 92b]. While the determination of
C(x,y,z) is necessary for the characterization of the instrument in terms of spatial and tem-
poral resolutions, this capacitance is not required for the voltage measurement schemes
used in this research. These measurement techniques are discussed later in the thesis. The
force F, on the probe as defined by equation [3.1] causes a deflection of the beam whose
magnitude will depend on the mechanical characteristics of the beam due to geometry and
material properties. The probe characteristics and the deflection sensors used are described

in more details in the following sections.

3.3 Probe characterization

One of the main components in the EFM instrument is the cantilever probe that senses
the electrostatic force between the probe tip and a test point. The deflection of the probe is
determined by both the applied force and mechanical properties of the cantilever. The
properties of the cantilever, of particular importance, are its spring constant and its reso-
nant frequencies. In this research project cantilever probes made from a thin wire as well

as commercially available microfabricated (micromachined) probes were used.
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3.3.1 Wire Probe

A photograph of a typical wire probe is shown in Figure 3.4. One end of a thin wire is
bent to form a probing tip while the other end is attached to a fixed support. [n this manner
the probe acts as a cantilever with the tip end being tree to vibrate. A sharp tip, with a typ-
ical radius of curvature of about 200nm, is formed by electrochemically etching the wire.
A typical probe is fabricated with /27-um thick molybdenum wire about /cm in length

with the last mm or so bent to form a probing tip.

Figure 3.4: Photograph of a typical wire probe used in this research. The left (probing) end is free to vibrate

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

The spring constant, &, of cantilevers, which for small deflections is defined as the
ratio of the applied force to the resulting deflection, represents the rigidity of the probe or
its resistance to deflects. This is an important parameter to characterize a probe and small
spring constants are usually desirable. The spring constant of a cantilever is given by

k= 3_5_1 [3.2]
where £ is the modulus of elasticity, / is the moment of inertia and [ is the length of the
cantilever. For a cantilever with a circular cross-section, as is the case for a wire probe, the
moment of inertia [ = nd*/64 where d is the diameter of the wire. For a typical probe pre-
pared using a /27-pwm diameter Molybdenum wire (E = 3.2 x [ 0! N/m?) and about Icm in
length with the last 2mm bent to form the probing tip the spring constant is estimated to be

22.5N/m.
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The resonant properties of a cantilever in force microscopes is of utmost importance.
In microscopes that operate in contact mode the resonant frequency will dictate the speed
of the measurement or how fast the surface can be tracked. In microscopes that sense long
range forces such as the EFM the resonant frequency is important since the cantilever
vibration at off-resonant frequencies is very small and thus very difficult to detect. The
natural resonant frequency of a cantilever occurs when the only force acting on the canti-
lever is its distributed weight. By solving thé homogeneous equation of motion of an iso-
lated cantilever, the fundamental resonant frequency is given by [Said 95]
Wy = J k (3.3]

0.235m + m,, .

In [3.3] m is the mass of the cantilever beam and Mg, is the lumped mass of the tip at the
free end. A wire probe similar to the one shown in Figure 3.4 has a resonant frequency on
the order of /KHz. When the cantilever vibrates under the influence of an external applied
force of unit amplitude in 2 damped medium the frequency response is given by

(®,/0) (Q/k)

mr (O] 2
J“Q’[E‘EJ

where @, is the resonant frequency under the influence of external and damping forces
[Albrecht 91]. Q is the quality factor of the cantilever and is defined as ®/A®, A® being
the 3-dB bandwidth of the cantilever’s frequency response. Equation [3.3] is valid for
high-Q cantilevers when ®, is approximately equal to @,. At resonance the amplitude of
vibration is enhanced by the cantilever’s Q factor (IG(®,)| = Q/k). The frequency response
of a typical wire probe was determined experimentally by sweeping the frequency of a
sinusoidal driving signal and recording the resulting vibration of the probe by a deflection
sensor. The normalized results are shown in Figure 3.5. The resonant frequency of the
cantilever is estimated at /./68kHz. A normalized theoretical response is calculated and
by fitting the theoretical curve to the measured response in Figure 3.5 the quality factor, Q,
of the cantilever is deduced to be 272.

IG ()] = [3.4]
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Figure 3.5: Frequency response of a wire cantilever. The theoretical data is calculated for f, = 1.168 kHz,
Q= 272.

3.3.2 Micromachined Cantilevers

Cantilevers with high resonant frequencies are desirable in order to minimize sensitiv-
ity to mechanical vibrations and acoustic noise. Equation [3.3] suggests that the resonant
frequency of a cantilever could be increased by raising the spring constant, k, or lowering
the mass of the cantilever. Cantilevers with high spring constants are not an attractive
solution since the same force would now produce smaller deflections which are more dif-
ficult to detect. To raise the resonant frequency the mass of the cantilever should be low-
ered and this is achieved by using microfabrication technologies. Cantilever probes
microfabricated from silicon dioxide, silicon nitride (Si3N4) and pure silicon using photo-
lithographic techniques are available. For a Si3N,4 rectangular beam 200um long, 30um
wide and Jpm thick the spring constant is estimated at 1.125N/m (p = 3100 kg/m’ and E =
1.5 x 10" N/m®). Using [3.3], the resonant frequency is calculated to be about SOOKHz.

In this research commercially available Si3N4 cantilevers were used. The V-shaped
cantilever, illustrated in Figure 3.6a, provides increased lateral stiffness as compared to
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rectangular beams. Typical dimensions of one cantilever probe use in this research are also
indicated in Figure 3.6a. For the geometry of these cantilevers the determination of the
spring constant is more involved and numerical techniques based on finite element meth-
ods have been used [Neumeister 94]. A typical probe is 0.6um thick with a spring constant
of 0.064N/m according to the manufacturer‘s specifications [PSI). A pyramidal tip is
located at the probing end of the cantilever. The tip height and the width of the pyramid’s
base are about 4jum each. A radius of curvature of about 300nm is possible for the probing
tip. The cantilever was coated with a thin gold film to make it conducting and usable in the
EFM instrument. The gold coating also provides a reflective surface for the optical deflec-
tion detection technique used. SEM micrographs of a commercial Si3N,4 cantilever with
integrated pyramidal tip is shown in Figure 3.6b.

Glass holder . p—3 m
(a) (b)

Figure 3.6: (a) Schematic illustration of a micromachined cantilever coated with a gold metal layer; (b)
SEM micrographs of a Si3N4 cantilever (top) and the pyramidal tip (bottom) [Wiesendanger 94).

The frequency response of a typical micromachined cantilever probe was experimen-
tally investigated. No external driving force was needed since oscillations from thermal
excitation are large enough due to the extremely low mass of the cantilever. The resonant
frequency of the cantilever was found to be 12.275kHz and a quality factor of 32 was

obtained.
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Figure 3.7: Frequency response of a gold coated commercial Si3N4 cantilever. The theoretical curve is cal-
culated with f, = 12.275 kHz and Q = 32. The experimental data were processed using a 10-pt smoothing
routine and every tenth data point is displayed in the graph.

Recently the design of microfabricated probes with integrated waveguides was
reported [Bohm 96a]. Metal coated commercial probes were modified to produce coplanar
waveguides using a focused ion beam. The goal is to create a 502 transmission line up to
the very end of the cantilever probe to improve measurement bandwidth in a 50€2 system

for mm-wave applications.

3.4 Deflection Sensors

Accurate detection of the probe’s deflection in the EFM instrument is important. The
deflection amplitude in a typical experiment is very small and its detection is not an easy
task. A sample calculation based on a very simple model of the electrostatic force interac-
tion between the probe and a sample is presented. The probe tip is modeled as a sphere of
radius, 7, over a ground plane representing the sample as shown in Figure 3.8. The probe
voltage is v, which is also the potential difference between the tip and the sample.
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Figure 3.8: Simple model for the capacitance between a probe tip and a sample. The tip is modelled as a
sphere.

A parallel plate model is used for the capacitance, C, between the probe and the sam-
ple with the effective area of the capacitor plate approximated as 2nr? [Sarid 91]. The

electrostatic force can then be written as

1 -ne,riv?
F,= idizc(x' »)lv,-v]? = —:2——2- [3.5]

For a typical wire probe described in Figure 3.4 the radius of curvature r is about
200nm. If the tip to sample separation is 0.5mn then the resulting force F is equal to
4.45 x 10~12 N. Using 22.5N/m as the spring constant the static deflection of the probe is
estimated at 2 x 10~ nm. Modulating the probe voltage at the resonant frequency of the
probe results in a larger amplitude of deflection due to the Q-factor (272) of the cantilever.
In this case the deflection becomes 0.055nm.

The first AFM used a scanning tunneling microscope at the end of the cantilever to
detect the bending of the lever [Binnig 86). Since then a number of different techniques
have been used to sense the probe deflections in force microscopes. In one scheme the
capacitance between a conducting probe and a wire is used to sense any deflection [Neu-
bauer 90]. In this research two different optical methods have been utilised. The first one
is based on an optical fiber interferometer while the second one utilises a laser beam-

bounce detection system. These methods are discussed next.

28



Chapter 3 Electrostatic Force Microscopy

3.4.1 Fiber Interferometer Detection Technique

The displacement sensor utilized in this research is similar to a standard interferometer
based system except that a Super Luminescent Diode (SLD) is used instead of a laser
source. The use of an SLD source overcomes problems associated with optical feedback
gain in laser sources [Song 94]. The technique behind the sensor is outlined in Figure 3.9.
Light from the source is launched in a fiber and reaches a cleaved fiber end after going
through a 2 x 2 directional coupler.

Fiber

SLD source

Photodetector

Output
<«—— Ampilifier

Matched fiber

ond 2 x 2 coupler

,
,
Cantilever ' | Z

Figure 3.9: Schematic illustration of the fiber interferometer detection technique.

At the fiber-air interface, part of the light is reflected back into the fiber and the rest is
transmitted into the cavity between the fiber and the cantilever surface as shown in Figure
3.10. The light then undergoes multiple reflections in the cavity and some of the light is
scattered back into the fiber off the cantilever which interferes with the beam initially
reflected from air-fiber interface. The total power reflected back into the fiber depends on
the phase difference between the two beams and hence on the fiber-cantilever spacing D.
The reflected light reaches the directional coupler where half of the power reaches a pho-
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todiode detector and the other half goes to the source. The photodiode detector then out-
puts a signal which is a function of the cantilever deflection.

Cladding

Optical fiber

D

Cantilever
surface

Figure 3.10: Enlarged view of the core region of the fiber over a cantilever’s surface showing multiple
reflections of the light beam between the fiber-end and the cantilever [Mulhemn 91].

The reflected power (P,) normalised with respect to the incident power P, is estimated
as (Mulhem 91]

4rxD
P’ (rl2 + r%) - 2r1r2cos(T) [3 6
P (1+r2r3) -2r, rzcos(i;t—o)

where A is the wavelength of the light beam, D is the fiber-cantilever separation and r; and
r; are the fiber-air and air-cantilever reflection coefficients respectively. It is interesting to
note from equation [3.6] that for a perfect reflector at the cantilever’s surface (r; =/) the
reflected power is constant irrespective of D and therefore no useful signal is derived.
Similarly if r,=0 the interferometer output is constant and cannot be used to sense any
deflections. Thus the air-cantilever reflection coefficient should lie between 0 and ! for
proper operation of the sensor. The normalised reflected power is plotted for several val-
ues of r, with r; set at 0.2 which is typical of an air-glass interface. The wavelength of the

light used in our interferometer system is 845nm.
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Figure 3.11: Normalized output of the interferometer as a function of the fiber-cantilever spacing D for dif-
ferent values of r;. An air-glass interface is assumed with r;=0.2 and the wavelength of light A = 845nm.

For maximum sensitivity the fiber-cantilever spacing, D, is selected at the point of
steepest slope on the normalised power curves. The derivative of the normalized reflected
power with respect to the fiber-cantilever spacing D is obtained as

2rlr24'—;'csin(i1%2) (L+r2r2—- (ri+rd))

2
[(1 +rir?) —2rlr2cos(4“-TD)]

The typical deflection of the cantilever probe is much smaller than the wavelength
A=845nm which implies that the slope on the normalised power curve is constant for a
given spacing D. The reflected power is thus linearly proportional to the probe deflection.

S (P/Pg) = [3.7]

Equation [3.5] is valid only for small cantilever-fiber separation. In reality the light
exiting the fiber diverges resulting in a spreading cone with a half angle typically in the
range of 5°-10°. The light spreading results in a progressive reduction in the intensity of
the higher order reflections. This effect is modeled by making r, a decreasing function of

the fiber-cantilever spacing D. Thus the fiber-cantilever separation cannot be made too
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large and this is one limitation of the system. The typical spacing is usually less than
10um.

The performance of the interferometer is primarily limited by two types of noise. The
first one is the shot noise which arises from the random arrival of photons at the detector
surface. The other noise source is the 1/ noise resulting from low frequency fluctuations
in the optical output of the light source. Other noise sources such as the 60/50 Hz electro-
magnetic interference can be minimized by good design. The noise level in the SLD inter-
ferometer was measured to be 0.03nm in a 0.1-5000 Hz bandwidth and 10~ nm/.JHz at
frequencies above 400Hz [Song 94].

The use of a fiber-optic interferometer using a GaAlAs diode laser source has been
reported [Rugar 89]. A noise level below 0./ Angstrom over a 0- kHz bandwidth has been
achieved and a flat noise spectrum with a spectral density of 5.5 x 10~5 nm/./Hz above
1kHz was obtained. The interferometer was used in an atomic force microscope for imag-

ing graphite with atomic resolution.

3.4.2 Beam Bounce Detection Technique

The beam bounce detection technique (or optical beam deflection technique) is a relia-
ble and simple detection method [Meyer 88]. It is widely used in research and commer-
cially available SPMs [DI, PSI]. The method is illustrated in Figure 3.12 where a laser
beam is reflected off the probing end of the cantilever probe. Since the surface area availa-
ble for optical reflection is small when microfabricated cantilever probes are used, the
laser beam is focused onto the cantilever. The deflection of the cantilever is then detected
by a position sensitive detector (usually a split photodetector). In Figure 3.12 the length of
the cantilever probe is ! and the lever-photodetector spacing is M.
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Figure 3.12: Illustration of the beam bounce detection technique. A laser beam is focused oato the probing
end of a cantilever probe and then reflected onto a position sensitive detector (a split photodiode detector).

The deflection along the cantilever due to a vertical force (F) applied at a position x =
Xg is given by [Dimarogonas 96]

=_F -
zZ= GEIx (3xy—x) . [3.8]
For small deflections the angle at the end of the cantilever is given by

_dz _ FD
A8, =~ = 3E7 (391

where xy = x = I (for a force applied on the tip of the cantilever). Using equation [3.2] and
F=kz,

_ 3ad
a8, = 3£, [3.10]

The deflection of the cantilever produces a linear deflection of the optical beam at the
plane of the photodetectors, As, given by

As = 3%—'&1 [3.11]

assuming As << M. A factor of 2 is introduced since the angular deflection of the reflected

beam is twice the angular deflection of the cantilever. The beam deflection results in more

i3



Chapter 3 Electrostatic Force Microscopy

optical power falling on one side of the split detector than the other. This change is
detected by taking the difference of the signal from the two photodiodes as shown in Fig-
ure 3.13.

y

7.

