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Abstract

The ongoing development of high-speed integrated circuits, based on silicon as
well as GaAs technologies has led to an increased demand for internal voltage measure-
ment techniques with picosecond time resolution. High frequency circuits are being
developed for a wide range of applications, from digital memories to microwave amplifi-
ers. At the same time, the shrinking geometrical dimensions and smaller voltage swings
of modern high frequency devices require a voltage resolution in the mV range and
probing resolutions well below 1 um. The currently available measurement techniques
do not meet the combined requirement of high temporal and spatial resolution, high

voltage sensitivity, internal node access, non—invasiveness and simplicity.

The electrostatic force microscope is one in a family of scanned probe microscopes
that is capable of providing accurate non-invasive measurements of potentials at the
internal nodes of a circuit. The application of this microscope for measurements of
sinusoidal signals at radio frequencies (RF) is investigated in this thesis. A measurement
instrument using commonly available microwave components has been designed and
constructed. Measurements on a microstrip thru-line and a MMIC low noise amplifier
have been performed. Measured circuit characteristics match well with those measured
using a network analyzer. Measurements at the internal nodes of an LNA demonstrate
the usefulness of the instrument in characterizing individual components in a fully

functioning microwave integrated circuit chip.

With some improvements to automate the measurement procedure, this instrument
can serve as an important diagnostic tool in the hands of circuit designers as well

for test and manufacture on a commercial scale.

i
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CHAPTER 1

Introduction

In recent years, the growing complexity of integrated circuits and their ever—faster
working speeds have led to the need for contactless measurement methods for logic—state
analysis and waveform measurements on internal nodes of very-large—scale—integration
(VLSI) circuits. An important requirement to be fulfilled in this environment is the
capability of measuring ultrafast signals with rise and fall times below 10 ps on metal
lines of 0.5-1.0um width and spacing and with a voltage resolution better than 5
mV. In addition, it is desirable that the diagnostic technique be applicable to all tecﬁnolo-
gies, rather than being limited to Si or GaAs based circuitry only.

It has been argued that when internal waveform measurements become a standard
procedure in IC development, both development time and IC quality will benefit [1].
Currently available measurement techniques are limited in their ability to meet the
combined requirements of high temporal and spatial resolution, internal node access,

absolute voltage measurement, high sensitivity, non—invasiveness and simplicity.

The main objective of this thesis is to investigate the application of the electrostatic
force microscope for measurement of sinusoidal signals at radio frequencies (RF) at
the internal nodes of monolithic (MMIC) microwave integrated circuits. For this purpose,
a measurement instrument using commonly available microwave components has been
designed and constructed. Measurements on a microstrip thru-line and a MMIC low

noise amplifier have been performed.
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The thesis is organized as follows. Chapter 2 contains a brief review of some
of the measurement techniques that are currently employed for waveform measurements.
Both direct contact and non—contact techniques are summarized. Relative advantages

and disadvantages of each technique are discussed.

Chapter 3 introduces the force microscope. A number of novel scanned probe
microscopes that have been developed in the last decade are described briefly. Electro-
static force microscope, the instrument used in present research is modelled next. Com-
ponents of the instrument — the cantilever probe and the displacement sensor are then
described. Spatial resolution and sensitivity, the two important parameters which charac-
terize the force microscope, are discussed. DC and the AC signal measurement schemes

are described.

Measurements were first performed at 10 MHz. The measurement system and

the results of these measurements are provided in Chapter 4.

Chapter 5 first discusses some of the high frequency issues that are important
when the frequencies approach the GHz range. Probe matching is important and is
discussed next. The details of the measurement instrument are then given. Measurements
at 1 GHz were performed on a microstrip thru-line and on a Texas Instruments (TI)

low noise amplifier. Results of these measurements are presented.

Chapter 6 briefly describes the extensions of the heterodyne measurement technique
for the spectral analysis of waveforms. Sampled waveform measurements can also
be performed using this technique and is discussed briefly. Finally, some conclusions
are given and recommendations for possible future work that are suggested by this

research are made.



CHAPTER 2

Review of
Waveform Measurement Techniques

A review of various measurement techniques for high frequency IC and MMIC
diagnostics currently being researched is presented. The operating principle, advantages
and disadvantages of each technique are discussed and some sample measurements
are provided.

2.1 Electron Beam Testing

Electron Beam Testing refers to the measurement of waveforms with the aid of
an electron beam probe. The technique has been under development for last several
decades and originates from standard SEM. The operating principle of electron beam
testing is outlined in Fig. 2.1. A pulsed electron beam is focussed on the point of
interest within the device under test (DUT). Bombardment by primary electrons causes
the probed area to emit secondary electrons (SE). A retarding grid spectrometer in
front of the detector allows the secondary electrons to be analyzed with respect to
their energy. This enables determination of relative potentials of the probed IC internal
node. Synchronization between the electron pulses, as generated by the blanking control
signal, and the repeated signal stimulating the DUT ensures that a constant voltage
is sampled with a fixed phase relation. Slowly shifting the phase relation between
the probe pulse and the DUT stimulus allows an entire waveform to be recorded.
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A feedback loop is usually used to keep the detector signal constant by readjusting
the retarding grid voltage of the spectrometer during the phase scan. The retarding
grid voltage thus tracks the voltage of the sampled waveform and is recorded with
respect to the phase shift between signal and e-beam pulses [2]. '

Electron Source

Pulse Beam Blanking
: Generation @&{+———— Electronics

SE signal +
Voltage ®1— Grid Potential
Measurement Control

|

—
/757/ R

Integrated high—frequency circuit

Fig. 2.1 Principle of High-Speed E-Beam Testing [2]

Voltage contrast results from the local potentials at the surface of the IC when
it is operating. For example, when the interconnection is in a ‘high’ logic state (positive
voltage), it attracts back a large portion of the resulting secondary electrons. The second-
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ary electron collector then ‘sees’ fewer electrons, so that these points appear dark
in the image. On the other hand, a large percentage of secondary electrons will reach
the collector when the interconnection is in a ‘low’ logic state. These points then
appear bright [3].

E-Beam testing is a widely accepted tool for direct voltage measurements on
the interconnection of integrated circuits. Its main application has been the testing
of complex VLSI and ULSI circuits, with emphasis on connection to CAD workstations
and on automation to allow for high throughput measurements of a great number of
signals within a single circuit. This technique has been an integral part of design
verification flow that new products undergo at Intel [4]. With a 7-ps effective sampling
pulse width, this technique has demonstrated evaluation of high—frequency devices
with a 0.5 pm probe diameter and 2-mV/(Hz)!? noise voltage at a 1 GHz repetition
frequency [2].

A specific number of secondary electrons are required for signal processing. If
the pulse width is greatly reduced ( < 1 ns ) to achieve high temporal resolution,
then only a few or even single electrons are generated per pulse. This results in low
signal levels and repetitive sampling over long durations is necessary to achieve an

acceptable signal to noise ratio.

Another drawback of this technique is that at the beam energies suitable for probing
integrated circuits, there is a considerable spot size degradation and submicron spatial
resolution is difficult to achieve simultaneously with high temporal resolution. As well,
to avoid irradiation damage of circuit elements and current loading of internal nodes,
low acceleration voltages of primary electron beam is required. This leads to a reduction

in the rise and fall time of the pulse edges.

The accuracy of the e-beam testing technique is also reduced by the transit-time
effect. The transit-time effect is caused by the change in the potential field above
the device surface associated with the alternating signal at the test point. After emission,
the secondary electrons accelerate towards the spectrometer with a potential energy.
This energy is converted into kinetic energy before the retarding field spectrometer.
The total energy remains constant if a constant field is maintained. The energy of
the secondary electrons reveals the test—point voltage without any error in this case.
This description is no longer valid if the potential changes while the electron is still
close to the point of emission, which is the typical situation at very high frequencies.
In this case, the secondary electron energy reveals the average of the potential during
the time the electron spends in the electrical field of the test point. This time is deter-
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mined by the speed of the secondary electron and the spatial extent of the electrical
field, the latter depending on the test point dimensions. Different geometries of the
probe points lead to different transit times which may cause errors in propagation
delay measurements.

As the voltage is derived by analyzing the energy of secondary electrons, e-beam
probing is not a direct measurement technique. Calibration is required which becomes
more complex in the presence of a passivation layer on the device. Besides the above
listed limitations, the measurement system is fairly complex and expensive and since
it must operate in vacuum, it requires specialized test circuit setup.

2.2 Photoemission Probing

The photoemission probing technique extends the temporal capabilities of electron
beam probing. In photoemission probing, a continuous (real-time mode) or pulsed
(stroboscopic sampling mode) laser beam is focused onto a metal line to induce photo-
emission of electrons from the metal. The voltage level at the point from which electron
emission occurs is determined by accelerating the electrons toward a reference or retard-
ing field electrode. The photoemitted electrons that pass the reference electrode are
guided towards an electron detector. The detected electron current is a function of
the potential difference between the point of the sample being tested and the reference
or retarding electrode. The voltage change is extracted by calibrating the change in
the intensity of measured electrons against the change in voltage, or it is extracted
directly by using a feedback loop to keep the measured intensity constant by shifting
the retarding voltage. Typical setup of the probing instrument is shown in Fig. 2.2.

In the real-time mode, the voltage change is detected directly, with the possible
time resolution of the measurement determined by the reaction time of the electron
detector, which counts the number of electrons passing the retarding field barrier and
the possible time-spread of the electrons during transport toward the detector due
to various start energies [5].

The sampling mode is applied to detect voltage changes on the picosecond time
scale for very fast signals. Here, picosecond laser pulses are used to induce photoemis-
sion similar to the e-beam technique. The temporal resolution is achieved by measuring
the photoemission signal as a function of the delay between the signal on the device
and the laser pulse which excites the electrons into vacuum. This method works only
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Fig. 2.2 Schematic of Photoemission Probing Instrument [6]

for periodic signals and requires a synchronization of the signal at the device with
the probing laser pulse. For each delay selected, the voltage level is measured just
as if there were a constant signal voltage at the device. The entire signal waveform
is then determined by combining all the snapshot pictures for different delay times.
The time resolution of the sampling mode is determined by the time the induced pulse
of emitted electrons interacts with the electric potential of the sample, hence the duration
of the laser pulse.

The total yield of emitted electrons and the width of the energy distribution are
both important parameters which determine the voltage sensitivity of photoemission
probing. Theoretically, the best voltage sensitivity should be achieved with the largest
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possible number of emitted electrons per pulse without causing damage from the corre-
spondingly large incident primary beam. However a high electron density in a pulse
leads to a broadening of the energy distribution of the emitted electrons and therefore

degradation in temporal resolution.

The photoemission probing technique has demonstrated stroboscopic noncontact
waveform measurements on metal interconnect lines with a temporal resolution better
than 5 ps, a voltage resolution of 3 mV/ (Hz)"? and a spatial resolution of 0.1 pm
[6]. This technique has been used for measurements on internal nodes of a sub—100
ps emitter coupled logic (ECL) bipolar ring oscillator [6].

Photoemission probing is a very surface-sensitive method and this sensitivity can
cause severe problems with respect to the stability and reliability of the measurements.
The surface sensitivity of the method must be taken into account for air—exposed samples
if the measurement time on a single spot of the sample exceeds a few seconds [5].