A -y
/ \\
As ]
\ & /
Vel /
Photodiodes Optical spot lg=iy-ip

Figure 3.13: Detection of the optical beam as it is deflected. The shift in the optical spot is measured from
the difference of the signals from the two photodiode detectors. The parameter, w, completely defines the
beam power distribution and it is described in [3.12].

In order to find the relation between the cantilever deflection, Ad, and the resulting sig-
nal detected (I, a few assumptions are made. The optical beam can be assumed to be
monochromatic with a gaussian power distribution. This is valid for the laser diode
sources often used in these optical deflection systems. The irradiance, 7, which is the
power incident per unit area, is given in both polar and cartesian forms by [Meyer-Arendt
89]

4 2
—wz(xz*y )

o)
I =1Ie'v =lI,e [3.12]

In [3.12], w is the distance from the origin at which 7 drops to I/e* of I,. The power of the
laser beam falling on the photodetector is found by integrating the irradiance over the inci-
dent surface. To find I, the photocurrent from each detectors have to be evaluated. A
unity conversion efficiency is assumed meaning that the current is equal to the number of
photons falling per unit time muitiplied by the unit of charge (g). The number of photons
per unit time is proportional to the power of the beam. The analysis is further simplified by
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assuming a negligible gap between the two photodiodes. Thus, the amount gained by one
cell is the same as the one lost by the other. The deflection signal, I, is found by integra-
tion of the normalized gaussian distribution in [3.12] and is given by

AsY -—(x’+y1)

I, =2Nq j’ j dxdy. [3.13]

win/4

In [3.13], N is the total number of photons in the beam incident on the detectors per unit
time and can be found from the total optical power. Since Y » w the integration can be

simplified as
4 2
# e ™ d. [3.13a]
Changing variables with ¢ = 2x/w, equation [3.13a] can be written as
24s
I, = 2Ng j ¥ e-tdr. [3.14]

The solution of [3.14] has the form of an error function with
_ 245)
1, = Ngerf 225). (3.15]

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

2
I = Nq(-%s)%t : [3.15a]

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

= 12NgM 5. [3.16]

wl./t-l:
Thus the output signal from deflection system is linearly proportional to the cantilever
deflection. At first sight the sensitivity of the system can be enhanced by increasing the
distance (M) between the cantilever and the detector. However this comes with a degrada-
tion in the spot size of the laser beam due to diffraction. The optical deflection system suf-
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fers from similar noise sources (shot noise, I/ noise) found in the interferometer
technique. The sensitivity of both the beam bounce technique and the interferometer tech-
nique has been shown to be the same and a minimum detectable displacement of a typical
optical beam deflection technique was reported as 7.9 x 10-6 nm/ /Hz [Putman 92].

3.5 Characterization of EFM

In this section the spatial resolution, invasiveness and the sensitivity characteristics of
the EFM are discussed. These criteria are used to evaluate the performance of the instru-
ment in terms of its capabilities and limitations.

3.5.1 Spatial Resolution

Spatial resolution is an important quantity that characterizes the performance of the
EFM and other force microscopes. It evaluates the representation of the actual distribution
of the quantity under investigation by the measurement results. In the EFM the potential
on a test structure is measured by sensing the electrostatic force on the probe resulting
from the capacitive coupling with the test point. Spatial resolution describes how localised
the probe-circuit coupling is. The electrostatic force depends on the tip-circuit geometry
and in reality it is a weighted sum of the electrostatic forces induced by different points on

the circuit.

The spatial resolution of the instrument can be predicted by the theoretical modeling
of the probe-circuit interaction. In the thesis by Raa Said [Said 95], the electrostatic force
between a tip geometry and a circuit surface was calculated by evaluating the induced
charge on the conductive surface of the probe. A static integral equation approach was
used to formulate the problem which was solved using the method of moments. The force
interaction was found for a wire probe similar to the one used in this research by carefully
modelling the tip geometry. Spatial resolution is also dependent on the circuit geometries
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which are difficult to predict in practice. An infinite plane was considered and the force
induced on the probe by different points on the surface was evaluated by calculating the
force on these points due to the tip. The geometry exhibits radial symmetry and the force
density (force per unit area) as a function of the radial distance from the tip axis is shown
in Figure 3.14. The calculation was carried out for a tip-sample separation of 0./pum and
with a potential difference of IV between the probe and the circuit.
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Figure 3.14: Calculated force per unit area induced on a ground plane as a function of the radial distance
from the tip axis. The tip is positioned 0. /[Lm above the circuit surface [Said 95].

The spatial resolution in this particular case is inferred as the size of the circuit surface
that induces a specified fraction of the total electrostatic force found by integrating the
area under the force density curve. For a tip-circuit separation of 0./pm and a fraction
value of 1/2 the spatial resolution was found to be 0.7um. For a separation of /.0um the
resolution was found to be 15.0um. The resolution is thus strongly dependent on the
probe-circuit separation. The results presented here are for a uniform potential distribution
with dimensions much larger than the probe. A similar approach has been used to evaluate
the geometrical resolution in a scanning force microscope [Mueller 94]. The electrostatic
force interaction of a micromachined probe over a coplanar waveguide test structure on a
GaAs substrate was modeled. The spatial resolution was defined as the diameter of the cir-
cle where the force per effective area reduces to //e of its maximum. The resolution was
found to be 300nm for a tip-sample separation of /00nm.
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The resolution was further investigated by scanning the tip of a wire probe over a 3yn
wide interconnect lying /pn over a ground plane [Said 95]. The vertical force, F,, on the
tip is plotted as a function of the lateral displacement in Figure 3.15. In these calculations
a tip-sample spacing of Jpum was used together with a probe-circuit potential difference of
1V. The spatial resolution calculated from the half bandwidth at half maximum is better
than 4pum. The first derivative of the force (0F,/dz) is also calculated. In the EFM it is the
probe deflection which is proportional to the force that is usually detected. By monitoring
the force gradient a better spatial resolution is possible as indicated in Figure 3.15.
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Figure 3.15: The vertical force on the probe tip and its first derivative as the probe is scanned over a 3llm
wide interconnect line with a tip to sample spacing of /um [Said 95].

3.5.2 Invasiveness

The invasiveness of a probing technique is the degree of undesirable disturbance of the
circuit’s normal operation. When measuring intermal nodes of a circuit the parasitic load-
ing from the probing device can alter the signal being sensed. In an ideal world a probe
would be noncapacitive, noninductive and would have an infinite resistance so that an
exact replica of the signal being probed is obtained. A generalized diagram of the sources
of loading introduced by a probe is shown in Figure 3.16.
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Figure 3.16: Resistive, capacitive and inductive loading effects from a probing device.

Resistive loading is significant if the input resistance is comparable to the circuit
impedance. The main effect is to alter voltage levels and it results in amplitude attenua-
tion, shifts in dc offset and changes in circuit bias. A functioning circuit can become non-
functional from these adverse conditions. This would be the case when probing the inter-
nal node of a circuit in a 50€2 system with a 50€2 contact probe mentioned in section 2.1.
Inductive loading tends to distort the signal being measured and ringing effects may be
introduced. Capacitive loading primarily affects timing measurements. The probe’s capac-
itance acts as a low-pass filter at high frequencies and shunts the high frequency compo-
nents of a signal to ground thus affecting rise time and propagation delay measurements

In the EFM the probe operates in a non-contact mode and the main source of loading is
the capacitive coupling between the conducting probe and the test point. The coupling
capacitance between a wire probe and a test structure has been calculated [Said 95]. For a
typical wire probe over a 3um wide and 600um long interconnect placed /um over a
ground plane the coupling capacitance is estimated at 250aF for a tip-sample spacing of
Ium. The parasitic shunt impedance from such a capacitance is about 7k€2 at /00GHz and
this would have a negligible effect in applications involving 50€2 systems often encoun-
tered in MMIC'’s. For timing measurements a test point resistance of k€2 results in a time
delay of 0.5ps using the time constant definition T = 2RC. For a micromachined probe
placed /um over a 3um wide interconnect the coupling capacitance is estimated at 230aF

[Bridges 92b].
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3.5.3 Sensitivity

The voltage sensitivity of a probing instrument is the minimum voltage that can be
detected. Noise in the system ultimately limits the performance of a technique. In the EFM
noise is translated into any signal detected by the deflection sensor that is not induced by
the electrostatic force between the probe and a test point.

One source of error is the noise in the deflection system itself where the main cause in
the optical techniques used in this research is the shot noise at the photodetectors. The
noise level in the interferometer sensor was found to be 10~* nm/./Hz for frequencies
above 400Hz. In the beam bounce detection technique the minimum deflection that can be
measured is about 10~5 nm/ JHz.

Other possible noise sources are the mechanical vibration of the positioning mecha-
nisms, acoustic noise, electrical noise coupled to the probe from external sources, and the
probe vibration due to thermal noise. Mechanical vibration can be minimised by using an
air-damped bench and the rigidity of the constructed structure of the EFM instrument
results in a resonant frequency much higher than the probe resonance. Noise from electri-

cal coupling can be reduced by proper design and shielding.

The dominant noise source is the thermal vibration of the cantilever probes which are
highly resonant and have very little mass. The thermal noise arises from the probe equilib-
rium with the environment temperature and its spectral content is similar to a white noise.
Using the spectral density of thermal noise and taking into account the probe’s frequency
response, the mean-square deflection of the probe can be written as [Said 95]

4kkpT B

(g = TTITs Snpe—] 16 (@) 2do. [3.17]

In [3.17] kp is the Boltzman constant, T, is the medium temperature and B is the measure-
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ment bandwidth. The root-mean-square deflection at a frequency, , is obtained as

2 _ FQkBTaB /@
(Z (@) = B T o [3.18]
ml’

(1))
2] _r_ 2
1+0 pes

For a typical wire probe (Q = 272, k = 22.5N/m, f, = 1.168kHz) used in this research
the RMS deflection induced by thermal noise is about 0.006 nm/ ./Hz . For a microma-
chined probe (Q = 32, k = 0.064N/m, f, = 12.275kHz) the induced deflection is in the
order of 0.01 nm/ JJHz . These numbers are higher than the noise level encountered in the
optical detection systems meaning that the thermal noise of the cantilever probe is the

dominating noise source in the instrument.

Using Z(®) = F(w)G(w) the RMS deflection of the probe due to the electrostatic
force at a specific frequency is obtained as

172 (Q/k) (0,/®)

foef-2)

where (F:(m» is the power spectral density of the electrostatic force F,. From [3.18] and
[3.19] a signal-to-noise ratio of I gives

2 [T
(Faap'”? = ,ﬁ'— [3.20]

To find the voltage sensitivity the term (Ff(a))) , using [3.1], can be written as

(ZH) = (Fw) (3.19]

1/2

19
(Fian'? = 35-Cx, 3, 24V, (@) [3.21]

where AV __ (®) is the RMS potential difference at the harmonic component .
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The minimum RMS potential that can be detected is thus given by

AV 2 kkgT B

ms = 3C(x,y,979z) Qw, 3-22]

To determine the voltage sensitivity the term dC(x, y, z)/9dz is needed. For a wire
probe (Q = 272, k = 22.5N/m, f, = 1.168kHz) positioned over a 3um wide interconnect, as
discussed in section 3.5.1, (dC(x, y, )/ 9z V2 is equal to 11.4pF/m (from the force curve in
Figure 3.15 where V,,-V,. = IV). The voltage sensitivity is estimated as 50 mV/ JHz .

For a micromachined probe (Q = 32, k = 0.064N/m, f, = 12.275kH?z) similar to the one
used in this research the capacitance derivative of the probe positioned over Ium over a
circuit surface is estimated at 50pF/m [Bridges 92b]. This results in a minimum detectable
voltage of about I mV/.J/Hz .

3.6 Voltage Measurement Schemes

The circuit signal to be probed by the EFM instrument could be a DC voltage, a low
frequency signal or a high frequency signal. In this section a DC measurement scheme for
absolute voltage measurement using a nulling technique is presented. A heterodyne tech-
nique for the measurements of high frequency sinusoidal signals is also discussed. Meas-
urement of periodic arbitrary waveforms using a pulse sampling technique is introduced in
chapter S.

3.6.1 DC Measurement

In DC measurement the circuit voltage can be represented as v (x,y). The electrostatic

force using [3.1] can be written as

2
F,= %-a%C(x, v, 2) (vp(t) —v )+ A¢) . (3.23]
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In [3.23] the term A¢ is introduced to account for DC offsets effect due to contact
potential differences and surface charging [Domansky 93]. The direct measurement of the
force in order to induce the circuit voltage would require the knowledge of the coupling
capacitance between the probe and the test circuit and therefore accurate probe positioning
mechanism. A technique relying on a null-force rather that absolute force measurement is
utilized [Weaver 91, Said 94a]. This nulling technique is implemented by driving the
probe with a signal described by

vp(t) = A+ Kcos (mpt) [3.24]

where A is a DC bias, K some adjustable parameter and @), usually chosen to be close to
the probe resonant frequency ®,- By expanding [3.23] the force can be rewritten as

F =19%¢c y,z)(A+Kcos (@,8) -v (% )+A¢)

2"~ 20z
=12ceona{[@a-ren+an2+ 5] . [3.25]

K?
+2[A—-v/x,y) + Ad] Kcos (mp:) + —2—cos (ZmPt) }

Examination of [3.25] suggest that the force has a DC component which results in a
static deflection of the probe as well as components at @, and 2w),. The force at , is
given by

F = iC (x,y,2) [A-v/x,y)+A¢] Kcos ( a)pt) [3.26]

zl,, 9z

The deflection of the probe is a function of both the probe mechanical properties and
the frequency of the driving force. As mentioned earlier the deflection amplitude is
enhanced by the cantilever’s Q factor when the probe is driven close to its resonant fre-
quency (®,). Thus the signal-to-noise performance of the instrument is improved by

choosing @, close to ®, and the probe deflection at @, is given by
82, .o~ = 2cxrnla-vmn+a0Keos (0. B27)
? r

A block diagram showing the implementation of this measurement system is given in
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Figure 3.17 where the probe is positioned in close proximity to the test point on a circuit.
The circuit displacement can be controlled in all three axes. The probe deflection at @, is
monitored by a sensor and a lock-in amplifier which is referenced to the probe signal fre-
quency. The output of the lock-in amplifier is fed back to the probe after an integrator
stage. The probe signal parameter A is thus adjusted until the deflection is nulled at which

pointA=v_.
Az 4 Lock-in amplifier
v
@, :
Deflection = Azl‘”r
Sensor

r[L W0 (5 %
L7/

Figure 3.17: Implementation of the nulling technique for the measurement of a local DC potential.

3.6.2 Measurement of High Frequency Sinusoidal Signals

In the electrostatic force approach the probe frequency response is critical for meas-
urements of high frequency signals. The probe deflection becomes very small for frequen-
cies much higher than the resonant frequency of the cantilever probe. The electrostatic
force has a square law dependence on the potential difference as indicated in [3.1]. Using
the non-linear force-voltage relationship a mixing technique can be employed to down-
convert a high frequency signal to a lower frequency at which the probe can deflect. A het-
erodyne technique is therefore employed for the probing such signals.
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Signal mixing has been used in the measurement of high frequency signals using the
scanning force microscope based on the electrostatic force interaction. There have been
two approaches to using the signal mixing concept. The first uses a frequency modulation
technique [Hou 92, Ho 93, Bloom 94, Bohm 94a, Bohm 94b, Nechay 95, Leyk 95, Bohm
96b]. Here a high frequency circuit signal was measured by using a probe signal with a
slightly different frequency. When both the circuit and probe signals are referenced to a
common ground, the non-linear force interaction results in sum and difference force
terms. The difference frequency, or intermediate frequency (IF), and its relevant harmon-
ics are chosen to be below the probe resonance. In this way the probe can respond to the
resulting force terms. Using this method both high frequency periodic digital and sinusoi-

dal signals were measured.

The second mixing approach uses an amplitude modulation technique [Bridges 93,
Said 94b, Bridges 95]. Here the high frequency probe signal is modulated by a lower fre-
quency (IF) signal. The square law force non-linearity results in a force term at the inter-
mediate frequency. If the intermediate frequency is at or below the resonant frequency of
the probe, high frequency periodic digital and sinusoidal signals can be measured.

In this research a heterodyne technique based on amplitude modulation at the probe
resonant frequency is used for probing high frequency signals. In this chapter the hetero-
dyne technique for measuring sinusoidal signals is formulated. Chapter S will deal with
arbitrary waveforms. Both the magnitude and the phase of the circuit signal are important
when dealing with sinusoidal signals. In the measurement scheme used in this research a
nulling technique is utilized to determine both the magnitude and the relative phase of the
test point signal thus enabling a vector voltage measurement. Assuming that the circuit
under test is driven at specified frequency @y, the signal at the test point can be described

by
v(x,y, 0 = V_sin (@t +0,) . [3.28]

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

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

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

vp(t) = (A+Kcos (@,1)) sin (0,2 + ¢p) [3.29]

where A, K and ¢, are user-controlled parameters. The method is illustrated by the sche-
matic shown in Figure 3.18 where the circuit voltage V_£¢_ is being probed. A high fre-
quency source drives the circuit at @y and a high frequency probe signal is also derived
from the same source. A phase shifter in the circuit path to the probe allows the variation
of ¢, with respect to ¢ The signal is then modulated at the resonant frequency (®,) of the
of the probe as shown in Figure 3.18.

IJ deflection sensor ——— Az (® r)

-Oe

v, (D)

’

<« A + Kcos ((Drt)

@

Figure 3.18: Schematic illustration of the heterodyne vector voltage measurement using a sinusoidal modu-
lation scheme.

Using [3.23] the resulting force on the probe is given by

F = %—a-C(x. . 2) . (3.30]

z dz
( [A + Kcos (@,1)] sin (052 +9,) = V_sin (@t +9,) + A¢)2
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The square law in [3.30] produces a static force component as well as components at
@, 20, 0, 20,, ®,t0_, 20,t0_, and 20, + 20, . The force component at the res-
onant frequency w, results in an enhanced deflection of the probe. Thus, only that compo-
nent is detected using a lock-in amplifier and it is given by

Az}, = % . % -K[A-V_cos (¢,-6.)] cos (@) . 3:31]

r

By adjusting the parameters A and ¢y, until the deflection at ®, is nulled both the cir-
cuit signal amplitude (V) and phase (¢.) can be extracted. The ill-conditioned factors
C(x.y,z), Q and k are not required by using the nulling method. The term A¢ is absent in
[3.31] and therefore the measurements do not suffer from DC offset effects. In [3.31] the
determination of V. and ¢, by using a nulling technique involves a dual optimization of
the parameters A and ¢,. The unknown amplitude V. is equal to A with the deflection
nulled when ¢, = ¢ This assumes prior knowledge of the phase and the accurate determi-
nation of phase requires the unknown voltage V.. An algorithm has been developed that
enables the determination of the phase initially and then the amplitude. The scheme is
illustrated in Figure 3.19 where the relative amplitude of deflection of the probe at ®, is
plotted against the probe-circuit phase difference @, - 00)-

W
-

A=v,

b

. vccos(% '¢c)]
A,

-
|

Deflection o fA -
[=]
»

-200 l
¢p e ¢c

Figure 3.19: Relative probe deflection as a function of probe-circuit phase difference for the cases when
A=V, ,A<V.andA>V_

47



Chapter 3 Electrostatic Force Microscopy

When the probe parameter A is greater than the circuit voltage V. the deflection is
never nulled. With A = V. the circuit is only nulled at ¢, = ¢, while with A < V. the
deflection is nuilled at two distinct places. The mean value of these two points, when they
are less than 180° apart, is equivalent to ¢, - ¢. = 0°. In practice A is easily chosen to be
less than V,. and the phase ¢, varied to find the two null points. Once the phase has been
determined the probe parameter A is adjusted until the deflection is nulled and the circuit
signal amplitude is extracted as V. = A.

3.6.2.2 Square wave modulation

In this scheme the heterodyne technique is similar to the case of sinusoidal modulation
except that the probe signal is modulated by a square wave of the form [A + KG(t)] where
the fundamental harmonic of G(t) is at the probe resonance ®,. The motivation behind
this technique is that the implementation of sinusoidal modulation can prove to be more
difficult using simple electronics especially at high frequencies. The probe signal can be

written as

vp(t) = [A+KG (1)] sin (w42 + <pp) [3.32]

where A, K and ¢, are adjustable parameters. The term G(7) can be represented by its fou-

rier series as

G =33 sl—cos((2n-Day. [3.33]

n=1

Using the force equation [3.23] the square law mixing results in a static force and
components at (2n—-1)w,_, @,, 2w,, and ®,+ (2n - 1) w,_. The deflection at the probe
resonance becomes

aZ| %f 2.k -2{a-V cos(6,-9,) ] cos (@) . [3.34]

k

N =

w,

This result is similar to the one obtained in [3.31] except for the factor 4/%x. A proce-
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dure similar to previous case is utilized for the determination of (V,9.). Thus any modula-
tion signal with a fundamental harmonic of ®, can be utilised. The choice is however
dictated by the simplicity in its implementation.

49



Chapter 4 Vector Voltage Measurement

Chapter 4

Vector Voltage Measurement

In this chapter the application of the heterodyne technique to the vector voltage meas-
urement of high frequency signals using the EFM instrument is demonstrated. The con-
structed probing instrument is described and difficulties encountered in measurement at
radio frequencies (GHz) are discussed. Different implementations of the square wave
modulation scheme (introduced in the previous chapter) are presented together with the

measurement results.

4.1 Introduction

Rapid advances in the microelectronics field have made it possible for devices to
become denser, faster and more complicated. The push towards high frequencies in the IC
technology have resulted in gigahertz operating frequencies. Microwave Monolithic Inte-
grated Circuits (MMIC’s) components operating in the GHz range are routinely used in
personal communication systems, cellular phones and other RF technologies. In the devel-
opment of such devices accurate signal measurements at internal points are often required
for design and performance verifications. The probing instrument presented in this

research has the capability of becoming an important diagnostic tool.

Vector voltage measurement refers to the case where both the phase and amplitude of a
circuit signal is extracted. The device under test is externally driven at a specified fre-
quency and only the relative phase and magnitude of the circuit signal change as it propa-
gates along the device. Thus measurement is made at a fixed frequency and possible
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applications exist in analog and linear circuit testing. The use of the EFM instrument for
probing signals in the GHz range introduces two important problems. Firstly, the accurate
determination of the probe signal at the tip of the cantilever probe is difficult due to the
discontinuity at the probing end. The signal applied to the probe and the signal at the
probe tip is not necessarily the same since a small cable length along with discontinuities
at the probe end can introduced a large phase change and result in signal mismatch. This
effect is further discussed in section 4.3.

The second difficulty is the generation of the modulated probe waveform at high fre-
quencies. The simpler square wave modulation scheme is usually chosen instead of the
sinusoidal modulation scheme. Although commercial instruments are available to gener-
ate the square wave modulated signals the cost of these microwave instruments can be
quite expensive. Vector voltage measurement of high frequency signals (up to /GHz) has
been demonstrated using the square wave modulation scheme [Mittal 94]. One of the
objectives of this thesis is to investigate different implementations of the square wave
modulation scheme using simple and inexpensive electronics. The motivation was to sim-
plify the measurement system, possibly with some automation, and also to extend the fre-
quency range of the measurements. Three different methods are presented together with
the results from measurements performed on a microstrip interconnect line as well as the
internal nodes of a commercial MMIC and a MHMIC (Microwave Hybrid Monolithic
Integrated Circuit).

4.2 The EFM Probing Instrument

A photograph of the EFM probing instrument that was constructed is shown in Figure
4.1(a). In this instrument an optical beam bounce detection technique is used to sense the
deflection of a micromachined cantilever probe. A rigid aluminum structure holds the cir-
cuit positioner and the laser beam positioning and alignment mechanism. The aluminum
structure eliminates the noise from low frequency vibrations. The photodiode detectors are

also attached to the same aluminum structure.
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(a)

(b)

Figure 4.1: (a) Photograph of the EFM probing instrument; (b) close-up view of a micromachined probe

posttioned over a test circuit.
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The circuit under test is usually mounted in a high speed test fixture which is placed on
a three-axis positioner for moving the probe to the desired internal test point and for
adjusting the tip-to-sample separation. Figure 4.1(b) shows a close-up view of a microma-
chined probe positioned over a test circuit. The cantilever probe is attached to one end of a
coplanar waveguide which is then connected to the probe-signal generating circuit
through an SMA connector and coaxial cables.

4.3 High Frequency Probe Effects

The determination of the probe signal is important in the implementation of the nulling
technique for absolute voltage measurement. As mentioned in the previous section the
probe signal reaches the micromachined cantilever tip after a transition from a coaxial
cable to a coplanar waveguide. The coplanar transmission line was fabricated from a cop-
per coated dielectric by rubbing the unwanted regions using a milling machine [T-Tech]
and was designed for a characteristic impedance of 50€) In the case of the molybdenum
wire probe, the cantilever was simply attached to the center conductor of a semi-rigid
coaxial cable. A feedthrough termination with a 50€2 transmission line of adjustable

length was used to match the discontinuous probe to the signal generating electronics.
A circuit model for the probe arrangement and its interaction with the test circuit is

shown in Figure 4.2. The coplanar waveguide as well as the semi-rigid coaxial cable are

modeled as a transmission line. A 50Q system, which is often the case in practice, is used.
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' — Probe

v,

C(x.5.2)

(b) Z,= 50Q 50Q Zoy = =j-2,- COt(T)

Figure 4.2: (a) Circuit model for probe-circuit arrangement, (b) resulting circuit assuming the coupling

capacitance C(x,y,z) as an open circuit.

The probe and its capacitive coupling with the test circuit are represented by a lumped
RLC model. The coupling capacitance, C(x,y,z), is usually very small, on the order of
300aF, as mentioned in chapter 3. The equivalent impedance at J0GHZz is still on the order
of 50k and an open-circuit at the probing end is a reasonable assumption. The probe is
thus modeled by an open-circuited 50Q line of length /. Using transmission line theory,
the equivalent shunt impedance of the open line is calculated as

Zoy = - Zo - cot 22 [4.1]

where A is the wavelength associated with the signal frequency. The length of the line is
thus critical to obtain a good match characterized by a low return loss. The equivalent load
Z;, in Figure 4.2(b), becomes 50Z¢/(50+Zgy). The voltage reflection coefficient of the
load impedance is given by

- Z, -2, - -1

~Z,+2Z, 1-2jcot(2ml/A)’ (4.2]

r
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The return loss S, is thus obtained as

S, = 20log|[] = —20log /1 +4coZ. [4.3]

The return loss was calculated as a function of the normalized length (/A) and is plotted in
Figure 4.3. From the result obtained, a good wide-band match could be achieved by termi-
nating with the 5002 impedance near the end of the probe so that / ~ 0. The problem with
this arrangement is the heat produced by the load due to the probe voltage. The heating is
sufficient to disturb the cantilever probe and results in a continuous mechanical drift of the
probe. The probe deflection cannot be properly nulled in this case. An alternative method
was employed where a feedthrough termination was used far from the probe. The
feedthrough termination was fabricated by soldering a S0€2 chip resistor across the signal
and ground lines of a coplanar transmission line. A coaxial cable was then used to carry
the signal to the probe. The return loss of this system was measured on a network analyser
and is shown in Figure 4.4.

-25 -

Retum loss, s,,, [dB]
8

75

8

T T T v T d X T T v T N
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Normalized length A

Figure 4.3: Simulated return loss, S;;, as a function of the normalized open-circuit length I/A.
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Figure 4.4: Return loss, §;;, measured on a network analyzer as a function of frequency for a fixed line
length.

A narrow-band match is attained at the operating frequency of interest. This is not
major concern since the modulating frequency (the probe resonance) is quite low - less
than 15kH? for the cantilevers used in this research. Thus, the signal applied to the probe is
narrow-band at GHz frequencies and a good match at the carrier frequency also provides a
match for the modulated signal. The main limitation of this matching technique is that
measurement can be made only at one frequency at a time. The use of an electronic wide-
band phase shifter would enable automatic matching of the probe. Measurements can then
be performed at different frequencies similar to a network analyzer.

In the experimental set-up a manual phase shifter was inserted between the
feedthrough termination and the probe so that the effective length of the open circuit line
can be adjusted for a low return loss at the desired frequency. A directional coupler was
used for this purpose as shown in Figure 4.5. The reflected power from the feedthrough
termination at the desired RF frequency (fy) was measured by a power meter using a direc-
tional coupler. The effective length between the feedthrough and the probe was adjusted
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using the phase shifter until the reflected power was minimized. The resulting matched

circuit is only valid at £,

Power meter

Vp sin (2%tf,1) t z Probe

\\ Phase
500
Directional
coupler

Feedthrough
termination

Figure 4.5: Probe matching at a frequency f, by adjusting the effective length of open circuit line and using
a directional coupler to measure the reflected power.

The use of the heterodyne technique for vector voltage measurement using different
implementations of the square-wave modulation technique is presented in the following

sections.

4.4 Double-Path Modulation

The principle behind this modulation scheme is illustrated in Figure 4.6. The high fre-
quency input signal (cos(ax)) is fed to a 2 way-0° power divider. One of the divided out-
puts from the splitter goes through a biphase modulator that introduces a 0° or 180° fixed
phase shift depending on the control signal. The high frequency signal is thus modulated
by changing the control signal at the probe resonance f, and can be written as
KG(t)cos (ot + 8) where 0 accounts for the phase shift along that path. This modulates
the RF carrier by a symmetrical square wave. The typical insertion loss for the modulator
is about 4dB.
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Figure 4.6: Schematic illustration of the double-path square wave modulation scheme.