2.3 Photoconductive Sampling

Photoconductive sampling or optoelectronic techniques use photoconductive
switches for both signal generation and sampling. A photoconductive switch is usually
fabricated from a doped semiconductor material. It acts as a high impedance under
ambient conditions and as a good short circuit when illuminated by high intensity
light. Photoconductive switches are capable of generating ultra—short duration short—cir-
cuits when illuminated by fast laser pulses and are thus capable of probing short pulse
signals along a transmission line. Sufficiently fast switching photoconductive switches,
along with a picosecond laser source, creates pulses with high mm-wave frequency
content, thus enabling extremely broadband characterization of MMICs. By launching
the pulses along a terminated quasi-TEM transmission line, an inherently excellent
broadband source match is provided to the MMIC. The laser excitation of a photocon-
ductive switch can also perform signal sampling with a response function limited only
by the photoconductive switch dynamics.

A schematic diagram of the optical measurement system for pulse generation and
sampling is shown in Fig. 2.3. The incident pulse train is generated at a photoconductive
switch at port ‘a’ and subsequently sampled at photoconductive switches at ports
‘b’ or ‘c’. The transmitted waveform is sampled at port ‘c’. The input and reflected
waveforms are sampled at port ‘b’. The reflected waveform is time—windowed by

selecting the length of sampling time to isolate it from the incident waveform [7].
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Fig. 2.3 Photoconductive Sampling Instrument Set—up [7]

The sampled signal is dependent on the characteristics of the incident electrical
pulse and the photoconductive response of the sampling gap. To obtain de-embedded
parameters, the loss and phase shift of the switch circuit, as determined by measuring
the incident pulse, can be removed from the measured data.

The photoconductive switches are usually fabricated using MMIC compatible tech-
nology on semi-insulating GaAs substrate. The gaps are proton—implanted with hydro-
gen ions on the surface of the substrate to reduce the carrier lifetime, which results
in faster switching time. Photoconductive switches have demonstrated response time
on the order of 10 ps, limiting the incident waveform upper frequency range to 100
GHz [7]. Recently, a comipact optoelectronic test structure that has the potential to
be integrated with active devices on wafer has been fabricated and characterized over
a 500-GHz bandwidth [8].
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The main disadvantage of this technique is that the photoconductive switches must
be formed as an integral part of the circuit under test.

In a recent development, a photoconductive sampling probe has demonstrated a
2.3 ps temporal resolution and 8-pum spatial resolution with a 4 pV/ (Hz)!/2 sensitivity
[9]. The probe is extremely small and offers the advantage of probing the circuit exter-
nally by locating it on the test point. It uses a métal-semiconductor—metal (MSM)
interdigitated electrode structure as its photoconductive switch. The probe itself was
fabricated from low-temperature grown GaAs of molecular beam epitaxy.

2.4 Plasma-Optical Probing

In plasma-optical probing technique, a high power laser beam is used to create
plasma in the region between an electrode which serves as the probe and the DUT
[10]. The plasma so generated serves as an electrical pathway through which signals
appearing on the DUT can be probed. A configuration of the probing system is shown
in Fig. 2.4.

Plasma I;?gbtgdbe . )
Probe Power
— Supply
Pulsed Laser < &
ol / \ \. J
Optical — I
S}fszgj‘n — f— @ CH 1.
Air gap .
- © CH2.
Storage
Oscilloscope
Fig. 2.4 Plasma-Optical Probing System [10]

In a related technique, the change in phase of a laser beam, as it passes through
a material, is monitored. This change in phase is proportional to the volume and potential

10
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of the material [11]. This technique yields the space-charge density in the material
and therefore does not provide a direct measure of the test point voltage.

2.5 Electro-Optic Probing

The physical basis of this optical probing technique is the electro—optic effect,
in which the presence of an electric field across an appropriate substrate induces a
field—dependent birefringence in the substrate. The birefringence effects an optical beam
by altering its state of polarization. If the field is caused by a voltage on a device
or interconnect, the change of polarization of the probe beam can be related directly
to the voltage. When the optical probe beam is a train of ultrashort (picosecond duration)
pulses, very high-speed voltage waveforms can be resolved, because the pulses act
as sampling gates [12,13].

Electro~optic sampling requires a substrate that exhibits a linear electro—optic effect.
Semiconductor materials, such as GaAs and InP, are electro-optic in nature whereas
silicon is not. Several different electro—optic (EO) probing configurations are possible.
One configuration uses an external EO crystal, typically lithium tantalate, LiTaOs,
either in direct contact with the GaAs substrate, or in close proximity, to sample the
fringing electric field lines above the substrate. This external electro—optic sampling
scheme is shown in Fig. 2.5(a). A second approach, which eliminates the need for
an external EO probe crystal, is used when the DUT is fabricated on a substrate that
is itself electro—optic in nature. When a laser beam passes through the substrate that
has electric fields set up by transmission line voltages, the optical E-field induced
birefringence causes a polarization change proportional to the sampled voltage. This
approach is shown schematically in Fig. 2.5(b). A generalized schematic for measure-
ment of waveforms on an IC (by direct electro—optic sampling) using electrical excitation
is shown in Fig. 2.6.

Electro—optic sampling has been applied to to the evaluation of discrete devices,
packaged ICs, and ICs in wafer form. This technique is capable of measuring electrical
signals with a temporal resolution below 1 ps and sensitivity below 1 mV/(Hz)"2.
Electro—optic sampling has also been used for two—dimensional substrate internal field
mapping of monolithic microwave integrated structures [14]. This kind of measurement
allows the analysis of complex MMICs.

Although most of the electro—optic sampling systems use pulsed laser source for
making sampling measurements, recently a CW optical probing method has been pro-

11
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Fig. 2.5 Electro-Optic Probing Configurations (a) External
electro—optic probe (b) Direct probing [7]

posed [15]. A CW optical probing signal associated with a fast photodetector gives
the results directly in the frequency domain which may have applications in the testing
of microwave integrated circuits. It also offers enhancement in sensitivity over the
sampling system by the presence of a Fabry-Perot effect due to the continuity of
the probing beam.

For direct-probing experiments, the creation of free carriers by absorption of the
probe beam is a potential cause of invasiveness. On the other hand, capacitive loading
is a potential problem for the external probing scheme. Because the external crystal
of LiTaO3 has a large dielectric constant (e~45), it will disturb the electric field in
the half plane above the IC being tested and may affect the operation of the DUT.
Experimental results indicate that for optimum measurement accuracy and minimum
invasiveness of the probe, the electro—optic crystal should be no thicker than the extent
of the microwave coplanar transmission line guided mode [16].

The electro—optic modulation of the probe beam is proportional to the difference
in potential between the front and back surfaces of the electro—optic substrate. The
potentials are due to electric fields emanating from all contacts on the DUT, not just
from the contact being probed. Thus, if the field from a nearby line is sufficiently

12
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Fig. 2.6 General Experimental Schematic for Electro—optic Sampling [12]

strong at the spatial position of the probe beam, the signal from the nearby line will
also be sampled by the probe beam. This leads to electro—optic cross—talk, which
may exist even when there is negligible electrical crosstalk on the device [12].

2.6 Near Field Probing

Various types of electromagnetic probes can be used to directly couple to the
electric and magnetic fields associated with the circuit under test. These probes offer
a simple measurement technique when used in conjunction with a network analyzer.

The centre conductor of a coaxial cable has been used to measure the local charge
and potential by capacitively coupling to a microstrip under test [17]. The coaxial

13
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Fig. 2.7 Capacitively Coupled Probe Structure [19]

probe essentially measures the vertical component of the electrical field close to the
surface of the DUT which is related directly to the charge/potentials. The best results
were obtained when the circuit was shielded to eliminate spurious coupling to the
probe circuit. This is a serious limitation of the technique.

Fig. 2.7 shows a micromachined probe used for reactive near—field probing. The
capacitive coupling between the probe and the circuit induces a signal in the probe.
The relative induced signal amplitude and phase is measured which is then related
to the signal on the circuit under test. To obtain accurate magnitude and phase results,
the technique requires that the coupling capacitance between the printed line and the
probe is known accurately [18,19].

Alternately, a non—contacting magnetic field probe could be used for measurement
of amplitude and phase at internal points of a circuit [20]. Fig. 2.8 shows how the
double-loop magnetic field probe couples to magnetic fields of a microstrip and a

14
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coplanar waveguide. To reduce pickup from adjacent lines, the probe dimension has
to be reduced which reduces the sensitivity of the probe.

(a) (b)

Fig. 2.8 Double-loop magnetic probe coupling to magnetic fields
of (a) microstrip, and (b) coplanar waveguide [20]

This technique requires complex calibration as well to accurately determine ampli-
tudes. The probes tend to disturb the circuit under test. The probe’s sensitivity is limited
by radiation picked up from other elements in the circuit. Unwanted capacitive coupling
is another problem in the magnetic field probe. Often two measurements are required
by rotating the probe and then averaging the measured data. Certain portions of the
circuit, where high VSWR are encountered, are more prone to measurement errors.

The advantage of the reactively coupled techniques is that the probes are simple
devices that are capable of useful measurements on planar circuits. These probes can
be used on prototype circuits to verify circuit operation and find defects.

2.7 Direct Contact On—Wafer Probing

On-wafer probing is a contact measurement technique usually used at microwave
frequencies. The need for wafer probing at microwave frequencies has arisen from
the push for cheaper, high volume microwave components for military, consumer and
commercial applications. Microwave probing of active and passive devices aids the
data gathering process for both engineering database accumulation and process monitor-
ing [21]. Measurements up to 50 GHz have been made on GaAs FETs [22].

15
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To substitute for the I/O connections normally provided by the packaged devices,
high frequency probes are used to test the terminal characteristics of the DUT directly
on the wafer. Testing at GHz frequencies requires controlled—-impedance signal lines,
low inductance ground contacts and state of the art 50 ohm probes [23]. The basic
reason for using a 50 ohm probe is to control the characteristic impedance down to
the wafer connection. Some approaches which have been used include (a) sharpening
the center conductor of a micro—oax line (b) attaching very short probe needles to
microstrip lines and (c) defining coplanar contacts with microstrip or coplanar wave-
guides feeds on flexible or springy substrates.

Usually a coplanar waveguide probe is used as shown in Fig. 2.9. In a coplanar
waveguide, the signal line and the two grounds are located adjacent to each other
on the same side of the substrate. The center signal line is tapered in width to match
the device—pad size. Direct contact to the wafer is then made at the tip of the coplanar
waveguide [24]. This avoids the problems associated with inductive needles. Contact
to the device is made at bumps (2 mils X 0.5 mils). The low common-lead inductance
of this configuration also leads to low radiation and crosstalk. The main disadvantage
of these probes is that owing to their large size, only a limited number of them can

be used on a circuit.

These wafer probes are commercially available and have been used for FET, passive
elements and MMIC characterization.