The other half of the divided high frequency input is fed to a digital step attenuator
(DSA) where the amplitude of the high frequency signal can be varied. The attenuation
introduced by the DSA is controlled by six TTL inputs and can be varied between 0 - 31.5
dB in steps of 0.5dB. The minimum insertion loss with all attenuation elements bypassed
was 4.0dB. The phase change across each path is critical in this modulation scheme and
has to be identical at all times. The performance of the step attenuator was investigated
and the phase change across the element was found to be dependent on its control logic.
Different attenuation levels introduced different phase shifts across the component. Thus a
phase shifter was inserted to offset these phase changes. The high frequency signal that
reaches the power combiner can thus be represented by Acos (@t + 0) . At the 2 way-0°
power combiner the two signals are vectorially combined and since these signals are in

phase the sum becomes an algebraic addition.
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This modulation scheme was used for vector voltage measurement at /GHz and the
experimental set-up of the measurement system is shown in Figure 4.7. The output from
the local oscillator is passed through a low pass filter (LPF) with a cut-off frequency of
IGH?z to minimize higher harmonics. The RF signal is then split into two parts with the
first one driving the device under test (DUT) while the probe signal is derived from the
second divided signal. Attenuators are used in the test circuit path to vary the signal level.

The signal to the probe is modulated as described earlier and then amplified to increase
the power level. The magnitude of the signal sent to the probe is limited by the 1-dB com-
pression output of the amplifier which is /6dBm. This ultimately sets an upper limit on the
amplitude of the circuit signal that can be measured. A phase shifter is next introduced to
vary the phase of the probe signal as required in the vector voltage measurement. An
adjustable delay line was used as a phase shifter. It was a mechanical structure and the
phase was varied manually. The insertion loss from the delay line was less than 0.5dB. A
10dB coupler together with a power meter was used to monitor the amplitude of the signal
which is then sent through the 50Q feed-through termination to the probe positioned over
some test point. The deflection of the probe is sensed by the deflection sensor and the

amplitude of vibration at resonance (f,) is measured using a lock-in amplifier.
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Figure 4.7: Schematic representation of the measurement system used for vector voltage measurement at
IGHz using a double-path square wave modulation scheme.

4.4.1 Measurement Results

The use of the heterodyne technique in high frequency vector voltage measurement is
demonstrated and measurement results are presented in this section. A wire probe was

used in these measurements and its deflection was sensed by a fiber-optic interferometer.
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The test situation would occur in linear circuits where the circuit signal is at a fixed driv-
ing frequency but undergoes changes in phase and magnitude as it propagates through var-
ious devices and components. The first test structure used to examine the performance of
the measurement system was a microstrip feed-through line. The feedthrough line (thru-
line) was selected since the signal on the line can be easily be characterised by measuring
at its external ports. The microstrip transmission line was designed for 50Q2 impedance
and was fabricated on a copper coated dielectric by rubbing out the unwanted copper
using a milling machine [T-Tech]. The width of the line was calculated to be 2.25mm for a
0.794mm thick dielectric with &, = 2.5 using standard synthesis equations [Gupta 79].
SMA connectors were soldered at the ports of the transmission line. The performance of
the microstrip structure was characterized by measuring its S-parameters on a network
analyser. The forward reflection parameter S;; is shown in Figure 4.8. The return loss is
better than -/94B indicating a good match at the input port.
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Figure 4.8: Forward reflection parameter (S;;) of thru-line as measured on a network analyzer.
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The insertion loss was investigated by measuring the forward reflection parameter S,/,
shown in Figure 4.9. An insertion loss better than 0.24B is obtained in the frequency range
of 0.4-2.0 GHz.

821 FORMARD TRANSMISSION

LOG MaAG. SRAEF=0.000a8 $5.000a8/02YV ;
—T T YT \ 1 !
H . . 1
. S ) ; ' 2?
. L . Vi
: : . ¢ i 4
— e e e e e D
O A S U U UM S S,
Q. 4000 - 3 2.0000

Figure 4.9: Forward transmission parameter (53 ;) of thru-line as measured on a network analyzer.

Sinusoidal measurements were performed on the microstrip line by applying a signal,
v (t) = V. sin(2nfyz), to the input port. The amplitude of the circuit signal was varied by
inserting attenuators in the signal path. The output signal was monitored on a high-speed
sampling oscilloscope. In the heterodyne/nulling technique the circuit signal amplitude
and phase are extracted by varying the probe parameters A and ¢, as discussed in chapter
3. The vibration amplitude of the probe at the resonant frequency is given by

IAZIf' = lba_zC(x’ ¥y, 2)- % - % [A-V_cos (¢,-9,.) ] KI . [4.4]

To determine the circuit signal amplitude, the phase of the probe signal is first adjusted
until ¢,= ¢ using the algorithm described in chapter 3. The parameter A was reduced by
increasing the attenuation from the DSA in Figure 4.6 until A <<V_. The probe phase ¢,
was manually changed using the mechanical phase shifter to obtain the two null points.
Once the phase was set the amplitude, V, could be found by varying the parameter A until
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the deflection is nulled. Figure 4.10 shows the probe deflection magnitude as a function of
the probe parameter, A, for circuit signals amplitudes of 0.206V and 0.320V. The parame-
ter A was extracted by measuring the power level of the probe signal using a /0dB coupler
and converting it into a voitage level.
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Figure 4.10: Normalised deflection signal as the probe signal parameter A is varied for test circuit signal
amplitudes of 0.206V and 0.320V.

For the circuit signal amplitudes used the corresponding values of the probe parameter
A were 0.223V and 0.35V. From these results, it is clear that A # V_. This is due to losses
in the signal path from where the coupler is placed to the probing tip and are difficult to
characterize. Thus a calibration factor is required to translate the probe parameter, A, into
an accurate value for the circuit signal amplitude. The probe parameter was determined for
a number of different circuit signal amplitudes. These values of A are plotted as a function
of the corresponding circuit signal amplitude V_ in Figure 4.11. A straight line fit indicates
that a constant scaling factor is involved and it is easily determined from the graph.
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Figure 4.11: Probe parameter A as a function of circuit signal amplitudes V. A straight line is fitted onto the
measured data points.

The maximum signal that can be measured is limited by the /dB compression output
of the amplifier as mentioned earlier. The probe parameters A and K are limited by the
amplifier output and one can only be increased at the expense of decreasing the other. A
trade-off is chosen between the measurement range, defined by the A values, and the sig-
nal-to-noise ratio which depends on K (probe deflection o< K). In the measurement system,
the voltage sensitivity is determined primarily by the step size of the DSA used to vary the
probe parameter A. The attenuation could be changed in steps of 0.5dB resulting in a volt-
age sensitivity of 0.25dB. The sensitivity in the phase measurements were estimated to be
within $£2°.

The measurement capability of the instrument was further investigated by varying the
phase of the probe signal after the probe parameter A that minimises the deflection corre-
sponding to a circuit voltage of 0.206V has been determined. This result is shown in Fig-
ure 4.10. The resulting normalized deflection amplitude is plotted as a function of ¢, in
Figure 4.12. The measured results matches well with the theoretical [/ - cos (¢p -9.)]

response.
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Figure 4.12: Normalized deflection signal as the phase of the probe signal is varied. The phase of the test
circuit signal (V. = 0.206V) was initially determined as ¢ = 238° and the probe signal adjusted to null the
deflection with ¢y, set as 238°. Both the measured and theoretical responses are plotted.

While the measurements on the thru-line presented so far can be easily made using
conventional methods they help to demonstrate the heterodyne technique and enabled the
determination of the scaling factor involved in the EFM probing. It is important to note
that the scaling factor remains unchanged regardless of the DUT. Thus, once determined
with the thru-line, the same scaling factor can be used for all DUTs.

The next set of measurements were performed on the internal nodes of a commercial
MMIC low noise amplifier (LNA) from Texas Instruments and they provide a more appro-
priate application of the EFM instrument. The amplifier is a GaAs monolithic low-noise-
amplifier and has three FET stages with resistive feedback [TI-LNA]. The amplifier was
packaged in a microstrip structure at Communications Research Centre, Ottawa [CRC1]
and a photograph of the packaged circuit is shown in Figure 4.13.
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Figure 4.13: Photograph of the Texas [nstrument Low Noise Amplifier used as a test circuit in EFM vector

voltage measurements. The integrated circuit is packaged by bonding to the microstrip lines.

The nominal gain of the amplifier over a 0./-3.5GHz range is /8dB and a single +/2V
power supply is required for its operation. The /dB compression output of the amplifier is
15dBm. The performance of the amplifier was verified by measuring the forward transmis-
sion and reflection parameters on a network analyser. The S,, parameter is given in Figure
4.14 and the gain of the amplifier at /GHz is /7.4dB. When measuring active devices such
as amplifiers on a network analyzer care must be taken to avoid damage from the ampli-
fied output. A wideband 20dB attenuation was used. The insertion loss of the attenuator
was initially characterised and its effect was factored out from the measured results. The

S;; parameter of the LNA is shown in Figure 4.15 and a return loss better than /5dB is

obtained at /GHz.
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Figure 4.14: Forward transmission parameter (S27) of Ti-LNA as measured on a network analyzer.
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Figure 4.15: Forward reflection parameter (S;;) of thru-line as measured on a network analyzer.

A microphotograph of the amplifier layout and the circuit schematic are shown in Fig-

ure 4.16. Measurements were performed at the input and output pads and two internal
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Figure 4.16: Texas Instrument Low Noise Amplifier (TI LNA); microphotograph of the circuit (top) and the

circuit schematic representation of the MMIC (bottom).
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nodes as identified in Figure 4.16. Node 1 is the output of the first FET while Node 2 is the
input to the third FET. The input and output of the amplifier circuit was bonded to the pads
lying on the microstrip lines where the measurements were made. The dimensions of the
chip are about 1.5mm x I.5mm. While the signals at the input and output ports can be char-
acterised by using a standard oscilloscope or network analyzer, the internal signals cannot

be easily determined by conventional techniques.

For comparison purposes a high impedance active contact probe (Picoprobe from
[GGB]) was used to measure the signals of the points of interest. The measurement system

is shown in Figure 4.17.

Picoprobe

Amplifier [«

1 XY,z

oscilloscope  Ppositioner

Test circuit

Figure 4.17: Measurement system for contact probing with an active probe (Picoprobe). Direct contact is

made by a fine tungsten tip to a test point on the circuit.

An amplifier stage was used to increase the signal level obtained from the contact
probe since the probe output is attenuated 20:1. The probe driver supplies the bias voltage
for the MOS transistor located at the probing end. The probe tip is directly connected to
the unprotected gate of the transistor resulting in a low capacitive load from the probe
(0.04pF according to specifications). The probe has a bandwidth of /GHz. The operation
of the probe-amplifier system was verified by measuring known signals on a thru-line at
1GH?z. The probe results are plotted as a function of the circuit signal amplitude in Figure
4.17. The measured points were fitted onto a straight line which can be used as a calibra-

tion curve. The maximum deviation of the measured points from the calibration curve was
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less than /10mV.

Linear fit
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Figure 4.18: Calibration curve for active contact probe measurement system at 1GHz. Results are plotted
from two measurement attempts and a straight line is fitted through the measured data points.

The results from the measurement of the LNA are presented next. The EFM probe was
positioned approximately /pim over the test point. A small input signal was applied to the
amplifier with the output connected to a 50Q input of an oscilloscope. In such a measure-
ment set-up the output can be continuously monitored while the internal signals are being
probed. A negligible disturbance of the output signal was observed during EFM probing
showing the non-invasive nature of the measurement. In contrast, the output level changed
by about /0mV when the output pad was probed by the active contact probe due to the
higher loading from the active probe (0.04pF compared to less than IfF for the EFM).
Table 1 shows the resuits obtained by probing the four test points using the EFM and the
active contact probe for similar input signal levels. The extracted phases of the signal were
referenced to the output signal phase. The results from these measurements match quite
well except for the phase of the input signal. The small voltage level made an accurate
measurement of the phase by the active contact probe difficult. The voltage sensitivity is
calculated using the 0.5dB step size of the DSA. The probe parameter can be adjusted to
within 0.25dB of the circuit signal amplitude. Thus, the voltage sensitivity varies as the
the amplitude of the test signal. This effect was observed experimentally.
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The results in Table 1 together with the circuit topology shown in Figure 4.16 indicate
that most of the signal amplification is done by the first FET. The other two transistors act
as buffer stages. Circuit simulation was not possible since the FET parameters are not
available.

Table 1: Vector waveform measurement of TI-LNA at IGHz

Input Node 1 Node 2 Output
451+13mV | 359£10.5mV | 292:85mV | 384%11.2mv
EFM £0°+2° £165° £ 2° £162° £2° £-38°+2°
Contact | 47.6mV 348 mV 298 mV 410 mV
probe 22 £162° £155° £-38°

For a properly matched amplifier, S,; is determined as the ratio of the output voltage to
the input voltage. The S5; parameter is calculated from the probing resuits and compared
in Table 2 with the specification data as well as the value obtained from the network ana-
lyzer measurement. The sensitivity in a §,; measurement by the EFM probe is 0.5dB since
the voltage sensitivity of the technique is 0.25dB. The sensitivity in the contact probe
measurement is estimated from the deviation of the measured data from the linear calibra-
tion curve in Figure 4.18. The lower gain from the network analyzer results are most likely
due to mismatch and loss in the text fixture (Figure 4.13) used to mount the device. This
does not effect the EFM results and is an advantage of the method.

Table 2: Forward transmission parameter, S,, of the TI-LNA

Contact probe EFM Data sheet Network analyzer
185 dB 18.6+0.5 dB 18.5dB 17.6 dB
£-38°+4° £-37°

The reference plane for the S,; parameter from the data sheet is specified as the center
of the device bond pads. In the EFM probing, measurements were made on the bond pad
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lying on the microstrip line of the package as indicated in Figure 4.16. The effect of the
bond wires on the measurement results was investigated. The length, /, of the bond wire
was estimated at 0.5mm and a diameter, d, of 22m was assumed (a typical value). The
main parasitic from a bond wire is its inductance which was estimated by

L= o.zz[m(%—’)- 1]. [4.5)

In [4.5] the inductance, L, is given in nH if | and d are in mm. The inductance of a single
bond wire was estimated at 0.35nH. From computer simulation using PUFF (a software
for microwave circuit design) for two wires in parallel, the insertion loss across the bond
wires was found to be negligible below 5GHz. The phase change introduced was less than
2° at IGHz and below 3° at 2GHz.

The results presented in this section demonstrate that the heterodyne measurement
system performs well. However, the practical implementation of the double path modula-
tion technique used here is quite complex. A number of discrete components are used and
careful calibration of each component is necessary. The digital step attenuator introduced
a variable phase shift which necessitated the use of a phase shifter. Due to the lack of an
electronic phase shifter, the heterodyne method could not be automated. The overall meas-
urement system was quite complicated and tedious to operate. An alternative modulation
technique was thus investigated with the intent to simplify the measurement technique.
This method was based on an I/Q modulator and it is discussed next.

4.5 I/Q Modulation

The basis behind this modulation technique is the in-phase/quadrature (I/Q) modula-
tor/demodulator schemes often used in digital communication systems. In the implemen-
tation of this modulation scheme a commercially available I/Q modulator (MIQC-895M)
from Mini-Circuits was used [Mini-Circuits]. The MIQC-895M has a narrow carrier band-
width between 868-895 MHz. The modulator came as a plug-in chip and a printed circuit
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board was prepared to mount the component using the milling machine [T-Tech].

The frequency range of the modulating signals is from DC to 2MHz. The I/Q modula-
tor consists of a 90° splitter, two mixers, and a 0° splitter/combiner as shown in Figure
4.19. The modulating signals are the I and Q signals which are upconverted by the mixers.

Local —»
oscillator

\ 4

Figure 4.19: Schematic representation of the I/Q Modulator. The RF signal can be represented as a vector
sum of the two orthogonal I and Q components.

The local oscillator signals to the mixers are 90° apart and therefore the outputs of the
mixers are orthogonal. The RF signal can thus be represented in X-Y coordinates as mag-
nitude of X-Y vectors. In digital audio, X is replaced by I (In-phase) and Y by Q (Quadra-
ture), hence the name I/Q modulator.

The principle attraction of this component is its capability of modulating the amplitude
as well as varying the phase of the probe signal as required in the heterodyne vector volt-
age measurement technique. A much simpler measurement system can thus be imple-
mented. In the square wave modulation scheme, the signal sent to the probe is of the form

(A +KG(1)) cos (wyr +6) [4.6]

where A, K and ¢ are user-controlled parameters. This modulation scheme is implemented
using the I/Q modulator as illustrated in Figure 4.20. Synchronised square wave modulat-
ing signals are used at the I and Q ports. The frequency of the square wave signals is cho-
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sen at the probe resonant frequency f,. By varying the amplitude and DC offset of these
signals the amplitude of the high frequency carrier can be modulated at f, and its relative
phase ¢ can also be changed. For a relative phase ¢ greater than 90° a phase difference
between the modulating signal is introduced. If, for example, ¢ lies between 90° and 180°
then the signal at the I-port lags the signal at the Q-port by 90°.

Q
A A
q1

>t

Q2

iz

Figure 4 20: Nlustration of square wave modulation using the I/Q modulator for the case when 0° < ¢ < 90°.

In Figure 4.20 the amplitude of the high frequency signal changes between r; and r;
resulting in A = (r; - rp)/2 and K = (r; + r3)/2 in equation 4.6. For the case illustrated in
Figure 4.20, both r; and r, are defined to be positive and r; is assumed to be greater than
ry. The parameters A and K are adjusted by changing the amplitude and offset of the mod-
ulating signals at the I and Q ports. If both vectors of the high frequency signal resulting
from the modulation are of the same phase then r, is considered to be negative so that the

same definitions for A and K, mentioned earlier, are valid (assuming ir;| > Ir;l).

The performance of the mixers in the I/Q modulator is important for the measurement
system and the component’s behaviour was experimentally characterized to investigate
deviations from linearity. In the first experiment the I/Q modulator was driven by a local
oscillator at 88/MHz with an input power of 9dBm. A low-pass filter with a cut-off fre-
quency of /GHz was used to filter out the higher harmonics. A variable DC voltage was
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applied to the I-port and the Q-port was grounded. As the DC voltage level at port I was
varied the magnitude of the RF output was measured on an oscilloscope and the result is
plotted in Figure 4.21.

— Unear fit
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Figure 4.21: Characterization of the performance of the I/Q modulator. LO frequency was 881MHz. The
peak-to-peak magnitude of the RF output was measured as the DC voltage at port I was varied with port Q
grounded. A straight line is fitted through the measured data points.

A straight line is fitted on the measured data points in Figure 4.21. The performance of
the I/Q modulator deviates from linearity for high voltage levels at the I-port. During the
measurements the phase of the RF output was monitored on an oscilloscope and it
changed by less than +3¢. Ideally no phase change is expected since the modulating sig-
nal at the Q-port is kept constant at OV.

The next measurement was performed by varying the DC signals at both the I and Q
ports of the modulator. The linear portion of the curve in Figure 4.21 was selected and thus
the maximum level of the modulating signal used was 0.2V. In this case the amplitude and
the relative phase change of the RF output were measured and the results are tabulated in
Table 3. A theoretical response assuming linear behaviour of the I/Q modulator is also

computed and presented in Table 3.
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Table 3: Response of the modulator as a function of I and Q modulating signals

Vector Voltage Measurement

I(v) QW) Rl:(:;mv) Rl(:a(::otg::tuc(:)‘,)
02 0.2 163.0 £0° 163.0 £0°
0.2 0.15 144.0 2-8° 144.1 £-8.1°
0.2 0.1 127.0 £~20.5° 128.9 £-18.4°
0.2 0.05 117.0 £-33.3° 118.8 £-31.0°
0.2 0.0 113.3 £-47° 115.3 £-45.0°
0.2 -0.05 117.0 Z2—61° 118.8 £-59°
0.2 0.1 128.0 £-74° 128.9 £-71.6°
0.2 -0.15 146.0 £-82.5° 144.1 £81.9°
0.2 -0.2 165.0 £-90° 163.0 £-90°
0.2 0.2 161.0 £89° 163.0 £90°
-0.2 0.15 141.0 298° 144.1 £98.1°
-0.2 0.1 122.0 £107° 128.9 £108.4°
02 0.05 111.0 £122° 118.8 £121.0°
0.2 0.0 108.0 £135° 115.3 £135°
-0.2 -0.05 113.0 £149° 118.8 £-211.0°
0.2 -0.1 123.0 £-198° 128.9 £-198.4°
0.2 0.15 141.0 £-187° 144.1 £-188.1°
0.2 -0.2 163.0 £-180.0°

160.0 Z-180°
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Table 3: Response of the modulator as a function of I and Q modulating signals

L) Qw | RIS | N iheoretioad
_—— |

0.1 02 132.0 £16.4° 1289 £18.4°
0.1 0.1 857 £—3° 81.5 £0.0°
0.1 0.0 61.7 £—47° 57.6 £-45.0°
0.1 0.1 83.5 £-88.6° 81.5 £-90.0°
0.1 -02 130.0 £-107° 128.9 £-108.4°
0.1 0.2 126.0 £71° 1289 £71.6°
0.1 0.1 76.0 £91.5° 81.5 £90.0°
-0.1 0.0 57.0 £138° 57.6 £135.0°
0.1 -0.1 83.0 £-180° 81.5 £-180.0°
0.1 -02 131.0 £-161° 1289 £-161.6°

A close agreement is observed between the experimental and theoretical results. A lin-
ear behaviour of the I/Q modulator assuming similar signal levels is a reasonable assump-
tion. In implementing the heterodyne technique using the I/Q modulator two DS-345
signal generators [SRS] were used two provide the modulating signals at the [ and Q ports.
These generators were operated in locked-mode so that the relative phase between them
are known and constant. The operation of the DS-345 can be computer controlled and all
the parameters in the heterodyne nuiling technique were varied using a computer program
in a feedback loop. This enabled automation of the measurement system.

Referring to the case illustrated in Figure 4.20 the I and Q modulating signals can be

described in terms of the phase and magnitude of the desired high frequency signals, r;
and r,. The peak-to-peak amplitudes of the modulating signals at the I and Q ports are
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given by
IPP = (r; +r,)coséd , Qpp = (r; +r,)sin¢ [4.7]
assuming r; > r. The DC offsets of the modulating signals are given by

ty= (5 ont . 0, (252,

The I and Q signals can be easily derived for other cases with ¢ ranging from 0° to 360°. It
is these values that are sent to the signal generators by the computer program developed
for these measurement. Since the signal levels at the I/Q ports are kept small to maintain
linearity 20dB attenuators were used in the path from the DS-345 to the I/Q ports. The
sensitivity of the system is thus increased by extending the range of the modulating signals
at the output of the signal generators. A larger change in the output from the DS-345 is
more accurately set than a smaller one. From Figure 4.21, the maximum signal level at the
I-port was found to 0.2V for linearity. Without the 20dB attenuator this would result in a
maximum value of 0.2 for r; while the maximum becomes 2.0 with the 20dB attenuator. It
should be noted the parameters r; and r, are not identical to the high frequency output.
They are used as variables to implement the nuiling/heterodyne technique. In reality the
high frequency outputs are linearly scaled by these numbers.

A block diagram of the measurement system is shown in Figure 4.22. The high fre-
quency signal is once again split to simultaneously drive the probe signal modulating elec-
tronics and the circuit under test. An amplifier stage is used to increase the power level of
the modulated probe signal while the attenuators in the circuit signal path allows for the
variation of the circuit signal level. The lock-in amplifier is used to sense the deflection of
the probe at its resonant frequency. This deflection amplitude is then read by the computer
through a digital-to-analog converter. The measurement system was calibrated by measur-
ing the power of the RF signal after the amplifier in the probe-signal path for known set-
tings on the I/Q modulator. Thus the probe parameters, A and K, resulting from specified
values for r; and r, could be extracted.
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Figure 4.22: Block diagram of the measurement system using the I/Q modulator for vector voltage measure-
ment at 88 IMHz.

fy = 881MHz

4.5.1 Measurement Results

For the measurement results presented here, a micromachined cantilever probe was
employed in the EFM instrument and the probe deflection was monitored by a beam
bounce detection technique. Vector voltage measurement is first demonstrated on the thru-
line described in section 4.4.1. A sinusoidal signal with an amplitude of 0.253V was
applied to the thru-line. The phase of the signal was first determined by finding the two
null points with A << Vc. The high frequency vectors r; and r, were 180° out of phase
and r; slightly greater that r,. The measured normalised amplitude of deflection at the
probe resonance, as the two null points are located, is shown in Figure 4.23. The theoreti-
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cal response which is proportional to |A -V_cos (¢p -9 c)| is also fitted on the measured
data. The phase of the circuit signal is obtained as ¢, = 327°.
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Figure 4.23: Determination of the circuit signal phase by locating the two null points. Both the measured
data and the theoretical fit are displayed.

Once the phase has been set and the deflection amplitude with ¢, = ¢, = 327° has been
nulled (A=V,), the deflection of the probe at its resonance was measured as a function of
the probe phase ¢,. The measured normalized result is compared with the theoretical

response [1 - cos (¢P —327°)] in Figure 4.24.
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Figure 4.24: Experimental and theoretical response of the probe deflection as a function of the phase of the
probe signal ¢, with ¢ = 327° and the probe parameter A = V.

The phase measurement capability of the instrument was next investigated. A mechan-
ical delay line was placed before the thru-line to introduce an adjustable phase shift in the
circuit signal, V. sin(tgt + ¢.). The phase change of the circuit signal was monitored on
an oscilloscope. The experimental data from the EFM are compared with the oscilloscope
results in Table 4 and an agreement within 3° is observed. The circuit signal amplitude

was 0.26V in these measurements.

Table 4: Phase measurement using I/Q modulation at 881MHz

Ad. (Oscilloscope) Ad. (EFM)
0° 0°
43° 3.75°
21.0° 19.5°
41.6° 39.25°
105.0° 104.5°
211.0° 208.0°
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In the heterodyne technique for vector voltage measurement, the amplitude of the cir-
cuit signal is determined once the phase has been accurately set. A nulling technique is
employed by adjusting the probe parameter A. In the algorithm used the parameter A is
increased by decreasing the magnitude of the high frequency vector r, with r; kept con-
stant. Assuming r;>i>, the probe parameters A and K are given by (r;-r /2 and (r;+r;)/2.
Here the amplitudes of the RF output is equal to the parameters r; and r; for modeling
purposes. With ¢, = ¢, the deflection of the probe at the resonant frequency, Jf can be
written as

lad < K(4-V,) = (2 a 2)( % 2= v.). [49]

The theoretical response of the probe deflection as the parameter A is varied is shown

in Figure 4.25 for different values of V.
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Figure 4.25: Theoretical response of the probe deflection at f,. as the probe parameter A is varied for the
cases when V. = 0.05,0.1,0.2,0.3and 0.4 V.

The circuit signal amplitude on the thru-line was varied and the deflection nulled after
the phase has been set. The nulling curves obtained from measurement are shown in figure
4.26 where the relative probe deflection is plotted as a function of the probe parameter A
for V. = 0.08, 0.12, 0.15, 0.20 and 0.25 V. The measured response is similar to the theoret-

ical one.
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Figure 4.26: Experimental nulling curves where the probe deflection is plotted as a function of the probe
parameter A for V. = 0.08, 0.12, 0.15, 0.20 and 0.25 V.

The probe parameter, A, extracted from these measurement do not match with the cir-
cuit signal amplitude. Probe mismatch and loss in the probe matching circuitry could be
responsible for this discrepancy. A calibration curve is therefore required and the one
obtained from these results proved to be non-linear. This is a result of the small non-line-
arity present in the performance of the I/Q modulator which is amplified in the measure-

ment system.

The measurement was repeated and the probe parameter A, where the deflection is
nulled, was measured using a /0dB coupler placed before the 50QQ feedthrough termina-
tion in Figure 4.22. The probe deflection nulling for amplitude and phase measurement
was still controlled by the computer in a feedback loop. The resulting calibration curve
where the probe parameter, A, is plotted as a function of the circuit signal amplitude is
given in Figure 4.27. Three different measurements were performed with the parameter r;
= 1.6, 1.7 and 1.8. The experimental results are easily fitted on a linear calibration curve.
The measured data deviated by less than /0mV from the linear calibration curve. The typi-
cal time taken for the measurement of a single data point was about two minutes. The

measurement system can be completely automated if the non-linearity of the I/Q modula-
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tor is completely characterized and taken into account during the EFM probing.
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Figure 4.27: Calibration curve for amplitude measurement. The probe parameter A is plotted as a function
of the circuit signal amplitude for r; = 1.6, 1.7 and 1.8. A straight line is fitted on the experimental data.

In all these measurements, the output signal from the thru-line was continuously mon-
itored on an oscilloscope. A small level of signal disturbance was observed and it was
more noticeable at smaller circuit signal levels. This effect is due to the coupling of the
probe signal onto the circuit under test. The coupled signal was measured on an 50€2 oscil-
loscope from one port of the thru-line with the other end terminated by a 50Q load as
shown in Figure 4.28. The amplitude of the coupled signal was in the order of /5mV. The
significant disturbance is due to a larger coupling capacitance resulting from the probe
structure used.

The probe-circuit coupling can be modeled using a simple static equivalent circuit.
The pyramidal tip of the micromachined probe is about 4wm long and the tip is usually
positioned about /-2 um over the test point. The micromachined probe is about 200um
long and is attached to a rather bulky holder. The coupling capacitance from the entire
structure is significantly higher than what would be expected from the probing tip alone.
Using a simple parallel plate model with an effective area of 0.Imm? and a separation of
10pm to model the probe holder, the coupling capacitance C,, is estimated at 0.088pF. The
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typical amplitude of the probe signal (v,) was about 1.5V. At the §8/MHz, the impedance
(Z.) due to the coupling capacitance, Cp, is about 2k€2 The coupled signal (vcp) at
881MH?z is thus estimated at /8mV. This is close to the one measured experimentally and

the probe-circuit coupling can be assumed to be mainly capacitive.