The circuits being tested have to be specially designed with wafer probing in
mind. Problems arise when microstrip inputs and outputs are used where there are
no contacts to the ground plane near the ends of the microstrip lines. Such a circuit
cannot be accurately tested in wafer form since the electromagnetic fields cannot be
launched properly down the microstrip lines. For accuracy in measurements in micro-
strip—style circuits, ground vias have to be fabricated next to desired test points. Again
this also limits the testability to a small number of predetermined test points. Also,
connecting the probe to an interior point of a circuit can greatly disturb the way the
circuit operates. Fig. 2.10 shows the desirable device layout for on-wafer testability.
The DUT connection pads that are expected to be probed at high frequency should
be arranged for clean coplanar transitions to the probe. The DUT may be a discrete
FET, an MMIC, a thin—film hybrid circuit, or any planar substrate with microstrip
transmission lines. The ground and signal pads must be colinear for proper probe
contacts.
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Fig. 2.9  Coplanar Microwave Probe Heads (a) top view
(b) side view and (c) bottom view [21]

This measurement technique requires extreme care by the operator in positioning
the probes on the pads of the calibration standards and on the device under test. The
way a bond pad is contacted directly affects measurement accuracy.

The probes described above are best suited for the planar structures encountered
on ICs and achieve their highest bandwidth for the case when ground and signal pads
are adjacent to each other at a predetermined separation. A “bird-beak” coaxial probe
has been designed [25] that can be used for testing planar or non-planar structures
with a range of pad separations. The probe was used to characterize the electrical
properties of a lossy transmission line system up to 24 GHz. These probes have also
been used to study low level coupled noise signals, and switching induced noise on
power supply leads.
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Fig. 2.10 Preferred Device Layout for mm-Wave On—Wafer Testability
(a) simple GSG FET pattern (b) Coplanar Launch and (c) Microstrip Launch [22]

In another implementation, two port on-wafer vector network analysis has been
performed using active probes [26]. The active probes consists of monolithic GaAs
directional TDR ICs mounted directly on low-loss microwave wafer probes. Nonlinear
transmission lines (NLTLs) and NLTL-gated sampling circuits are used for the genera-
tion and detection of transient signals with a wide ( > 100 GHz) bandwidth.

Recently on-wafer measurements have been demonstrated in the subpicosecond
regime, where a nonlinear impedance transformer has been used to demonstrate a
500 GHz wafer probe [27].
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CHAPTER 3

The Force Microscope

A brief history of the development of scanned probe microscopes is first presented.
The electrostatic force microscope, the instrument used in present research, is then
introduced. The components of the microscope are described next. Spatial resolution
and sensitivity, which characterize the instrument, are described in the following section.
Finally a description of the measurement schemes for the extraction of waveforms
on the circuit under test is provided.

3.1 Scanned Probe Microscopes

In the last decade or so, a family of new microscopes have been developed that
can map atomic and molecular shapes, electrical, magnetic and mechanical properties
and even temperature variations on the surface of semiconductor materials at a much
higher resolution than was possible earlier. These microscopes overcome the so called
Abbe barrier which describes the fundamental limitation of any microscope that relies
on lenses to focus light or other radiation: diffraction obscures details smaller than
about one half the wavelength of the radiation. The resolution in the new IMiCroscopes
is determined by the finest tip diameter and tip-sample gap spacing that can be achieved
128].

The first of these microscopes was the scanning tunneling microscope (STM)'.
In the STM (Fig. 3.1), piezoelectric controls maneuver a fine tungsten tip, to within
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a few nanometers of a conducting specimen — so close that the electron clouds of
the atom at the probe tip and of the nearest atom of the specimen overlap. A small
voltage applied to the tip causes the electrons to tunnel across the gap, generating
a small tunneling current. The probe scans the surface in a raster pattern. As the
probe is scanned, a feedback mechanism controls the piezoelectric so that the probe
moves vertically to stabilize the current and maintain a constant gap between the micro-
scopic tip and the surface. In this manner, the tip moves up and down in concert
with the topography. Thus, the variation in the voltage applied to the piezoelectric
are electronically translated into an image of surface relief. STM is capable of resolving
individual atoms [29].
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Fig. 3.1 Schematic of the scanning tunneling microscope [32]

The STM triggered the development of a whole family of scanned probe micro-
scopes — based on similar technology. In the atomic force microscope (AFM), a conduct-
ing sample is not required. The tip is placed in direct contact with the surface with
a specified force, similar to a record needle but very much sharper. Instead of using
the tunneling current to measure how close the tip is to the surface, the deflection
of a probe beam as determined with a fiber interferometer or laser beam deflection
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sensor, is used. In this manner, the AFM records contours of constant interatomic
forces as the tip is scanned on the surface. The AFM can image semiconductors and
insulators as well as conductors. In the AFM, the repulsive forces involved in the

imaging are sometimes large enough to disturb the sample.

In an extension of AFM, lateral deflection of the tip and frictional forces have
been measured on an atomic scale [30].

In magnetic force microscope (MFM) [31], a magnetized nickel or iron probe
is used to sense the magnetic force between the tip and a magnetic sample. The MFM
can trace the magnetic field pattern emanating from data-recording heads at a resolution
of better than 25 nm.

Scanning thermal microscope can measure surface-temperature variations of a ten—
thousandth of a degree on a scale of tens of nanometers [32].

Another modification of the STM is the scanning tunneling potentiometer. In this
technique, a bridge method is used to measure the spatial variation in potential across
the sample as the tip is controlled and scanned so as to obtain surface potential simulta-
neously with the surface topography. An AC voltage (typically a few kHz frequency)
is applied between tip and sample which generates an AC tunnel current. The amplitude
of this current is then used to control the tip-sample spacing. An independent control
loop, whose band (DC to 1 kHz) is outside the band of the gap control loop, is used
to maintain zero DC tunnel current by continuously causing the voltage on the tip
to track the voltage on the sample as the tip is rastered across its surface. The tip
voltage is then equal to the sample voltage at every point on the surface. This technique
is useful for measuring nanometer scale potential variations on devices such as Schottky
barriers, pn—junctions and heterostructures. The voltage resolution is typically on the
order of a few millivolts [33].

Scanning tunneling potentiometry has been used to provide information about the
electrical properties at semiconductor junctions and inversion layers, microscopic poten-
tial distribution across a double heterojunction (DH) AlGaAs laser structure. 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 measured. The potential
distribution across the cleaved end face of a forward-biased GaAs double heterojunction
laser diode was mapped using STP [34].
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3.2 Electrostatic Force Microscopes

In the electrostatic force microscope, an AC voltage is applied between tip and
sample and the induced force is measured. The force is proportional to the square
of the applied voltage V? times the rate of change of tip-sample capacitance with
spacing, 0C/0z.

The force microscope has been used to deposit and image localized surface charge
on insulators as shown in Fig. 3.2 [35]. If local charge is present on a surface, the
tip feels, in addition to the van der Waals force, an additional attractive force due
to the Coulomb attraction of the charge to its image charge in the tip. The resulting
force gradient contour has a peak at the location of the charge. In one study, the
charge was deposited on a PMMA substrate by applying a negative voltage pulse
onto the tip, and its decay with time was imaged with the EFM . The deposited charge
was estimated to be around 1200 electrons. With further refinements, it has been possible
to observe discrete steps in the force versus time curve corresponding to the discharge
of single charge carriers during the decay process. In an improved mode of charge
sensing, the charge and topography are distinguished and the sign of the charge is
determined in a single scan [36].

Contact electrification has also been studied using the force microscope with a
view to study its mechanism. The microscope has 0.2 um lateral resolution and the
sensitivity to detect 3 electron charges [37].

Ferroelectric domain walls in the ferroelectric—ferroelastic material have been
imaged using force microscopy. Ferroelectric materials are of interest because of a
switchable polarization state. In ferroelectrics, the microscope is sensitive to the stray
electric field emanating from the surface and is thus non—destructive. The force gradient
due to the polarization change at the sample surface has been imaged. The signal
changes sign at the domain wall because of the reversal in sign of the polarization
across a wall [38].

The EFM has also demonstrated the capability to image the migrating surface
ions on Si3Niy4 in fringing lateral fields. This study is important since such migration
of surface ions can modify the electrical characteristics of underlying semiconductor

structures causing device instabilities [39].

The capacitance measurement technique can be used to map dopant profiles in
semiconductors. A voltage is applied across the gap between the probe of an EFM
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Fig. 3.2 Surface charge measurement with the electrostatic force microscope [35]

and the surface. The voltage mobilizes the conduction electrons or holes beneath the
probe, leaving a charged region that exerts an electrostatic force on the tip. The conse-
quent movements of the tip provide a measure of the charge and hence of the number
of mobilized electrons or holes and the concentration of dopant atoms. The dopant
profile of the active regions of a cleaved MOSFET structure has been mapped in
this way by scanning at a fixed bias voltage. A schematic of the instrument is shown
in Fig. 3.3. The typical dopant densities varied from 10'%/cc in the gate region to
10%%cc in the n* source and drain regions [40].

The scanning force microscope has also been used for the measurement of contact
potential difference with high spatial resolution. The contact potential difference (CPD)
between two materials depends on a variety of parameters such as the work function,
adsorption layers, oxide layers, dopant concentration in semiconductors, or temperature
changes on the sample. For many decades, the common method of measuring the

23



Chapter 3 The Force Microscope

Capacitance
P |, i
Sensor dv
Tungsten @
Tip Y
- Display

Scanned

Sample

Bias
Voltage @

Fig. 3.3 Dopant profiling in semiconductors by capacitance measurement [32]

CPD has been the vibrating capacitor method or the Kelvin method [41]. In the Kelvin
method two conductors are arranged as a parallel plate capacitor with a small spacing.
The Kelvin method has a high sensitivity for potential measurement but integrates
over the whole plate area and does not provide a high resolution lateral image of
the variation of the CPD on the surface. The vibrating capacitor technique relies on
the measurement of an AC signal. Spurious AC signals, unrelated to the contact poten-
tial, mixed in with genuine signals will result in measurement error. Microphonic signals
generated by vibration in the system is one source of such spurious signals [42].

Recently, scanning force microscope has been used to measure CPD. Images of
gold, platinum and palladium surfaces, taken in air, indicate CPD on the order of
90 mV for Pt on gold and 65 mV for Pd on gold [43,44].

The imaging of lateral distribution of CPD has industrial application in minimizing
residual contamination for cleaning processes in semiconductor technology.
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3.3 Electrostatic Force Microscope — The Instrument

In the electrostatic force microscope, a probe is positioned over a sample and
it vibrates under the influence of an electrostatic force acting between the probe tip
and the sample.

deflection sensor
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Fig. 3.4 Principle of the Electrostatic Force Microscope

The operating principle of this microscope is illustrated in Fig. 3.4 where the
localized signal v.(x,,?) on an integrated circuit is to be measured. The circuit signal
is extracted by sensing the deflection of a small probe due to the electrostatic force
between the tip of the probe and the point on the circuit being monitored. In our
instrument a conducting wire, which has sharp tip at its end, is used as the probe
and is externally driven by a controllable voltage v,(#). The probe tip is held in close
proximity to the location on the circuit surface at which the signal v.(x,y?) is to be
extracted. The probe tip and circuit test point form a small localized capacitor C(x,,z)
which charges up when there is a potential difference between them, thus producing
an attractive force. The force acting on the wire probe can be deduced from the stored
energy on the capacitor as
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0 2
F, = % C(x,y,2) [ vp() — velx, y, t)] 3.1)

1
2

Here the capacitance between the probe and the circuit C(x,y,z) is a non-linear function
dependent on the probe tip-circuit geometry and position z above the circuit surface.

The force on the cantilever probe (3.1) produces a mechanical deflection Az which
is monitored using a deflection sensor described later in this chapter. The deflection
will be a function of the cantilever’s mechanical properties and the driving frequency
of the applied force.

The main components of the electrostatic force microscope are the following :

® The cantilever probe
® Deflection sensor

® The electronics for generating appropriate signals

While the first two remain the same, the signal electronics depends on the individual
measurements that are performed. The mechanical properties of the cantilever probe
that are relevant to the measurements are described next, followed by the description
of the deflection sensor. The signal electronics is described later in the next two chapters
along with the measurement results.

3.3.1 Cantilever Probe

In scanned probe microscopes, a probe is used to sense the force. The deflection
amplitude of the probe depends on its mechanical properties such as the spring constant,
resonant frequency etc. and associated Q factors. The probe can be either a simple
wire or a more complicated micromachined cantilever typically used in AFM studies.
Since a wire probe has been used in the present research, mechanical properties of
only the wire probe are detailed.
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The spring constant for a cantilever with uniform cross—section along its length
is given as [45]

3EI
k== (N/m) (3.2)

where E is the Young’s modulus of elasticity (N/m?), I is the area moment of inertia
and [/ is the length of the cantilever. For a cantilever of circular cross section and
radius 1, such as the wire probe used in our experiments, the area moment of inertia
is given by

;= (m*) (3.3)

Substituting for I in (3.2), the spring constant of a cantilever becomes

3nErt
k = 37:3r
4]

(3.4)

The cantilever is capable of vibrating under the influence of an externally applied
force. For a cantilever fixed at one end and free at the other, the resonance frequency

o = \/ k (3.5)
meﬁ:

where Mg = 0.24my + m,

is given by

my is the distributed mass of the cantilever and m, is the concentrated mass at the
end of the cantilever.

When the cantilever vibrates under the influence of an externally driven force

of unit amplitude, at a frequency ®, the amplitude of vibration is given by

@o/w) O/k _ _ Agwo/w)
\/1 + QY% - &) \/1 + QY - )

Alw) = (3.6)
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where @ is the resonant frequency of the probe and Ag is the vibration amplitude
when 0=0¢ and is given by Ag=Q/k.

The expression for resonant frequencies and the amplitude of vibration at a frequén-
¢y @ are sufficient to characterize the wire probe. In our instrument, a Molybdenum
wire of diameter 127 pm is used. Typical length of the probe is 10 mm with the
last 2 mm bent at a 90° angle to form a tip. Using (3.4) and (3.5), we can determine
k =22.5 N/m and f; =1100 Hz. To determine the resonant frequency and Q experimental-
ly, the probe is externally driven at various frequencies by applying a sinusoidal voltage
Vp(?) to the structure shown in Fig. 3.4. The deflection is then measured at each of
these frequencies. A normalized plot of one such measurement is shown in Fig. 3.5.
The resonant frequency for this particular probe is determined to be 1422 Hz. The
quality factor Q can be determined using (3.6). With the experimentally determined
value of ®,, the Q in (3.6) is adjusted to fit the curve. Thus Q is determined for
this probe to be 282.
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Fig. 3.5 Mechanical response of the cantilever probe as a function of frequency.
The theoretical result is calculated using (3.6) with f; = 1422 Hz, Q =282.
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3.3.2 Deflection Sensor

In the original AFM design, the probe’s deflection was measured by the tunneling
current flowing between the probe and an STM tip mounted just above it.

Another scheme to measure tip deflection is using a laser beam that is reflected
off the probe. Movement of the probe shifts the path of the reflected beam, so that
a position sensitive split detector placed in the beam path some distance away can
detect tiny movements of the probe. An optical sensor provides a more reliable measure
of tip deflection than the tunneling sensor. The optical beam deflection method is
widely used in laboratory and commercially available AFMs.

In an interferometer based position sensing, a laser beam is split into a reference
beam, and a probe beam partially reflected by the back of the cantilever. The reflected
beam is recombined with the reference beam, and they interfere with each other to
yield a beam whose phase is sensitively dependent on the path length of the probe
beam. The phase shifts back and forth with each excursion of the tip : the extent
of the shift reveals the amplitude of vibration. In this way the interferometer can
detect amplitude changes as small as 10~ nanometer.

Analysis has shown that the optical beam deflection method and the interferometer
have essentially the same sensitivity [46]. This result has been explained by the physical
equivalence of both methods.

The deflection sensor used in the present research is a super luminescent diode
(SLD) based optical fiber interferometer. This is similar to a standard interferometer
based system except that a SLD is used instead of a laser for the coherent source.
The technique used in fiber-optic interferometers to measure the deflection of the
cantilevers is outlined in Fig. 3.6. Light from a laser is launched into a fiber and
then through a 2x2 directional coupler to a cleaved fiber end. When the light reaches
the air-fiber interface, part of the light is reflected back into the fiber. The remainder
of the light is transmitted into the cavity between the fiber and the cantilever. Here
it repeatedly reflects between the cantilever and the fiber. A portion of the light reflecting
off the cantilever and back into the fiber will interfere with the light reflected from
the fiber—air interface. The total power reflected back into the fiber will depend on
the phase difference between these two waves and thus on the dimensions of the
cavity. The total reflected light travels back to the directional coupler where half the
power goes to a photodiode detector and half back to the laser source. The output
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Fig. 3.6 The fiber—optic interferometer

signal, now a function of the fiber—cantilever spacing, is the photocurrent measured
at the photodiode.

For small separation between the fiber and the cantilever, the reflected power
can be estimated using the equation [47]
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(112 + n?) - 2ryrpcos(4D/A)

o ) 3.7
(1 + r’ry?) — 2ryrycos(4mD [A)

P, =P

where 1 is the reflection coefficient of the fiber—air interface, r, is the reflection coeffi-
cient of the air-cantilever interface, D is the separation between the fiber and the
cantilever and A is the wavelength of the optical source. Equation (3.7) suggests that
as the separation between the fiber end and the cantilever is changed, the argument
of the cosine term will change, going through a minima (Ppi,) and a maxima (Ppax)
in reflected power. These minima and maxima correspond to points of destructive
and constructive interference of the incident and reflected beams. This is shown in
Fig. 3.7 where the ratio of reflected to incident power versus phase angle 4nD/A is
plotted for several values of rp. rj is set to 0.2 which is typical for an air-glass interface.
Visibility can be defined as

=Pmax“Pmin (3.8)
Pmax+Prr1in .

The visibility can be used as a measure of usefulness of the interferometer. If r; =
1 then V=0 and a useful signal, indicating variations in cavity spacing D, will not
be derived. If r;=0, then again V=0 and again no useful signal is derived. For a useful
signal to be derived, r; has to be between these limits.

Equation (3.7) can be corrected to account for the losses due to the refraction
of the optical signals at the end of the fiber. When the optical signal exits the fiber,
it becomes divergent with an half angle of the order of 5%-10°. To correct for this
effect, r, can be made a decreasing function of D. This highlights one of the limitations
of the fiber optic interferometers. Since a reasonable amount of optical signal must
couple back into the fiber to form a signal, the separation between the fiber and the
cantilever cannot be too high. Typically the separation between the fiber and the cantile-
ver is less than 100 pm (~100A). This can cause some practical problems in the align-
ment of fibers with cantilevers.

The use of a diode laser source and the all-fiber construction results in smaller
size, improved mechanical robustness and reduced heat dissipation. Since there is no
air—path between optical components (except for the micron—sized path to the cantile-
- ver), the instrument is much less susceptible to instabilities caused by air currents
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Fig. 3.7 Ratio of the interferometer’s output power to the incident power as a
function of phase angle for air-glass interface ( r;=0.2 ) and different values of r».

and acoustic noise. Also since the response of the directional coupler depends only
weakly on polarization, birefringence introduced by fiber bends will not disturb the
operation of the sensor.

A feedback—controlled fiber interferometer has previously been used for the mea-
surement of the deflection of the cantilever. With the feedback control, the influence
of thermal and mechanical drifts or fluctuations is minimized [48]. Systems of this
type described above have been built using laser diodes and He—-Ne laser sources.
These systems have displayed noise levels below 0.1 A over a 0.1-1000 Hz bandwidth
with a noise level of 5x10~%* A/(Hz)"2 @ 1000 Hz [49]. These laser based interferometers
have been used for a variety of measurements including atomic resolution imaging
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of graphite and magnetic force imaging. However, some difficulties have been experi-
enced with the operation of these systems. Lasers contain regions with optical gain,
thus making them sensitive to the optical feedback the interferometer generates as
part of its normal operation. The main effect of the feedback is to produce noise

that is eventually translated into errors in deflection measurements.

The super luminescent diode based interferometer used in the present research
overcomes the problern of optical feedback [50]. The SLD is a light emitting diode
(LED) which does not contain regions with optical gain and is therefore insensitive
to optical feedback. The major disadvantage of using SLD as a source is that it has
a much wider spectral content than a laser source. The noise for this interferometer
was measured to be 0.03 nm in a 0.1-5000 Hz bandwidth and 10 nm/(Hz)!? at
frequencies above 400 Hz [50].

3.4 EFM Characterization

Spatial resolution and sensitivity are the two main criteria by which the electrostatic
force microscope can be evaluated. A brief description of the two measures are described

next.

3.4.1 Spatial Resolution

Resolution implies that something is being resolved. It may be atoms on a surface
or cracks in a mineral surface. Different tasks have different definitions tailored to
them.

Resolution of the EFM has been estimated analytically by modelling the electrical
tip-DUT interactions. It is assumed that the effective force is caused solely by the
tip-DUT voltage and depends on the tip—position [S1]. In Fig. 3.8, the electrical force
per effective area is shown for several working distances h versus the distance of
DUT-tip. It is obvious that the spatial resolution decreases dramatically with the increase
of the working distance h for a fixed SFM tip—DUT voltage. Assuming a fixed working
distance, the spatial resolution can be defined as the diameter of the circle where
the force per effective area decreases to 1/e—th part of its maximum. For the tip geome-
tries shown in Fig. 3.8, it is estimated that the spatial resolution is three times the
working distance.
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In the EFM, the mutual interaction between the probe tip and a test point on
the circuit surface is measured. This interaction is due to the coupling capacitance
between the tip and the test point. The localization of the coupling capacitance deter-
mines the spatial resolution of the system. The coupling capacitance has been estimated
using a static analysis of the tip-interconnect line structure over a ground plane. The
numerically calculated capacitance derivative is shown in Fig. 3.9(a) [52]. This curve
is plotted for a tip-line separation of 1 pm. The probe in this case is a wire structure
similar in geometry to the ones used in our experiments. Using a half bandwidth
at half maximum of the capacitance derivative criteria, the figure suggests a spatial
resolution better than 4 pum should be possible.
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Fig. 3.9 The capacitance derivative vs. the lateral position of the probe
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It is also predicted that the spatial resolution of EFM can be improved by using
the force gradient deflection method [53]. The probe deflection in an EFM is proportion-
al to the induced electrostatic force acting on the probe which in turn is proportional
to the derivative of the coupling capacitance between the probe and the circuit under
test. If instead, force gradient is monitored, a signal proportional to the second derivative
of the capacitance [(1/2)0%C/0z%] is produced. Fig. 3.9(b) shows a plot of [(1/2)02C/0z2]
versus tip lateral position as the tip is scanned over the interconnect [52]. This figure
suggests that force gradient method offers better spatial resolution.