Yp
=.J= Cp vp Ze Yep
R > —W
4 h——‘lDUT v (85%.8? soa% %san
50Q load

Figure 4.28: Capacitive coupling effect between a micromachined probe and a device under test. A static

equivalent circuit model for the coupling effect is also given.

The probe-circuit (thru-line) interaction was also measured on a network analyzer with
a set-up similar to the one shown in Figure 4.18. The forward transmission parameter (S5;)
was measured to be -38dB at 0.9GHz. For a probe signal level of 1.5V this results in a cou-
pled level of about 20mV which also matches with the observed and previously modeled
results. The direct coupling from the probe to the circuit can be minimised by using prob-
ing tips with a longer aspect ratio. The separation between the probe fixture and the sam-
ple can thus be increased resulting in a smaller coupling capacitance. An improved design
of the probe fixture with proper ground shielding is also desirable.

The next set of measurements were performed on the TI-ILNA MMIC introduced in
the previous section. The gain and the return loss of the amplifier at 88/MHz were found
to be 17.7dB and -15.6dB respectively from Figures 4.14 and 4.15. The input and output
pads were probed with the EFM instrument and the input and output signals were also

measured on an oscilloscope. The results are presented in Table S.
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Table §: Measurement on TI-LNA using I/Q Modulation.

Input Output S2
EFM 41.5mV 397mV 19.6dB £-10.5°
£47.3° £36.8°
Data sheet 18.6dB £-33°

The forward transmission parameter (S,;) obtained from the data sheet at 900MHz is
18.6dB £-33° . The discrepancy in the measurement is due to the difficulty in measuring
accurately the small signal at the input of the amplifier. The errors are introduced from the
coupling effect of the probe. The level of the coupled signal, measured at the output pad of
the amplifier, was about 13mV. The coupling effect is smaller here than that observed on
the thru-line. This is due to the smaller dimension of the probing pad as compared to the
wide interconnect line in the microstrip structure. The input signal level was increased and
the EFM measurement was repeated. For V,,,,, = 83mV, the forward transmission param-
eter of the amplifier was obtained as S,, = 19.3dB £~15.0° and with V;,,,, = 104mV,
S,; = 19.2dB £-1 9.5° . The difference between the EFM S, result and the specification
data becomes smaller with increasing circuit signal levels. The maximum input level is
however limited by the capability of the instrument to measure the amplified output sig-
nal.

The gain of the amplifier obtained from the oscilloscope measurements (17.6dB) com-
pare well with the network analyzer result (17.7dB). In both methods the signals are meas-
ured at the external ports of the test fixture. These results are however different from the
specification data due to losses and mismatch introduced by the test fixture itself. The
EFM has the capability to eliminate this effect.
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4.6 Mixer Modulation

A square wave modulation technique using a commercially available mixer (M1H
[RELCOM]) is described in this section. In frequency mixing the received signal is
applied to the R-port and a reference signal from a Local Oscillator (LO) is fed to the L-
port. The intermediate frequency is derived at the I-port. A functional schematic of the
MI1H mixer is illustrated in Figure 4.29. The M1H is a double-balanced mixer where the L
and R ports are transformer coupled while the intermediate frequency output is DC cou-
pled. The frequency range of the high frequency signals at the L and R ports is between
1.8 to 6.2 GHz while the range at the intermediate signal at the I-port is from DC to 2GHz.

E

! $

L |

Do

Figure 4.29: Functional schematic of M1H mixer [RELCOM].

The component is used in an amplitude modulation mode to implement the square
wave modulation for vector voltage measurement. For amplitude modulation the high fre-
quency signal is introduced at the L-port while the low frequency (usually at the probe res-
onance) square wave modulating signal is fed to the I-port as illustrated in Figure 4.30.
The current at the I-port controls the amplitude of the high frequency carrier at the output

(R-port).
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Mixer M1H
RELCOM
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_L_ M f; source

Figure 4.30: Modulator circuit for MIH mixer. A low frequency square wave signal is used to modulate the
high frequency signal. The input impedance of the sources used is S0L2

The circuit shown in Figure 4.30 was used to test the performance of the mixer. A var-
iable DC supply using the DS-345 signal generator was applied at the I-port. The L-port of
the mixer was driven by a high frequency signal at 2GHz obtained from an HP 8350 gen-
erator. A low-pass filter (f, = 2GHz) was used at the R-port to reduce higher order har-
monics. The output signal was then measured using a high frequency sampling
oscilloscope where the sampling head is terminated into a 50€2 load. A -3dBm signal from
the LO was used and the DC signal at the I-port was varied from -0.22V to 0.22V. The
peak-to-peak amplitude of the output signal was measured and the results are plotted in

Figure 4.31.

The response of the mixer is not linear. This, however, does not prohibit the use of this
mixer in the square wave modulation scheme for vector voltage measurement. Sinusoidal
modulation would be impossible to implement with such a mixer. A negligible phase
change of the high frequency carrier was observed as the modulating signal level (same
sign) was varied. The phase of the high frequency carrier changed by 180° when the sign
of the DC modulating signal was switched.
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Figure 4.31: Mixer performance. The peak-to-peak amplitude of the high frequency carrier is plotted as a
function of a DC modulating signal level.

The experimental-set used for heterodyne vector voltage measurement is shown in
Figure 4.32. A single high frequency oscillator is used to drive the test circuit and the cir-
cuitry that generates the modulated probe signal. A DS-345 function generator supplies
the modulating signal [A; + G(t}] at the resonant frequency of the probe to the I-port of
the mixer. Due to the non-linear behaviour of the mixer, the output signal from the R-port

can be written as

(A +G(2)) sin (wy2 + ¢p) . [4.10]

The high frequency carrier is still modulated by a square wave signal but with a different
amplitude and offset. This is not 2 major concern since a nulling technique is used for
amplitude determination. For phase measurement the requirement is a constant level of
modulation with A << V_ and this is easily met by keeping the levels of the modulating

and carrier signals constant.
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Figure 4.32: Experimental set-up for heterodyne vector voltage measurement using a mixer square wave

moduladon scheme.

An amplifier is used to increase the power level of the modulated probe signal which
reaches a matched probe. A 10dB coupler is used to extract the power levels of the probe
signal and thus the probe parameter A. The deflection of the probe at resonance is moni-
tored using a lock-in amplifier. The resulting data is used to operate the instrument in a
feedback loop when the probe deflection is nulled for amplitude measurement of v (2). The
phase of the circuit signal is measured by manually adjusting the phase shifter and using
the two null-points algorithm mentioned earlier.
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4.6.1 Measurement Results

Measurement is first demonstrated on a thru-line. An operating frequency of 2GHz
was selected. While the mixer carrier bandwidth (1.8-6.2 GHz) allows for operation at
higher frequencies, measurement bandwidth is limited by the other components in the sys-
tem. A wire probe in conjunction of a fiber-interferometer deflection sensor was used in
these measurements. A circuit signal with an amplitude of 17I/mV was applied to the line.
After the phase was set, the nulling curve shown in Figure 4.33 was obtained as the probe

parameter, A, was varied.
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Figure 4.33: Relative deflection, Az, of the probe as a function of the probe parameter, A, with V. = I7ImV
and ¢p, = ¢

From Figure 4.33, the probe parameter, where the deflection is nulled, is measured as
A = 15ImV. Once again A is not equal to V. probably due to probe mismatch. A calibration
curve is therefore required. The probe parameter, A, was measured as a function of V_ and
the results are shown in Figure 4.34. Measurement results from two experiments done at
different times are shown together with a straight line fitted through the measured points.
The results presented here indicate that the measurement by the instrument is repeatable.
The measured data deviated from the linear calibration curve by less than I0mV. In Figure
4.35 the measured probe deflection is plotted as a function of the probe-circuit signals
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phase difference [ 0p-9.]. The parameter, A, was adjusted to null the deflection at
V.=171ImV as shown in Figure 4.33. The experimental results are compared with the theo-
retical [I-cos( ¢P-¢c) ] response.
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Figure 4.34: Calibration curve showing A as a function of V. A straight line is fitted through the results
obtained from two separate experiments.
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Figure 4.35: The normalised probe deflection as a function of the probe-circuit phase difference, [¢p - &)
Both the measured and theoretical results are normalised.
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The next set of measurement involves the TI-LNA circuit already introduced in the
previous section. The operation of the amplifier at 2GHz was investigated by probing the
internal nodes of the circuit. From Figures 4.14 and 4.15, the gain and return loss of the
amplifier at 2GHZ are obtained as Sy; = 17.7dB and S;; = -17.9dB.

The amplifier was driven by a 2GHz signal at the input and the output was monitored
on a 5022 oscilloscope. The signals at the input and output pads and the internal nodes 1
and 2, as illustrated in Figure 4.15, were probed by both the EFM instrument and the
active (0.04pF) contact probe. The measurement results are tabulated in Table 6. The
active (/GHz) contact probe was found to be usable at 2GHz. and the probe performance
was characterised by obtaining a calibration curve similar to the one shown in Figure 4.18.
The results from the contact probe were then converted to circuit signal amplitude using

the calibration curve.

Table 6: Vector voltage measurement on TI-LNA at 2GHz

Input Node 1 Node 2 Output

EFM 50.1 mv 486.9mV | 403.8mV | 451.0mV
£0° £112° £108° Z-94°

Contact Probe ? 387.3mv | 3180mV | 375.7mV
£? £I111° £100° £-94°

The sensitivity in the phase measurement was estimated at 5°. Accurate measurement
of the input signal proved to be difficult with the contact probe and the phase measurement
are referenced to that of the output signal obtained by the EFM. The forward transmission
parameter (S;,) of the TI-LNA at 2GHz obtained from the EFM and the network analyzer
measurements are compared with the specification sheet data in Table 7.
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Table 7: Measurement of TI-LNA S,, at 2GHz

EFM Data sheet Network analyzer

=#
19.1dB £-94° 18.3dB £-77° 17.7dB

The magnitude of the S,; parameters shown in Table 7 compare well. The gain meas-
ured by the network analyzer is once again smaller than the specification data due to losses
in the test fixture. The large discrepancy in the phase results is due to the difficulty in accu-
rately measuring the small input signal. One source of error was the direct coupling from
the probe onto the circuit. The wire probe used in these measurement was attached to a

coplanar waveguide structure as opposed to the coaxial cable used in the previous meas-
urements. The coupling level measured on the output pad of the circuit was about /5mV.
Proper shielding of the coplanar feed structure would enable a reduction of the parasitic
coupling between the probe structure and the test circuit

Vector voltage measurement on a MHMIC voltage-controlled phase shifter using the
mixer-based heterodyne technique is presented next. A micromachined cantilever probe
was used in this measurement. The probe deflection was monitored by a beam bounce
detection technique. The phase shifter is a microwave hybrid circuit fabricated on a GaAs
substrate. The input and output of the phase shifter are wire bonded to microstrip lines
which leads to the extermal ports of the packaged device. A microphotograph of the
MHMIC phase shifter and its circuit schematic are shown in Figure 4.36.
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Figure 4.36: Microphotograph of the MHMIC phase shifter (top) and its circuit schematic (bottom).

The phase shifter was designed for a center frequency of I.7GHz. The phase change
across the circuit is controlled by the bias voltage, V,;,.. The range of Vj;,. lies between 0
and -5 V. The performance of the phase shifter at V,, = —2.0V was characterized on a
network analyzer and the forward reflection and transmission parameters are shown in
Figure 4.37. At 1.7GHz, the retur loss, S;;, was found to be -24./dB while the insertion

loss, S5, was measured at -4.46dB.
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Figure 4.37: The forward reflection and transmission parameters S;; (top) and S5, (bottom) of the phase

Vector Voltage Measurement
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shifter with Vp;gs = -2.0V.

Table 8 shows the S;; and S,; parameters of the phase shifter as a function of the bias
voltage measured at 1.7GHz on a network analyzer. These results are reproduced from the
specification sheet that came with the device [CRC2]. The relative phase shift introduced
by the circuit is also shown in Table 8 with the result for a Vj,;,, = 0.0V used as the refer-
ence. The circuit is well matched at higher (magnitude) bias voltages as indicated by the

smaller §;,.
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Table 8: S-parameters of the phase shifter at 1.7GHz.

S;; (mag.) dB

Sz

-6.63dB £79.5°

Bias voltage (V) Rel. phase shift
0.0 -1.27 0.0°

-0.25

-10.0

-6.25dB £95.6°

16.1°

-0.5

-12.8

-5.52dB £108.0°

28.5°

96




Chapter 4 Vector Voltage Measurement

Bias voltage (V) | S;; (mag.) dB \YY Rel. phase shift
-0.75 -15.7 —5.08dB £118.1° 38.6°
-1.0 -13.7 —4.82dB £126.6° 47.1°
-2.0 -25.5 -4.41dB £150.0° 70.5°
-3.0 -199 —4.43dB £165.0° 85.5°
4.0 -16.6 -4.33dB £-178.1° 102.4°
-5-0 -14.8 —4.39dB £-172.1° 108.4°

The carrier frequency range of the M1H mixer is specified as /.8-6.2 GHz. However
the mixer component was found to be usable at 1.7GHz and the heterodyne technique was
used for vector voltage measurement on the phase shifter circuit at that frequency. An
input signal (V. = 0.3V) was applied to the input of the circuit and the output port was
measured on 50Q oscilloscope channel. Both the input and the output bond pads, indi-
cated in Figure 4.36, were probed using the EFM and the contact active probe. The ratio of
the output voltage to the input voltage (in dB) and the phase shift across the device were
computed as (20log(Vy,/Vi,)) and (§,u-0;) respectively. The results obtained for differ-
ent bias voltages are presented in Table 9.

Table 9: EFM and contact probing results at 1.7GHz

Vi (V) s EFM Contact probe
08(Vou'Vin) Gour®in |  20l08(Vour/Vin): Gour-Sin
0.0 ~1021dB £-176.4° ~11.31dB £-178.2°
0.25 ~-8.24dB £-158.1° ~9.17dB £-158.0°
-0.5 —6.83B £-139.6° -8.20dB £-143.3°
0.75 ~6.28dB £-129.4° ~7.52dB £-130.4°
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Vs V) 201 EFM Contact probe
08(V ¢/ Vin)» Pour-Pin 20l0g(Voe/Vin)s Pour-in
1.0 ~5.85dB £-116.7° ~7.19dB £-117.5°
2.0 ~5.22dB £-85.6° ~6.55dB £-88.1°
-3.0 -4.60dB £-64.4° -5.84dB £-65.5°
4.0 —4.71dB £—48.5° -5.54dB £-52.6°
5.0 —4.95dB £-36.1° -5.40dB £-38.3°

A good agreement is observed between the measurement results obtained from the
EFM and the contact probe. However, the results do not compare well with the network
analyzer measurements shown in Table 8 especially for small magnitudes of Vj;,s. The
main reason for the difference is the poor return loss of the circuit at these bias voltages.
The ratio V,,,/V;, is equivalent to S,; only for a proper match (small S;;). The direct cou-
pling of the probe to the test point (in the range of /0-15 mV) is another source of error
when measuring the smaller signals at the output of the circuit. The relative phase shift
(A¢) from the probing results are calculated for higher bias voltages and compared with

the network analyzer measurement in Table 10. The result for Vj;,. = -3.0 is used as the

reference in these calculations.