3.4.2 Sensitivity

Sensitivity of the electrostatic force microscope is determined by the noise in
the system. Two main sources of noise in the measurement system are

® Noise in the deflection sensor

® Noise due to thermal vibration of the cantilever probe

The deflection sensor utilized in the present research is a fiber optic interferometer.
Hence, the noise in only this type of sensor is considered. The performance of properly
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designed interferometer is limited by two types of noise. One is the shot noise arising
from the random arrival of the photons at the detector surface and 1/f noise resulting
from the low frequency change in the output power of the laser source. Other types
of noise that may be significant in an actual instrument, like the 60/50 Hz electromag-
netic interference can be eliminated by good design.

If the average optical power arriving at the detector is P,, the associated shot
noise is given by [45]

2 1/2
Aigy = (2q P, Af) 3.9)
hy

where hv is the photon energy and Af is the bandwidth of the system.

Assuming the fiber interferometer is operated at the most sensitive operating point,
this noise current can be translated into an equivalent noise amplitude given by

Adgy = A;SN (3.10)

where S is the sensitivity of the detector i.e. the change in detected current per unit

deflection of the cantilever, often expressed in terms of nA/nm.

Low frequency fluctuations in the optical output is a problem for many sources
including semiconductor lasers and light emitting diodes (LEDs). This type of noise
is commonly referred to as 1/f noise. It is typically a small percentage of the total
optical signal.

The noise due to the interferometer sensor is on the order of 104 A/(Hz)2 [50]
when the AC detector mode is used. This noise is very small when compared to
the thermal noise of a typical wire cantilever which is considered next ( in the range
of 10--10"1 A/(Hz)!2 at resonance ) [49].

The cantilevers used in electrostatic force microscopes have so little mass and
are so highly resonant that thermal vibration of the cantilever is a major source of
noise in these instruments. The thermally excited noise amplitude N of the cantilever
at resonance has been shown to be [54]

_ [4ksTOB

N= [—— 3.11
o 3.11)
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where kg is the Boltzman constant, B is the bandwidth of measurement system,
is the resonant frequency of the probe, k is the spring constant of the cantilever, Q
is the quality factor and T is the temperature of the cantilever.

This thermal noise puts limit on the measurement of the force or in turn the
deflection of the cantilever. This expression can be used to derive the minimum detect-
able signal or the sensitivity that is theoretically possible.

In practice, many other sources contribute to the overall noise level. In scanned
force microscopes, mechanical and acoustic vibrations are dominant factors. Mechanical
vibrations can be greatly reduced by using an air~damped optical bench. In our instru-
ment, we use a slab of granite on the inner tubes of car tires in conjunction with
other damping mechanisms. Mechanical vibrations have a low frequency nature (<
100 Hz). Electronic noise is created by line pick-up and the power supplies from
the electronics. The 60 Hz disturbance is the dominant factor, but also its harmonics
contribute to the electronic noise [46].

3.5 Waveform Measurement Schemes

The signal on the circuit can be a DC potential, a slowly varying low frequency
signal or a high frequency signal. This section on waveform measurement schemes
refers to the way appropriate probe voltages are generated to measure these circuit
signals. In what follows, it is shown how the circuit signals can be extracted by applying
appropriate probe voltages. A heterodyne technique is employed to measure high fre-
quency AC signals.

3.5.1 DC Measurement

In DC measurements, the circuit voltage that is to be measured is V.(x,y). Then
(3.1), which gives the electrostatic force between the probe and the test point, can

be re-written as

_1 9

F. =
2 9z

Cwy. D) | v - Very) + ADJ G

where the term A® has been added to represent DC offset effects such as those due

37



Chapter 3 The Force Microscope

to surface charge and contact potential difference between the probe and the circuit
under test [41,43].

It is clear from (3.12) that the extraction of circuit potential V,(x,y) by directly
measuring the force requires accurate knowledge of the capacitance derivative 0C/dz
and thus very accurate positioning mechanism is required [55]. To overcome this prob-
lem, a nulling technique is utilized to extract the DC potential on the circuit [56,57].
To implement this nulling technique, the probe is driven with a voltage of the form

vp(t) = A + Kcos(w, 1) (3.13)

where A is a DC bias voltage and @, is the resonant frequency of the probe. Using
(3.12) the force on the probe can then be written as

19
26

10
2 9z

F, =52=C(x3.2) |(A+Kcos@,n) - Ve(x,3) + AD

K2
— C(x, m){( ~V(x,y) + AD) + 2}

K2
+ 2[ ( Vo(x,y) - ACI))]K cos(w,t) + —2—cos(2a)rt)} (3.14)

which results in a DC force term that will cause a static deflection of the probe beam,
as well as force at frequencies @ and 20, By adjusting the DC probe voltage A
so that the beam deflection at @, is nulled, the circuit voltage (V. (x,y)-A¢) can be
extracted regardless of the unknown factor dC/dz. For small values of contact potential
difference, this will yield the localized potential at the test point directly.

To monitor the force as specified by (3.14), the mechanical deflection of the cantile-
ver is measured using a fiber interferometer. The deflection will be a function of
the probe mechanical properties, the electrostatic force and its driving frequency. Deflec-
tions which are small compared to the length of the cantilever can be assumed to
be a linear function of the applied force. In the static case, the deflection will simply
be proportional to the applied force Az = F,/k, where k is the spring constant of
the cantilever. For the dynamic case, the probe can be modelled as a damped harmonic
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Fig. 3.10 Block diagram of the electrostatic force microscope
instrument to extract DC potentials

oscillator and for driving frequencies near resonance, the deflection will be enhanced
by the factor Q. To determine the magnitude of probe deflection at the probe resonant

frequency ;, the electrostatic force component at ®, in (3.14) then yields a deflection

aC_Q_

l, = —
Azw’ 0z k

|4 (Vo) - A®)[Keos@,)  aus)

where the deflection magnitude at the resonance @, only has been considered. The
driving frequency @ being the resonant frequency of the probe, the signal-to-noise
ratio of the instrument is greatly enhanced because of the large Q of the cantilever.
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Chapter 3 The Force Microscope

In the nulling technique, the DC potential at a point on the circuit is determined by
varying the DC bias A applied to the probe tip until the AC vibration amplitude of
the tip at @, as measured by the deflection sensor is minimized. The nulling technique
allows potential measurements without explicitly determining the constant 9C/dz and
thus avoids complex calibrations.

Fig. 3.10 shows a block diagram of the set-up used to perform DC potential
measurements. The wire probe is positioned on the point on the circuit where the
local DC potential is to be measured. The test circuit can be raster scanned in the
x—y dimension using a computer controlled 2-axis positioner. The potential difference
between the circuit and the probe causes a capacitively induced force resulting in
a deflection Az. The probe deflection is measured by a fiber interferometer and the
deflection at @, is detected using a lock—in amplifier. The output from the lock—in
amplifier will be proportional to the potential difference between the probe and the
circuit. This signal is integrated, summed with the AC driving source and then applied
to the probe. In a stable system, the DC component of the probe potential A will
be adjusted by this feedback loop so that the output of the lock—in amplifier is mini-
mized, hence reducing the probe vibration at ®; to zero. Under this condition, the

potential on the probe is equal to the local potential on the circuit ( A = V.(x,y)).

3.5.2 HF AC Measurement

To measure high frequency AC signals, heterodyne techniques based on frequency
modulation [58] and an amplitude modulation [59] have been used. These methods
enable the measurement of sinusoidal signals with frequencies much greater than the
resonant frequency of the probe. They are based on using the.square-law force interac-
tion present between the EFM and the sample for mixing and sampling, where high
speed signal under test is down converted to a much lower intermediate frequency.
In our instrument, we are concerned with measuring sinusoidal signals on the circuit.
An amplitude modulation scheme is used [60,61] which enables a nulling method
to be used in conjunction with the heterodyne approach. This approach eliminates
DC offset effects and the requirement for calibration. The signal v.(x,y,f) is assumed
to be of the form

ve(x,y,8) = Vsin(wot + @) (3.16)
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where V is the unknown signal amplitude and ¢ is the unknown phase at the test
point. The circuit under test is externally driven at the reference frequency @, which
is assumed to be much greater than ;. To implement the heterodyne technique, a
signal at the reference frequency wg is modulated and applied to the probe. Sinusoidal
modulation and square wave modulation yield useful results for the extraction of AC
signals and are described next.

3.5.2.1 Sinusoidal Modulation

In sinusoidal modulation, the signal applied to the probe is

vp(t) = |A+ Kcos(@,)]|sin(@ot + @) (3.17)

Here A, K and ¢, are user controllable parameters in the instrument. Using (3.1),
the force on the probe will be

_10C

F
¢ 282:

[(A + K cos(w rt)) sin(wot + @)

— V. sin(wot + @) + Aq)]z (3.18)

This square law mixing results in a static force component as well as components
at frequencies oy, 20, g, 20, O, 20tm; and 2we2m,. The force component
at ; is

Fy(Av, 2y, =l —a—CK[A Vecos(@p,— gbc)]cos(a)rt) (3.19)

By adjusting the probe voltage A and probe phase ¢p so that the beam deflection
at o is nulled, the circuit signal amplitude and phase ( V., ¢. ) can be extracted.
As in the case of DC measurement, the probe deflection at the resonant frequency
Az = QF,/k is monitored with a lock—in amplifier. Again using a nulling method,
the ill-conditioned factors C(x,y,z), Q and k are not required. Thus accurate probe
positioning is not required and complex calibrations are avoided for accurate and repeat-
able measurements. The force term (3.19) does not contain the term AP and thus
the measurement is not sensitive to DC offset effects. For simplicity, this offset term
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Chapter 3 The Force Microscope

will not be included in the expression for the force. The modulation signal at the
resonant frequency improves the signal-to-noise performance of the measurement as
in the dc case.

3.5.2.2 Square Wave Modulation

The sinusoidal modulation may not be easy to implement using simple electronic
circuitry, particularly at RF frequencies. Alternately, square wave modulation applied
to the reference signal allows the heterodyne technique to be implemented in much
the same way as in case of sinusoidal modulation described above [62]. This method
has been used successfully to measure signals at 1 GHz as will be discussed in chapter
5.