Table 10: Comparison of the relative phase shift (A¢) at 1.7GHz

Voias V) 80 EFM) | Af (Contactprobe) [ A% Temmork
-2.0 64.3° 62.3° 70.5°
-3.0 85.5° 85.5° 85.5°
4.0 101.4° 97.9° 102.4°
-5.0 113.8° 112.1° 108.4°
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A good agreement between the results is observed for V);,,<-2.0 V. In both the EFM
and the contact probe measurements, the probe was positioned over one test point and the
measurements for different bias voltages were performed. With the probe over the input
pad V;,, was varied from 0.0 to -5.0V. The probe was then placed over the output test pad
and Vj,;,, was changed from -5.0 to 0.0V. A drift in the performance of the phase shifter

with time could be a reason for a better comparison observed around V;,, = -5.0V.

In this chapter, heterodyne vector voltage measurements were demonstrated using
three different modulation techniques. Although better results were obtained using the
double-path modulation scheme it should be noted that a2 non-invasive probe was used in
those experiments. The concept behind the double-path modulation technique is simple,
but the experimental implementation of this technique results in a complicated measure-
ment system. Thus the I/Q modulation technique was investigated with the goal to sim-
plify the measurement system. This technique has the capability of providing automated
vector measurements. The main drawback of this method was the narrow bandwidth of
the I/Q modulator used. Wider bandwidth I/Q modulators are available but they are much
more expensive. The heterodyne technique was also implemented using a mixer modula-
tion scheme in order to extend the bandwidth of the measurement system. Here, the mixer
enabled only amplitude modulation of the high frequency signals. Thus, an external phase

shifter was required resulting in a slightly more complex measurement set-up.
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Chapter 5

Pulse Sampled Waveform Measurement

So far all the resuits presented have dealt with the measurement of sinusoidal signals.
In this chapter a pulse sampling technique that allows measurements of arbitrary, periodic
waveforms is introduced. This is incorporated with the previously discussed heterodyne
technique and enables for the measurement of high frequency waveforms. Measurement

of digital signals at internal nodes of an integrated circuit is also demonstrated.

5.1 Measurement Technique

The use of a sinusoidal probe signal enabled vector voltage measurement as demon-
strated in the previous chapter. For arbitrary waveformn measurement a pulse excitation is
used as the probe signal and a sampling technique is utilized [Bridges 94]. An example of
an arbitrary but periodic signal v(2) is shown in Figure 5.1(a). The test circuit signal v.(z)
could be either a digital or analog waveform. The sampling signal v{1)=Gg(z-T) is a nar-
row pulse train as shown in Figure 5.1(b) that repeats itself at the same rate as the circuit
signal v(t). In Figure 5.1(b) 3 is the pulse width and t is an adjustable time delay. The
block diagram of the instrument used is shown in Figure 5.2. Similar to conventional test-
ing methodology, a specified test pattern from the generator repeatedly excites the test cir-
cuit at its external ports. A photograph of an actual circuit is shown with the probe
positioned over a test point of interest. In all the measurements in this section a microfab-
ricated probe was used in conjunction with a beam bounce deflection system. A pulse gen-
erator which is synchronised with the test pattern generator outputs a high frequency
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sampling signal v,(t) which can then be delayed in time. A heterodyne technique is again
employed to enable the measurement of signals whose frequency components are much
higher than the probe resonance frequency f, [Said 96]. The sampling signal is thus modu-
lated at the resonant frequency, f, so that the signal sent to the probe is represented by

vp(t) = v(f)cos (2nf.1) - [S.1]

Expansion of the force equation [3.23] yields several high frequency terms, a dc term
and terms at f; and 2f,. The probe does not respond to the high frequency terms and a static
deflection is obtained from the dc term. Since the probe deflection is enhanced at £, by its
quality factor, only that component of the force is monitored using a lock-in amplifier. The
deflection at f; is formulated as

Az|, = c%ccx. 721 (v, 0, v (5. ) +ABV D] cos 2rf,) . [52]

S,

(a0, @) = 3f a@bds . (a@) = 3f adr

In [5.2] <, > denotes the inner product of the two signals and < > denotes the average
over a time period T. Q is the quality factor of the beam and % is its spring constant. The
A® term is due mainly to surface charging effect and has a very low frequency response
(mH?z). Thus, the term Ad<v (2)> is constant for any one measurement and it only adds a
DC offset to the measured result. Since the intent here is to measure waveshapes of inter-
nal signals rather than absolute voltage levels the DC term is dropped from now on to sim-
plify the discussion. If an ideal sampling pulse is considered, in other words a pulse that
has infinitely small rise and fall times and whose width  is much smaller than the repeti-
tion time period T = 1/, then the deflection at f; is proportional to v.(t=T) and is given by

[ 9CQ% _
Az| = |- a—zzicos(ZRfrt)] °v. (xy,t=1). [5.3]

Thus the volitage on the circuit can be sampled at one point in time corresponding to
the position T of the sampling pulse. If the pulse is scanned over the entire period by vary-
ing T from O to T the entire waveshape of the test signal can be extracted. This technique is

analogous to a sampling oscilloscope except that we can measure signals at internal nodes
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of a circuit while an oscilloscope can only access the external ports.

ve(t)
ﬂ\
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Figure 5.1: (a) Example of a periodic voltage waveform v(2) to be measured, (b) sampling signal v(z) with
same periodicity as v(z). Here vy(t) is sampling the test signal v(?) at the instant ¢ = T.
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Figure 5.2: Block diagram of the pulse sampling technique. A photograph of a test circuit is shown with the

EFM probe positioned over a test point of interest.
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The measured signal from the deflection of the probe is a convolution between the
repetitive sampling signal and the test circuit signal. The result from this technique is a
signal which is proportional to the test circuit waveform if calibration to account for the
other parameters in [5.3] is omitted. Accurate positioning of the probe is also unnecessary.
This, nevertheless, enables the investigation of such features as propagation delay and rise
and fall times of internal signals of a circuit. Ringing effects can also be observed from the
waveshapes of the signals.

Absolute voltage measurement is possible without any calibration step or accurate
probe positioning by using a heterodyne/nulling technique [Bridges 95]. In this method
the sampling signal is modulated as v,(t) = [A + Kcos(2®f,t)]*v(t) with A and K being
some adjustable parameters. The deflection of the probe at the resonant frequency f,, is

now given by

Az, = a%C (x, 5, 2) % [A (v, @), v, () = (v, v (x,y, D) + (54]
AP (v ()] Kcos (2rf,t) .

In the case of an ideal sampling pulse the deflection becomes
Azl =9 035
|f' = a—ZC (x,y,2) I-I-'[A -v(x,y, t= T) + A®] Kcos (2rf,?) . [(5.5]

By varying the parameter A until the deflection is nulled the voltage level at r = T can
be determined as v (x, y, = T) = A + A®. The A® term can be estimated by nulling the
probe deflection for v () = 0. The measured result is independent of C(x,y,z) implying that
precise information about the probe position over the test point is not required and that
measurement over passivated structures is possible. This technique, however, comes with
the penalty that more complex and expensive electronics are required for the implementa-
tion of the modulation scheme especially at high frequencies. The experimental set-up
used to implement the heterodyne sampling technique, shown in Figure 5.2, and the
results from the measurements of digital waveforms are presented in the following sec-

tions.
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5.2 Experimental Set-Up

The generation of the test vector and the sampling signal is a major part of the instru-
ment and can prove to be quite difficult especially at high frequencies. In our experimental
set-up a multi-channel data generator (HP80000) from Hewlett-Packard is used. Some
details about the specifications of the data generator is presented in Table 11 [HP]. The HP
80000 has the capability of generating data patterns with a maximum rate of 1 Gb/s.

Table 11: HP 80000 Data Generator System.
Frequency Range 100 MHz - 1 GHz
Transition Time < 150 ps (10%-90%)
Jitter < 10 ps

Delay (range) +2ns

Delay (resolution) | 2 ps

A block diagram of the experimental set-up used for the generation of the test circuit
signal and the high frequency sampling pulse is shown in Figure 5.3. The first two chan-
nels of the HPS80000 provide the trigger to an oscilloscope as well as the repetitive test
vector (v(t)) that drives the DUT. The third and fourth channels are used to drive the elec-
tronics that generates the probe high frequency sampling signal v,(2).

A pulse-shaped signal (v,(1)) from the third channel of the generator is fed to a switch
that is turned on and off at the resonant frequency of the cantilever probe. The signal is
thus modulated by a square wave signal whose first harmonic is at the probe resonant fre-
quency f,- The modulated signal then drives a transmission line bandpass filter which gen-
erates high frequency pulses from the rising and falling edges of v(z). By using a control
signal v,,{t) with an adjustable time delay, the second switch is used to turn off one of
the two pulses generated by the filter The width of the sampling pulses can be further
reduced by choosing an appropriate pattern for v.,,{t) and adjusting the delay between
Veond't) and v(t) to turn the high bandwidth switch ON for a very short duration.
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Figure 5.3: Generation of the test circuit (v(z)) and probe pulse sampling (vp(t)) signals.

Since the coupling capacitance between the probe and the test circuit is small, the
probe can be considered as an open circuit and the signal vp(t) is reflected back. The
reflected pulse is absorbed by the high bandwidth switch by varying the path length
between the probe and the switch and selecting an appropriate time delay. The shape of the
sampling pulses could be monitored on an oscilloscope by using a 10:1 coaxial coupler
which enabled the optimization of the various parameters. The DC block and the Bias-Tee
were added to protect the instruments used in the system.

An example of a sampling pulse waveform generated by this technique is shown in
Figure 5.4. The pulse width at half magnitude is about 250ps and the peak value of the
pulse is about 600mV. Some non-idealities are also present in the sampling signal since the
generation of these pulses using simple, inexpensive electronics is not a simple task at
high frequencies. The signals from all four channels of the generator are synchronized and
can be delayed with respect to each other with a minimum resolution of 2ps. This enables
the implementation of the adjustable time delay feature in the sampling technique by pro-
gramming the instrument. Thus the generation of the test vector and the sampling signal is
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controlled by a computer which is also used to collect the probe deflection data at f, from
the lock-in amplifier through an analog-to-digital converter.

0.7 v
sos- ﬂ n
3 ]
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-0.1 ,L\rfﬁ r .' r . ; - \\ - )
o] 2 4 6 8 10 12
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Figure 5.4: Sampling pulse waveform vp(t) with a repetition frequency of 125MHz as captured on an oscil-
loscope. Some non-idealities in vp(t) are present. The FWHM of the pulse is estimated at 250ps.

5.3 Measurement on a Microstrip Interconnect

To demonstrate the technique a 16-bit digital pattern [1010100110010101] at 125Mb/s
was measured on a printed circuit microstrip interconnect. The high logic level was set at
1.0V and the low logic level at -1.0V. The microstrip interconnect used was a feedthrough
line and Figure 5.5(a) shows the signal on the line v.(x,y,¢), that was directly measured by
an oscilloscope. The modulated sampling pulse is applied to the probe and as it is shifted
in time from O to 728 ns the entire 16-bit test pattern was measured. The waveform was
sampled in increments of 200 ps and the results are shown in Figure 5.5(b). The vertical
axis is not labelled since this technique does not measure absolute voltage levels. The
EFM probe was positioned approximately /pum over the test point. The coupling from the
probe tip to the test circuit at this distance was measured to be less than /0mV.
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Figure 5.5: Measurement on a microstrip interconnect line at 125 Mb/s; (a) Applied digital pattern from
generator measured on a oscilloscope (1010100110010101), (b) waveform measured using EFM.

Measurement results at higher bit rates are presented next. An 8 bit pattern at 1 Gb/s
(01011001) was measured on the microstrip interconnect and the results are shown in Fig-
ure 5.6. The logic levels of v (2} switched from -1.0V to +1.0V. In this case the sampling
pulse was shifted in increments of 100ps.

- Applied Signal
o EFM
= = = Convolved

o 1 2 3 a4 s 6 7 8
Time (ns)

Figure 5.6 Measurement on a microstrip interconnect line at 1 Gb/s; the applied digital pattern v(t)
(01011001), the EFM result and convolution of v (z) with v(?) are shown.
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The labelling on the vertical axis is once again omitted since absolute voltages are not
being measured and the results shown are normalised for comparison purposes. The data
obtained from the EFM instrument is processed by a three point smoothing routine to
reduce the noise in the measurement and they are shown by the circles in Figure 5.6. The
EFM result is compared to the test pattern v(t) applied to the circuit as well as the
expected result obtained from convolving the digital pattern v(t) with the sampling signal
v,(t) (shown in Figure 5.4). A good agreement is obtained between the EFM and the con-
volved result but they do deviate at some points over the waveform. This is primarily due
to some ringing effects in the signal applied to the probe v,(1). Complete characterization
of these effects is difficult. The rise and fall times of the measured result are not identical
to those of the test signal on the line due to the finite width of the sampling pulse and the
presence of other non-idealities as was shown in Figure 5.4. Figure 5.7 shows a zoomed-in
section of the results presented in Figure 5.6. The rise time(10-90%) of the applied signal
is 180 ps while those measured from EFM and the convolution resuits are both estimated
to be about 380 ps. There is a very close agreement between these results.

—  Applied Signal
© EFM
- = = Convolved

r M L M L t i ] v ¥ T 1

6.2 6.4 6.6 l 6:8 ‘ 7 7.2 7.4 7.6
Time (ns)

Figure 5.7: Measurement on a microstrip interconnect line at 1 Gb/s (Enlarged view of a rising edge); Rise
time of applied pattern ~ 180 ps compared with rise times of measured waveform and convolved result
(~380 ps).

108



Chapter 5§ Pulse Sampled Waveform Measurement

Finally, a 16 bit pattern (0011001010111100) at 1 Gb/s was investigated as shown in
Figure 5.8. Both the applied pattern and the signal measured by the EFM instrument are
shown. The sampling pulse was shifted in increments of /00ps and the data obtained were
subjected to a three point smoothing procedure. These results indicate that arbitrary digital
waveforms at bit rates up to 1 Gb/s can be measured. Measurement of longer bit patterns
however results in a smaller signal-to-noise ratio. While a feedthrough line is not a typical
circuit where this technique would be utilized it serves the purpose of verifying the princi-
ple behind this instrument.

— Applied Pattern
o EFM

O 2 4 6 8 10 12 14 16
Time (ns)

Figure 5.8: Measurement on a microstrip interconnect line at 1 Gb/s; (a) Applied digital pattern vlt)
(0011001010111100), (b) waveform measured using EFM (3 point smoothing).