In this case, a reference signal cos(wytr + ¢,) is modulated by a square wave
Gr(t), at a frequency @, and applied to the probe as

v, (1) = [ A+K Gy(t)] cos (a)ot+¢p) (3.20)

Here A, K and ¢, are user controllable parameters in the instrument. Using (3.1)
and representing Gr(t) by its Fourier series, the force on the probe will be

FZ(Z) ==

16C
2 0z

4 n=c0 1 2
A+K— > —si t+¢,) -V, t+
( - ; " sin na),t) cos(wot + ¢,) — V. cos(wg ¢C)}

n odd
(3.21)

which results in a static force component as well as components at frequencies @,
ne;, 0y, 20y, 209 + nw; The probe deflection at @, is

Azl =222 g2 [A—Vc cos(¢p v )] sin (W)  (3.22)

This yields a result similar to the one in case of sinusoidal modulation (3.19) except
for an additional 4/n factor. Again the probe voltage A and probe phase ¢, is adjusted
so that the beam deflection at ®; is nulled. Thus the circuit signal amplitude and
phase ( V., ¢; ) can be extracted.
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CHAPTER 4

High Frequency Measurements

In this chapter, results demonstrating non—contact heterodyne electrostatic force
measurements performed using square-wave modulation at 10 MHz are presented.
Measurements using sinusoidal modulation and at lower frequencies have been per-
formed earlier and are reported [60,61]. The measurements presented here demonstrate
that the heterodyne technique works with the square~wave modulation. The establish-
ment of these results is important since the RF measurements presented in the next
chapter rely on the square-wave modulation method. Further, the need and methodology
for probe calibration is discussed and is crucial at higher frequencies. The experimental

set—up is described briefly followed by some measurement results.

4.1 Measurement System

In the experiment, a sinusoidal signal with an adjustable amplitude and phase
is applied to a CMOS test circuit. This situation would typically be encountered in
linear circuit applications where the circuit signal v.(¢) is at the stimulus frequency
o but undergoes changes in amplitude and phase as it propagates through various
devices and interconnects on the circuit. Different nodes would then have varying

amplitude and phase, but all at the same frequency .

The test set-up is shown in Fig. 4.1. The test structure used to demonstrate
the system was a bond pad of a 68—pin PGA CMOS IC. This enabled a known voltage
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Chapter 4 High Frequency Measurements

to be applied to the test point. A molybdenum wire probe with dimensions similar
to those discussed in chapter 3 was used. The end of the wire probe was electrochemical-
ly etched [63] to form a sharp tip. The tip was positioned approx. 1 um above the
bond pad. The resonant frequency of the probe was determined to be f, ~ 1421 Hz
and the quality factor Q ~ 282.

The test circuit is mounted on a 2—axis positioner. The structure holding the position-
er, the wire probe and the fiber—optic interferometer is constructed from 3/4 inch alumin-
ium plates to eliminate low frequency vibrations. All the major components of the
measurement system are normally placed on a vibration isolation table. The fiber is
positioned on the wire probe using a system of fine pitched screws and micrometers.
The movement in the z—direction is controlled manually with an arrangement of screws
and micrometer in a tripod arrangement allowing movements with an accuracy of
0.2 um. To position the circuit within 1 pm of the wire probe, the table with the
test circuit mounted on it is first moved up with the fine micrometer till the probe
tip just starts touching the circuit. This is detected by a disturbance in the fiber signal.
Then the table is lowered by turning the micrometer in the reverse direction. By calibrat-
ing the micrometer movement, the z—position of the probe above the circuit can be

set to approximately 1 pm.

As shown in Fig. 4.1, the function generator has a 10 MHz reference on its back
panel. This signal has a fixed amplitude ( 0.66 volts ). To measure various levels
of circuit signal V., a step attenuator and an amplifier are added before the circuit
signal is applied to the pin of the CMOS IC. The circuit signal amplitude can be
varied by changing the attenuation level of the step attenuator. A 50Q chip resistor
is mounted between the signal pin of the IC and ground to terminate the circuit signal

in its characteristic impedance.

A second square wave signal generator (DS335) with variable offset is used to
modulate the 10 MHz signal from the first function generator. A 50 termination
is used to provide a match for the 50€2 source impedance of the function generator.
The phase of the probe signal can be varied ( with respect to the circuit signal )
on the first function generator (DS 345).

4.2 Measurement Results

When a sinusoidal signal v.(xy)= V.cos(mwpt+¢.) is applied to the circuit and
a square~wave modulated signal is applied to the probe as v,= [A+KGr(r)] cos(wot+dy),
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the probe deflection magnitude at frequency ®; has been shown in (3.21) to be
IAZ | =—=— K— [A-—VC cos(gi)p - ¢, )] . 4.1)

When ¢y=¢., the unknown amplitude can be determined as V. = A by nulling the
deflection at ®;. However, to set the phase accurately, the deflection has to be nulled
with A = V.. This is a dual optimization problem where one of the unknown parameters
is required to be set accurately, before the other can be measured properly. An algorithm
has been devised to initially determine the phase very accurately. Once this is done,
the amplitude can be determined. The scheme is illustrated in Fig. 4.2 , where the

Force =1 A -V, cos (A}) |
o

: : N’ : \:/ :
O T T T T l T T T T | T T T T I T T T T ‘ T T T T l T T T T l T T

-200 -150 -100 -50 0 50 100 150 200
Probe Circuit Phase Difference (A¢)

Fig. 4.2 Force/Deflection as a function of probe—circuit phase
difference for (i) A<V, (i) A=V, and (iii) A > V..

Force (< Az) is shown as a function of the probe—circuit phase difference Ad (=¢,—0c)
over 360%. With A > V,, the deflection is never nulled. With A=V, the deflection
is nulled exactly at one point (A¢ = 0°). This null point is difficult to establish, specifical-
ly because the unknown amplitude V. is not known apriori and also because the cosine
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curve is flat near the null point. With A < V,, the deflection is nulled at two distinct
points.

In the experiment, to set the phase accurately, A is chosen to be lower than V..
This is relatively easier than setting A=V.. The phase ¢, is then varied to null the
deflection at ®; as detected by the deflection sensor. Two phase positions ¢p; and
¢p2 are determined where the deflection is nulled, taking care that the two are less

than 180° apart. The phase ¢p 1s set at the mean point [(¢p; + ¢p2)/2] of these phases.

Relative Deflection 1Az

0 T | T I T l T | T T l T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Probe Signal Parameter A (volts)

I — e

Fig. 4.3 Relative deflection signal as a function of the probe
signal parameter A for test circuit amplitude V.=0.63 V.

Once the phase is set accurately, the probe parameter A is varied until the deflection
is nulled again. For test voltage magnitude V.= 0.63 volts, Fig. 4.3 shows the measured
probe deflection magnitude | Az | as a function of the probe parameter A. Here the
probe phase has been adjusted to be equal to the circuit phase at the test point (¢p=¢.)
using the procedure described above. The deflection is minimized when A=V,. Similar
plots for V.=1.05 and 1.44 V are shown in Fig. 4.4 and Fig. 4.5 respectively.

To demonstrate the capability of measuring the phase at the test point, a voltage
V=1.05 V was applied to the test point and the probe parameter A was set to minimize
the deflection as shown in Fig. 4.4. The relative deflection as a function of probe
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Fig. 4.5 Relative deflection signal as a function of the probe
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signal parameter A for test circuit amplitude V =1.44 V.
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phase is shown in Fig. 4.6. The measured result matches well with the theoretical
(1-cos A¢) response. This also indicates that the initial phase was set accurately employ-
ing the procedure described earlier.
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Fig. 4.6 Relative deflection signal as a function of phase difference
( ¢p — ¢ ) with fixed voltage levels V.=1.05 V.

Next, measurements were performed for a number of circuit signal amplitudes
V., and in each case the probe parameter A which nulls the deflection was determined.
A plot of probe parameter A as a function of the circuit signal amplitude V, is shown
in Fig. 4.7. Linear variation of probe signal parameter A with circuit signal amplitude
V. suggests that a scaling factor is involved. This is a consequence of probe mismatch
as these issues become significant at higher frequencies. This is discussed in more
details in the next chapter where we perform GHz measurements.

The measurements presented in this chapter indicate that the square—~wave modula-
tion works as well as the sinusoidal modulation. Results indicate that the probe can
be calibrated to account for the probe mismatch and thus provides the ability to measure
signals accurately at high frequencies.
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Fig. 4.7 Parameter A as a function of circuit signal amplitude
V. when Az is nulled. ¢,= ¢, and fp=10 MHz.
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CHAPTER 5

RF Measurements

The measurements presented in the previous chapter demonstrated the applicability
of the developed square wave modulation approach for sinusoidal measurements using
the heterodyne EFM technique. This chapter extends the measurements to RF frequen-
cies. At higher frequencies, probe matching becomes critical as the path lengths approach
the wavelength of the transmitted signal. The issues specifically relevant to high frequen-
cy measurements are discussed in this chapter. The signal electronics developed for
applying the appropriate square-~wave modulated probe signal is described next. Results
of measurements performed on a microstrip thru-line and a commercial Texas Instru-
ments MMIC amplifier are presented.

5.1 Introduction

As mentioned earlier, the main objective of this thesis is to demonstrate measure-
ments of high frequency signals with the scanning electrostatic force microscope. The
push towards high frequencies in microelectronics/VLSI has already resulted in devices
operating beyond 1 GHz. The potential benefit of extending the measurement capabilities
of our instrument to GHz frequencies is that not only can the signals be measured
on these integrated circuits, but also the waveforms on internal nodes of MICs and
MMICs operating in the lower L bands can be measured as well. Personal communica-
tion systems, cellular phones and other RF technologies are being commercialized
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and require the fabrication of miniature MMIC and hybrid MMIC components. The
technique we present could be an important diagnostic tool in the testing and manufactur-
ing of these devices.

5.2 Probe HF issues

In the electrostatic force microscope, the voltage on the circuit is measured by
applying a controllable voltage to the probe which is typically positioned less than
1 um over the circuit test point. At DC and low frequencies (few kHz), the signal
that is applied to the probe can be assumed to be the signal at the probe tip. This
assumption is not valid at higher frequencies, and at 1 GHz (A = 30cm), a small
length of wire can result in a large phase change and mismatch. Some of the high
frequency issues which are critical in the proper functioning of the instrument are

discussed in this section.

5.2.1 Electrical Equivalent Circuit

© &

Zo 50Q Zey = —J.Zo.cotBl

Fig. 5.1 Probe Equivalent Circuit

A semi-rigid cable ( 0.185 inch diameter) with a SMA connector at one end
and the molybdenum wire attached to the centre conductor at the other end was used
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for the probe in the measurement instrument. An electrical equivalent circuit of the
probe—circuit interaction is shown in Fig. 5.1 where the semi-rigid cable is modelled

as a transmission line. A lumped RLC model is used for the wire probe.

The capacitance between the probe and the circuit has been calculated numerically
and is on the order of 0.2 fF [18]. The impedance, even at 1 GHz, is on the order
of a few hundred KQ and thus can be considered as an open circuit. The probe equivalent
circuit is then essentially an open—circuited line of length I’ at the end of a terminated
50Q transmission line. To get a good match, characterized by a low return loss, the
length of the open—circuit length is critical. The open—circuit length is equivalent to
a shunt impedance which can be calculated using transmission line theory [64]. The

equivalent shunt impedance is given by
Zsg, = —jZgcotPl (5.1
where f =—

If we approximate the 502 termination to be the same as the characteristic impedance

of the transmission line, and ignoring any parasitics, the return loss can be calculated

as
s11(Return Loss) = 201logT (5.2)
__ -1
1 + 2 zgy
where zg, = Normalized shunt impedance = —j cotf3] and
_ -1
1 -2 jcotpl
1 1
I = (5.3)

\/1 +4cot2ﬁl_ \/1 +4cot2-2-fi

Using (5.3), the return loss has been simulated for various open—circuit lengths
‘I’ over the frequency range from 50 MHz to 1.2 GHz. This is shown in Fig. 5.2.
Fig. 5.3 shows a similar result achieved by simulation using PUFF, a PC based CAD
software for microwave integrated circuit design [65].

53



Chapter 5 RF Measurements

0 :
-10
@ -20
30 :
i
@ -40 - :
o} :
A :
- -50 :
S |
2
70 ....................
-80 i I T | I | l I | I |
0 01 02 03 04 05 06 07 08 09 1 11 12 13
Frequency (in GHz)
Fig. 5.2 Probe s;; simulated using equivalent circuit
|31
dB
-58 : : ! : : : : : :
8.85 f GHz 1.2
Fig. 5.3 Probe s;; plot using PUFF [65]

54



Chapter 5 RF Measurements

It can be seen from Fig. 5.2 that stub lengths in multiples of 15 cm give a good
match ( low return loss ) at 1 GHz. This is because a half wavelength at 1 GHz

= 15 cm.

5.2.2 Probe Matching

While it is desirable to have a good match for the probe over a wide frequency
range, we found that it was one of the most difficult problems that was encountered

in the development of our instrument.

841 FORWARD REFLECTION

LO8 MaAB. PREF=0.060u8 40 .00068/DIV

lad

0.0500 GHz i1.2000

Fig. 5.4 Wideband probe match as measured on the network analyzer

At a first glance, it seems that terminating the probe with its characteristic imped-
ance (50€2) near the end (close to the Mo wire) should give a good wideband match.
This arrangement was tested by soldering a 50Q2 chip resistor between the centre conduc-
tor of the semi-rigid cable and its outer conductor near the small wire probe. A small
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cavity was carved out of the cable by cutting through the dielectric to the centre
conductor. This arrangement indeed gave a very good match as measurement on a
network analyzer (Fig. 5.4) indicates. However, the voltage applied to the probe pro-
duced a sufficient heating of the centre conductor and the Mo wire close to the end,
that the force induced vibration could not be nulled. Even the use of four 2002 chip
resistors, all soldered between the inner conductor and the outer copper shield of the
cable resulted in enough heating to prevent nulling due to residual thermal drift of
the probe.

Since terminating the probe near its end is difficult to realize, a 50Q feedthrough
termination, far from the probe, was used. The available termination with BNC connec-
tors had to be connected to the semi-rigid cable by a series of coaxial adaptors. To
eliminate mechanical vibration of the system, the bulky adaptors and the feedthrough

S414 FORWARD REFLECTION

LOG MAG. PREF=0.000dB 5.0004dB/DIV

AN NENEA
BNVARY. \
VERVERVARY

v

0.0500 GHz i.2000

Fig. 5.5 Probe s;; measured on the network analyzer
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termination were placed some distance away from the probe holder and the platform
on which the circuit was mounted. This arrangement necessitated a long length of
open—circuit line. The result was a fairly narrowband match around the frequency
of measurement. It may be noted that a return loss of —-18 dB (VSWR = 1.3) is
considered a good match and also desirable for the safety of microwave components
used to feed the probe signal. The return loss of the actual probe arrangement used
in the measurement system was measured on the network analyzer and is shown in
Fig. 5.5. Low return loss (~18 dB) at a desired frequency was achieved by adjusting
the length of the open circuit line.

Since the modulating frequency is typically quite low (few kHz), the signal applied
to the probe is a narrowband signal at GHz frequencies (< 1 MHz bandwidth). Thus
if the probe is matched at 1 GHz, it can be considered a good match over the band
of frequencies that are being fed to the probe.

5.3 Measurement System

While the square-wave modulation scheme used in the measurements may be
simpler to realize with some of the commercially available instruments, the cost of
these microwave instruments can be prohibitively expensive. Our measurement instru-

ment was realized using some simple, inexpensive microwave components and devices.

A block diagram of the measurement system is shown in Fig. 5.6. The high frequen-
cy signal source is a HP 8350 sweep oscillator operated at the CW frequency at which
measurement are to be performed. To apply the signal to the DUT, and simultaneously
derive a reference signal to be applied to the probe, a power divider was used. A
set of three phase shifters connected in series were used to provide controllable phase
change in the probe signal and to set the phase for nulling the force/deflection. The
digital step attenuator (DSA) is the next component in the chain. In this component,
each attenuation step is switched on or off by a TTL signal, with the difference in
insertion loss between the on and off states being the step attenuation. The biphase
modulator is used to provide a 0° or 180° fixed phase shift. The step attenuator,
the biphase modulator, and the associated control logic are used to implement square
wave modulation of the reference frequency signal from the power divider. Finally,
an amplifier is used to increase the level of the signal since the signal goes through
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a series of components that have a fairly large insertion loss. The output from the
amplifier is fed directly to the probe through a series of flexible cables, 50€2 feedthrough
terminations and adaptors as described in the previous section.

With reference to Fig. 5.6, the other output of the power divider feeds the signal
to the device on which the test point is located. Depending on the signal level require-
ments, varying attenuation levels can be introduced using fixed attenuators as shown
within dashed box in the figure. For example, if the signal to be measured is an
amplifier, with a high gain and a limited output level, the input signal has to be low
and appropriate attenuation is introduced. On the other hand, if the signal to be measured
is on a thru-line for example, the attenuation can be reduced or even completely

removed to provide a signal with a large amplitude on the thru-line.

The control logic consists mainly of TTL logic components and an opamp used
to provide appropriate control signals to the digital step attenuator and the biphase
modulator. A function generator (DS 345) which provides the modulating frequency
at the resonant frequency of the probe completes the measurement system. Brief specifi-
cations of some of the key components used in the measurement system are listed
in Table 5.1 [66].

Table 5.1 : Component Specifications

2 Way Power MC ZESC-2-11 Freq. 10-2000 MHz
Divider
Phase Shifters Sage 6702 Freq. DC-2 GHz

Nom. phase Shift : 5.7/GHz/Shaft—turn
D1g1ta1 Step MC ZSAT-31R5 Freq. 10-1000 MHz N TTL Controls
Attenuator _ Principal Atten. Steps : 0.5,1,2,4,8,16 dB

Electronic Attenuator /| MC ZFAS—2000 |  Fred. 100-2000 MHz

Biphase Modualtor Biphase : +20 mA
Medium Power MC ZFL-2000 Freq. 102000 MHz 5 Gain 20 dB min.
Amplifier Max. Power Output : +16 dBm
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Recalling from chapter 3, the voltage applied to the probe in square—wave modula-
tion is of the form

v () = | A+K Gr(t) | cos (wot+6,) (5.4)

The implementation of square-wave modulation is illustrated in Fig. 5.7. In normal
implementation, K is kept constant and the offset A is varied. When there is no attenua-
tion on the DSA ie. all the TTL controls are at logic zero level and the biphase
modulator introduces no phase change (due to positive current applied at its control
port), there is no modulation and the waveform applied to the probe is as shown
in Fig. 5.7(a). Next, when a small attenuation step is applied to the DSA, the waveform
changes to as shown in Fig. 5.7(b). The step applied to the DSA is a 1/2 cycle of

the square-wave and the period corresponds to the resonant frequency of the probe.

T == (5.5)

Using 6 discrete steps, attenuation levels ranging from 0.5 dB to 31.5 dB in steps
of 0.5 dB can be applied to the probe signal. Progressively increasing attenuation
are illustrated in Fig. 5.7(c) and 5.7(d) respectively. With reference to (5.4), Fig. 5.7(a)
would correspond to K=0. Similarly Fig. 5.7(b,c,d) correspond to increasing values
of K and decreasing values of A so that (A+K) is a constant level depending on
the input to the step attenuator. With large attenuation, the output approaches the wave-
form of Fig. 5.7(e) which corresponds to the case where A=K. In the actual circuit,
however, this situation is never realized since there is a small signal even with the
maximum attenuation (31.5 dB) so that A=K. In all of the cases described above,
there was no phase shift through the biphase modulator and the output from the DSA
is just attenuated by the insertion loss of the modulator. When the control corresponding
to the biphase modulator is turned ‘ON’, the waveform at the output is as illustrated
in Fig. 5.7(f). Here a negative current is supplied to the modulator control causing
it to introduce a phase shift of 180°0. Since the negative current is applied only in
the half cycle in which attenuation is applied to the DSA, the other half cycle remains
unaffected. Also, since the attenuation level for the electronic attenuator is same for
negative current, the attenuation level remains the same as in Fig. 5.7(d). This corre-
sponds to the situation where K>A. With biphase modulator turned ‘ON’, different
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attenuation levels will give another set of levels for A and K with K>A in each case.
Finally, with no attenuation on the DSA, and with biphase modulator turned ‘ON’,
the waveform as shown in Fig. 5.7(h) is obtained, which corresponds to A=0.

For any given attenuation level, the A and K values in (5.4) are determined as
illustrated in Fig. 5.8. It is to be noted that since the attenuation and biphase modulator
phase shift are applied in only one half cycle, Vyax remains constant. Also, the maximum
value of Vi, is equal to Viay. Therefore, the probe parameter A would range from
Vmax When there is no attenuation and the biphase modulator is OFF to zero when
there is no attenuation and the biphase modulator is ON. Vi is limited by the output
of the amplifier. In the measurement system (Fig. 5.6), the input level of the HP
source is adjusted so that the amplifier operates at the maximum allowable output
power level ( below 1 dB compression point ). This signal is then applied to the
probe.

Vm“jw,nm.q;”_ ..... T

Vmax + Vmi Vimax — Vi
With Biphase Modulator ‘OFF’ : A= —23"—-2—1“—‘2 K = -—%"ﬂ

Vimax = Vi Vimax + V,
With Biphase Modulator ‘ON” : A= &z—ﬂ K = —“ﬁ’i-é———“ﬂ

Fig. 5.8 Determining A and K in the measurement system
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To map the attenuator and biphase modulator control switch settings to the corre-
sponding A and K levels in (5.4), the output of the amplifier was measured with
a Tektronix TDR/Sampler. The measurement arrangement is shown in Fig. 5.9. The
amplifier output is connected to an S—6 sampling head of a 7S12 TDR/Sampler through
a 6 dB attenuator. The attenuator is added to avoid damage to the sampling head.
A trigger is provided by a power splitter to the S-53 trigger recognizer. Signals up
to 1 GHz can be measured using the S-53 trigger recognizer.

) S-6
Signaltobe |6dB Sampling
Measured  |Atten. Head

1 GHz Source
HP 8350

Power
Splitter

S-53
Trigger
Recognizer

\ 4

(a) 7512 TDR / SAMPLER

(b)

Fig. 5.9 Signal Measurement using TDR /Sampler
(a) Block Diagram (b) An example
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Using the arrangement shown, Vi, is measured for different attenuation levels.
Since modulated signals cannot be measured using this arrangement, the modulation
is turned off. Vpax is measured with 0 dB attenuation. The signal on the sampler
can be averaged and the peak—to—peak voltage is read off directly from the display
as shown in Fig. 5.9(b). Since a 6 dB attenuator is used at the input, the voltage
read on the sampler is approximately half of the input voltage level. Thus the peak—to—
peak voltage is directly taken as the Vp, level. Since all voltages are measured using
the same attenuator, any inaccuracies that may be present in the measurement system
are scaled out. From these measurements, a look-up table was prepared which gives
A and K values for different control switch settings.