5.4 Measurement on a BiCMOS Integrated Circuit

The measurement results presented in this section were made on a digital circuit fabri-
cated in Nortel’s 0.8 um BiCMOS technology [Noruttun 97]. The test circuit used here is
a chain of CMOS inverters as shown in Figure 5.9 and it provides a more appropriate
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application of the instrument being developed. The inverters selected in the design of this
circuit were of the minimum size available from the BiICMOS library. The gate width of
the p-channel FET was specitied as //.8um and that of the n-channel FET as &.8uwn. The
small 20x20 um probe pads were added to each stage to enable measurement with an
active contact probe. The signals at the internal test pads were measured. These pads are

typically not required for our EFM instrument.

' wp =118 um |
: wp = 8.8 um :
Bond Pad (BP) VOF S
j N
. & 12 | BP
BP

MM 2 A B C D E F G NpProbe Pad
(20 x 20 um)

Figure 5.9: Microphotograph of Nortel BiCMOS inverter chain showing EFM probe. The circuit schematic

is at the bottom with the inset showing the structure of the CMOS inverters.

The circuit was driven by applying an 8 bit digital pattern (01100101) at 1Gb/s to one
of the input (Inl) of the AND gate in the test circuit (shown in Figure 5.9). The other input
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(In2) was kept at +5.0V. The waveforms at test pads A, C and D were measured using the
EFM and an active 0.04 pF contact probe (I GHz bandwidth). The resulits are presented in

Figure 5.10.
— Contact Probe
o EFM
A CD
A
C
D

o 1 2 3 a s e 7 8
Time (ns)

Figure 5.10: Measurement of an 8-bit 1 Gb/s digital pattern (01100101) at test pads A, C and D. Results
from active contact probing and EFM (non-contact) probing are presented for each test point.
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The measured signals are once again normalised for comparison purposes and a 3
point smoothing was applied to the EFM data for noise reduction. The EFM resuits are
indicated by the circles and the waveforms are sampled every /00ps over the entire 8-bit
pattern. The logic levels can be easily distinguished and the measured signals from the
two techniques compare well. The waveform measured at test pad D is an inverted and
slightly delayed version of the one measured at test pad C as expected from the circuit.
During these measurements surface charging of the test circuit was observed and care was
taken to overcome these effects. The circuit was excited by the test pattern for a few min-
utes to allow it to charge up and reach steady state before any measurement was under-
taken.

The BiCMOS circuit was next driven by a square wave signal at 0.5Gb/s. The signal
waveform at test pad A, obtained from circuit simulation using Cadence SpectreS, is
shown in Figure 5.11(a). The signal at pad A was probed using the EFM instrument with
samples taken after every /00ps. The measured result after a three point smoothing proce-
dure is shown in Figure 5.11(b). Also shown in Figure 5.11(b) is the waveform that is
expected from measurement which is obtained by convolving the simulated waveform in
Figure 5.11(a) with the sampling pulse shown in Figure 5.4. The results are normalised for
comparison purposes and they show good agreement.

The 28-80% rise time of the simulated waveform is obtained as 230ps while the fall
time is measured at /80ps. The difference is attributed to the asymmetric gate widths of
the p-channel and n-channel devices in the CMOS inverters. The 20-80% rise time of both
the EFM and the convolved results are estimated at 370ps. The test pad was also probed
with the 0.04pF active probe and the measured waveform is presented in Figure 5.11(c).

The loading effect of the contact probe is evident in this measurement.
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(a)

(b)

(©)

3 < = s - s
Time (Nns)

Figure S.11: Measurcment of an 4-bit 0.5 Gb/s digital pattern (1010) at test pads A. Results from (a)
Cadence SpectreS simulation, (b) EFM probing and convolution of the simulated waveform shown in (a)
with sampling pulse shown in Figure 5.3, (c) active contact probing are shown.

5.4.1 Propagation delay measurement

Measurement of propagation delays in the BICMOS chain of inverters is demonstrated
by probing the test pads A, C, E and G as shown by the circuit schematic in Figure 5.12.
The circuit was driven by a 0.5 Gb/s clock waveform and the measured results are shown
in Figure 5.12. The sampling increment used in the measurements by the EFM was /00ps.
Resulits from simulation and contact probing by the active probe are also shown in Figure
5.12. The propagation delay from the results shown in Figure 5.12 are measured at the
middle of the high and the low logic levels. The EFM estimates a delay, T, across one
inverter at 150ps while the delay predicted by simulation is on the order of 190ps. The sig-
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nal measured by contact probing was quite distorted by its parasitic capacitive loading and
the limited bandwidth of the active probe. An accurate estimate of the propagation delay
from these results is difficult and probably inaccurate.

.

_,.----"' :
, .

Time (ns)

Figure 5.12: Measurement of an 4-bit 0.5 Gb/s digital pattern (1010) at test pads A, C, E and G. Results
from (a) Cadence SpectreS simulation, (b) EFM probing and (c) active contact probing are shown.
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It is surprising to note that the propagation delay, T, predicted from simulation is
larger than that measured by the EFM instrument. For the results shown in Figure 5.12(a)
the entire circuit was simulated with all parasitics including the interconnect lines leading
to the probe pads. The parasitic capacitance of a typical interconnect line in the design, as
extracted by the simulator, is about 40fF. This is comparable to the load, about 47fF
(Source: the BiCMOS library literature), from the gate capacitance of one inverter. The
circuit was again simulated without the test pads and the interconnect lines leading to
them. The waveforms at pads A, C, E and G are shown in Figure 5.13. The propagation
delay measured from these results is /25ps. The disparity between the EFM and simula-
tion result could thus be due to an improper modeling of the parasitics of the interconnect
lines which affects the predicted timing of the circuit.

TN

"p-.-..__. ————

3 4 s 6
Time (ns)

(o}

Figure 5.13: Cadence simulation of the inverter chain without test pads. Simulated waveforms at points in
the circuit corresponding to test pads A, C, E and G are shown.

5.5 Instrument Sensitivity

The instrument sensitivity in terms of its delay measurement capability and the noise level
in the measurement are discussed in this section. To investigate the delay measurement
capability, the EFM instrument was used to sample one of the rising edges of the result
presented Figure 5.6 where a microstrip interconnect line was used as the test circuit. The
HP80000 signal generator was used to introduce simulated edge delays of 0, 10, 20, 50
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and 100 ps, these corresponding to the five curves shown in Figure 5.14. The EFM meas-
urement was made with a sampling increment of I0ps. An enlarged view of the wave-
forms is also displayed and indicates that delay measurements are possible to within /0ps.
The RMS time jitter in the electronics of the EFM instrument was estimated to be less than

10ps in these measurements.

2 22 24 26 28
Time (ns)

Figure 5.14: Delay measurements on a microstrip interconnect line. (a) Applied signal delayed by 10, 20, 50
and 100 ps as measured on an oscilloscope, (b) waveforms measured by EFM, (c) and (d) show an enlarged

view of the curves in (a) and (b).

Errors in the measurement by the EFM are introduced by the jitter in the instrument
and noise. Possible noise sources are coupling to probe from external sources, noise in the
deflection sensor and probe vibration due to thermal noise. To examine these effects, one
of the rising edges in Figure 5.13 was repeatedly measured. In Figure 5.15, the results
from ten such measurement are plotted and they show an excellent repeatability in the per-

formance of the instrument.
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15 =2 25 3 35 4
Time (ns)

Figure 5.15: Plots showing the results obtained by measuring the rising edge of the same signal 10 times.

The noise level in these measurement was further investigated by repeatedly sampling
the same point of a signal with the delay between the circuit and the sampling signals kept
constant. The interconnect line was driven by a 0.5 Gb/s square waveform with the logic
levels switching between 1.0V to -1.0V. The points corresponding to time, t = /.9ns and
3.0ns were sampled 51 times and the results are shown in Figure 5.16(a). They are plotted
over the waveform obtained from sampling the signal over a time span of 8ns.

1 008 -
go g 04- = - R - -
5-1 5«5-_'- - ~WL .
§ 2 E Lt 4 —F+ -
% 3 %-e.ts-
Q (o]
40 3 2 3« s & 7 R S - N R 7
Time (ns) Measurement Attempt
() (b)

Figure 5.16: (a) Repeated sampling (51 times) of points at time t = 1.9 ns and 3.0 ns plotted over 0-8ns pat-
tern. (b) Set of four measurements (101 data points in each) at t = 3.0 ns with data in (i), (ii) and (iit) aver-
aged 1000 times and those in (iv) averaged 10000 times. (AU stands for arbitrary units).
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Noise is a function of the measurement bandwidth as pointed out in section 3.5.3. In
the measurement system each sample is averaged many times before recording the data.
Figure 5.16(b) shows four measurement attempts made where the point in time corre-
sponding to 3.0ns was measured 101 times. In the first three attempts each data point is
averaged 1000 times which correspond to a measurement bandwidth estimated at 0.8Hz
resulting in a RMS noise level of about 30mV. The data in the fourth attempt were
obtained with a measurement bandwidth of 0.08Hz (averaged 10000 times). The RMS
noise in this case was estimated at 9mV which is in agreement with AV, __e /B where B
is the measurement bandwidth. The instrument is typically operated at a 0.8Hz measure-

ment bandwidth.

In order to calculate the theoretical voltage sensitivity of the measurement technique,
the force at the resonant frequency of the cantilever probe is written as

Fl=[-5% 7 Kcos( anrt)] v (% t= 1) [5.6]

using [5.3]. The width of the sampling pulse, §, is assumed to be much smaller than the
time period of the sampling signal, 7, and the pulse duty cycle (&/7) in these measure-
ments is estimated at 1/32 (250ps / 8ns). The parameter X is introduced to account for the
amplitude of the sampling pulse and for the square wave modulation employed in the
measurement system. Thus, K is estimated at (/.2*4/x) taking into account the pulse
reflection from the open circuited probing tip. The peak pulse amplitude is 0.6V (from Fig-
ure 5.4). The factor 4/t comes from the first harmonic (at the resonant frequency) of the
square wave modulating signal. From [5.6], the RMS’ force at the probe resonant fre-

quency, f,, is given by

1/2 1
(Fir)'*=-55-2- K- R [5.7]

The voltage sensitivity of the measurement technique using equation [3.20] is given by

_ 2T kg T,
8Y,ms = SRIGC/3) Do, VIJHz. [5.8]
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The capacitance derivative is estimated as 50pF/m assuming a tip-to-sample separa-
tion of /um [Bridges 92b]. Using this and typical values for the other parameters of the
micromachined probe used in this measurement (Q = 32, k = 0.064N/m, and f, =
12.275KHz) AV,,,, is estimated as 12.3mV/.JHz. A measurement bandwidth of 0.8Hz
results in a minimum detectable voltage of //mV. This theoretical estimate is in the same
order of magnitude as the one measured experimentally.

The effect of timing jitter on the instrument capability was analyzed by repeated sam-
pling of a 0.25Gb/s square wave pattern as shown in Figure 5.17. The waveform was
repeatedly sampled at points corresponding to time, ¢ = 1.0, 2.35 and 4.0 ns. The jitter
effect is expected to be more noticeable at a point on the rising or falling edge as com-
pared to the flat portion of the waveform. However, the noise levels measured from these
results were of the same level in all three cases. This demonstrates that the jitter effect is

small compared to other noise sources in the measurement system.
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Figure 5.17: Repeated sampling (81 times) of signal at time t = 1.0, 2.35, 4 ns plotted over 8ns long pattern.
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Chapter 6

Conclusion

Existing techniques for internal probing of microelectronic circuits were reviewed.
Brief descriptions of their operating principles were given and the measurement methods
were evaluated in terms of their capabilities and limitations.

An alternative instrument based on the electrostatic force microscope was investigated
for on-chip measurements of high frequency signals. The operating principle behind the
instrument and its main components were described. The mechanical properties of the
cantilever probes and the performance of the deflection sensors were characterized. The
performance of the instrument was evaluated in terms of spatial resolution, invasiveness

and voltage sensitivity.

A heterodyne technique based on amplitude modulation was described for non-contact
measurements of high frequency signals. The use of a nulling technique for absolute vec-
tor voltage measurements was implemented. Measurements in the GHz range was possible
by employing a square wave amplitude modulation in the heterodyne technique. Different
schemes were investigated for the implementation of the square wave amplitude modula-

tion using simple and inexpensive microwave components.

A double-path modulation system was implemented and vector voltage measurements
were performed at IGHz on a simple feed-through microstrip interconnect as well as on
the internal nodes of a commercial MMIC low noise amplifier. The EFM results were

compared with the measurements obtained using a network analyzer and an active contact
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probe and with specification data. Excellent agreement was obtained thus demonstrating
the capability of the instrument.

The heterodyne technique for vector voltage measurement was also implemented
using an I/Q modulator. This technique enabled considerable simplification and automa-
tion of the measurement system. Extensive characterization of the non-linearities in the
component would enable complete automation of the measurement method. Vector volt-
age measurements at 88/ MHz were demonstrated on a thru-line and on the internal nodes
of a MMIC amplifier. Experimental resuits were compared with specification data and net-
work analyzer measurements. A fairly good agreement was obtained. The accuracy of
vector measurements of small amplitude signals was adversely affected by the direct cou-
pling from the probe to the circuit. A micromachined cantilever probe was employed in
the instrument and the coupling capacitance between the probe and the circuit proved to
be significant. This effect can be minimised by using properly shielded probe fixtures and
by employing probing tips with a longer aspect ratio.

A mixer modulation system was also employed for heterodyne vector voltage meas-
urements. This technique allowed an extension of the frequency range of measurements.
Measurements of internal sinusoidal signals at 2GHz were performed on a MMIC ampli-
fier. The EFM results were compared with those obtained from active contact probing and
network analyzer measurements and with specification data. A good agreement was
observed for large signals. The measurements of smaller signals were again affected by
the probe-circuit parasitic coupling. Vector voltage measurements were also performed at
1.7GHz on a MHMIC phase shifter. The EFM and active contact probing results compared
well with network analyzer measurements at large bias voltages. The return loss of the cir-
cuit was found to be dependent on the bias voltage and a better match was obtained with
higher magnitude bias voltages.

In vector voltage measurement, the discontinuous probe was matched manually using

delay lines. Vector measurements were made at a single frequency at a time. The use of an

adjustable electronic phase shifter would enable automatic matching of the probe. Swept
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frequency measurements, similar to a network analyzer, would then be possible. For high
frequency measurements the probe discontinuity should be carefully analyzed for parasitic
effects. An improved probe design with a 50€2 transmission line that reaches the probing
end of the cantilever beam would enable higher frequency measurements.

Arbitrary periodic high frequency waveforms were extracted using a heterodyne pulse
sampling technique. A high frequency pulse generation system was implemented using
simple components. The measurement system was demonstrated by extracting periodic
digital patterns on a thru-line and on the internal nodes of a BiCMOS circuit. Digital pat-
terns up to 1Gb/s were measured using the technique. The experiment results compared
well with simulated results and those obtained from active contact probing. Propagation
delay measurements were also demonstrated on the BiCMOS circuit. The voltage sensitiv-
ity was found to be 30mV with a measurement bandwidth of 0.8Hz. The delay measuring
capability of the instrument was also investigated and measurements were found to be
accurate to within /0ps. The use of a narrower pulse width and a sampling signal with
fewer non-idealities can improve the measurement capability of the EFM instrument.
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