A photograph of the entire measurement system, including the signal electronics,
is shown in Fig. 5.10. The box on the left is the fiber—optic displacement sensor.
Its output is monitored on a FFT spectrum analyzer. Next to this is the probe—holder

along with the 2-axis positioner on which the DUT is mounted. These are placed

on a floating granite slab ( mounted on inflated tubes ).

Fig. 5.10 Photograph of the Measurement System
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5.4 Measurements on a Microstrip Thru-Line

Measurements were first performed on a microstrip thru-line. The microstrip was
fabricated using copper tape on a microwave substrate (g,=2.5). The characteristic im-
pedance of the microstrip line depends on the width, the dielectric constant of the
substrate material, the thickness of the board and the thickness of the conductor. Standard
synthesis equations were used to calculate the width of the tape for a 50 Q) transmission
line [67]. With £=2.5 and thickness of the board=1.5875 mm, the width of the transmis-
sion line for 50Q impedance was calculated to be 4.46 mm. A copper tape of width
w=~4.46 mm was cut and pasted on the substrate. SMA connectors were soldered at
each of the two ends and the body of the connector was soldered to the back plane
copper on the board. A photograph of the microstrip thru-line is shown in Fig. 5.11.

Fig. 5.11 Photograph of the Microstrip Thru—Line

Since the synthesis equations are empirical and the width of the tape is difficult

to cut and maintain accurately, the S—parameters were measured on the network analyzer
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after assembling the thru-line. The measured forward reflection parameter s11 is shown
in Fig. 5.12. The return loss is better than 28 dB indicating a good match on the

Si41 FORWARD REFLECTION

LOG MAG. PREF=0.000dB 10.000dB/DIV
Pl ﬂ====kc==rk\\

i/"’/ T

0.0500 ‘BHz 1.2000

Fig. 5.12 s;; of the thru-line measured on the network analyzer

input port. For this measurement, the output port was terminated with a 50Q load.
Next the forward transmission parameter s21 was measured for the thru-line. The
measured result is shown in Fig. 5.13. Transmission loss of less than 0.1 dB indicates
that the losses on the microstrip are minimal. These measurements indicate that the
characteristic impedance of the transmission line fabricated using the tape is close
to 50€2 and that the voltages applied to the input of the structure should be maintained
on the line.

Sinusoidal measurements at 1 GHz were performed next for different circuit signal
amplitudes V.. The circuit signal amplitudes were varied by changing the fixed attenua-
tors shown in the measurement system (Fig. 5.6). The circuit signal amplitudes were
measured on the TDR/sampler prior to performing the measurements with the instrument
using the same 6 dB attenuator as mentioned earlier.
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S21 FORWARD TRANSMISSION

LOG MAG. PREF=0.000dB 0.400dB/DIV

MM%W

LR

T4

0.0500 GHz 1.2000

Fig. 5.13 sj; of the thru-line measured on the network analyzer

As developed in chapter 4, the probe deflection magnitude at the resonant frequency
o; is given by

|Az |w = ——— Ki [A—Vc cos(qbp - ¢, )] (5.6)

To establish the circuit signal amplitude V. by nulling the deflection, the phase had
to be set accurately first. This was done using the procedure described in chapter
4. With some low attenuation (A < V,), the probe phase was changed using the mechani-
cal phase shifters and two null points were obtained as before. Then the shaft position
for the two nulls was averaged and the phase shifter shaft set at the mean position.
If more than one phase shifter is involved, the shaft position on the second is added
to that on the first and the mean taken with these two numbers. Experience has shown
that the phase can be set accurately to within one shaft turn of the phase shifter,
which corresponds to 5.79 at 1 GHz. Once the phase is set (9p=0c), the probe deflection
magnitude 1Azl is then measured for various control switch settings. Thus, the probe
parameter A is varied over its full range form 0 to Vpax.
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For a circuit signal amplitude V. =0.272V, Fig. 5.14 shows the measured probe
deflection magnitude lAzl as a function of probe parameter A. Here the data taken
with different control switch settings has been mapped to the corresponding A values
of the probe parameter using the look-up table described in the previous section. Unlike
the square-wave modulation results in chapter 4, the plot has two null points. This
is because of the specific square-wave modulation arrangement used in our measurement
system. From (5.6), the deflection is nulled not only when A=V, with ¢,=¢, but
also when K=0. When A=V, (i.e. when there is no square~wave modulation), K=0
and so the deflection is also nulled at that point. The other point corresponds to the
case where A=V,. This situation is not encountered in normal square wave modulation
as only A is varied and K is held constant. In the system used here, both A and
K change simultaneously.

T LI | L R S e S e B e T !
0 01t 02 03 04 05 06 07 08 09 1 11 12 13 14
Probe Signal Parameter A ( volts )

Fig. 5.14 Relative deflection signal as a function of the probe
signal parameter A for test circuit amplitude V.=0.272 V.

Fig. 5.15 (a,b,c) show similar plots for V.=0.388, V.=0.529 and V.=0.765 volts,
respectively. Since the range to which A can be varied is limited by the output of
the amplifier, the curve progressively starts becoming flat near the null point as the
circuit signal amplitude V. is increased and approaches Vpax.
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(a)

0+t ———— ]
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
Probe Signal Parameter A ( volis )

(b)

O et i L T S
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
Probe Signal Parameter A ( volts )

(c)

0+ P Tl
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
Probe Signal Parameter A ( volts )

Fig. 5.15 Relative deflection signal as a function of the probe signal parameter
A for test circuit amplitude (a) V=0.388 V ; (b) V=0.529 V and (¢) V.=0.765V
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Fig. 5.14 and 5.15 indicate that A#V, at the null points. This is because of the
standing wave on the open—circuit line feeding the signal to the probe. Thus, a calibration
factor is required to calculate the circuit voltage signal from the probe parameter A.
To establish this scaling factor, the probe parameter A which nulls the deflection is
plotted against the circuit signal amplitude V. as shown Fig. 5.16. A near linear variation
of the probe parameter as a function of the circuit signal amplitude indicates that
a constant scaling factor is involved. From this plot, the scaling factor can be established.
This scaling factor is valid for the specific frequency at which the measurements have
been performed, which in our case is 1 GHz.
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Fig. 5.16 Parameter A as a function of circuit signal amplitude
V. when Az is nulled. ¢,=¢. and fo=1 GHz.

While the measurements of the circuit signal amplitude on a microstrip thru-line
are otherwise trivial in the sense that these can be much more easily performed by
other means, the results here establish the capability of the instrument to perform
sinusoidal measurements at RF frequencies. Also, the signal electronics for generating
the square-wave modulated signal is validated.
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5.5 Measurements on a Commercial MMIC Amplifier

After measuring the signals on the thru—line, similar measurements at 1 GHz were

performed on a commercial MMIC low noise amplifier (LNA).

The LNA ( TI-TGA 8061) is a GaAs monolithic low-noise amplifier employing
three FET stages [68] with resistive feedback. A photograph of the packaged amplifier
is shown in Fig. 5.17. The amplifier has an 18 dB nominal gain over a 0.1-3.5 GHz
bandwidth and operates from a single +12 volts supply. The amplifier was packaged

at Communications Research Centre, Ottawa [69].

Biis

Fig. 5.17 Photograph of the TI Low Noise Amplifier

Fig. 5.18 is a photograph of the device layout on the amplifier. Bond pad and
backside metalization is gold plated. The circuit topology of the amplifier is shown
in Fig. 5.19.

The measurements were performed on input, output and two internal nodes of
the LNA. The internal nodes at which measurements were performed are the output
of the first FET and the input to the 3rd FET, respectively. These are identified in
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— Fig. 5.18 Photograph of the Layout onthe TI LNA
100 um
Vbio v+ ?
NODE 1 wh
\ v%ﬂ -<
Vaps 3
T RF Output
o)
RF Input 0
FET 2 1| v
600 pm S
FET 1 FET 3
600 pm 600 pim i
O Vg NODE 2
3
o)

Rl R2 R3 R4

Fig. 5.19 Circuit Diagram of the LNA
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the device layout (Fig. 5.18) and the circuit topology (Fig. 5.19). The input and output
pads on the circuit had bond wires attached to them. Therefore, those measurements
were performed on the 50€2 transmission line leading to the connectors on the amplifier
housing as shown in Fig. 5.17. Since the substrate is alumina (g£,9.6), the width of

the line is fairly small (~1 mm). The chip dimensions are approximately 1.5mmx1.5mm.

Before performing measurements on the LNA, the forward transmission and reflec-
tion s—parameters were measured on the network analyzer. The measured s21 is shown
in Fig. 5.20 and is in good agreement with the measurement data provided by the
supplier. The gain at 1 GHz is ~17.8 dB.

821 FORWARD TRANSMISSION
LOG MAG. >REF=0,000dB 5.000dB/DIV
3 il
%/'A/
v
0.0500 - BHz 1.2000
Fig. 5.20 sp; of the TI LNA measured on the network analyzer

Fig. 5.21 shows the measured forward reflection s—parameter sll. With better
than 20 dB return loss (s11 < -20 dB), the LNA shows a good input match.

First, the measurements were performed on the input line. The circuit signal ampli-
tude was measured on the TDR/Sampler to be 79.5 mV. As in the case of measurements
on the thru-line, the probe phase was first adjusted to be equal to the circuit phase.
Since V. is very small in this case, the phase was set with A=0. Fig. 5.22 is a plot

of the relative deflection 1Azl as a function of probe parameter A. The deflection is
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S4i4 FORWARD REFLECTION

LOG MAB. PREF=0.000dB 10.000dB/DIV

v

0.0500 GHz 4.2000

Fig. 5.21 s;; of the TT LNA measured on the network analyzer

nulled for A=73.5 mV. Note that the smallest attenuation step was 0.5 dB, which
corresponds to 36 mV and since the signal level is extremely small, the measurement

accuracy is limited.

Next, the measurements were performed on the output line of the amplifier. The
output signal was measured on the TDR/sampler and was determined to be 0.57 volts.
The phase was set at +73° with respect to the input. Fig. 5.23 shows a plot of the
relative deflection as a function of A. Here the deflection is nulled for A=0.625 volts.
While measuring the signal on the output line, the output of the amplifier was connected
to the TDR/Sampler. Thus the voltage waveform could be observed while performing
the measurements. As the probe approached the circuit and was within 1 um of the
test point on the output line, no change was observed in the amplitude and/or shape
of the waveform on the sampler. This observation clearly demonstrates the non—invasive
nature of the measurement technique.

In all the previous measurement cases including the ones on the thru-line, the
circuit signal to be measured could be measured externally using the TDR/sampler
as well. However, the signals on the two internal nodes cannot be measured by any
straightforward technique. Therefore, the circuit signal amplitudes are not known apriori
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0 +—r———+—r————— T ————
0 01 02 03 04 05 06 07 08 09 1 11 12 13
Probe Signal Parameter A ( volts )

Fig. 5.22 Relative deflection signal as a function of the probe
signal parameter A on the LNA Input line : V.=79.5 mV.

l'i'i'l
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O T l T l T | T [ T ] T I T | T ] T
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Probe Signal Parameter A ( volts )

Fig. 5.23 Relative deflection signal as a function of the probe
signal parameter A on the LNA Output line : V=0.57 V.
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in these cases. The measurements on the internal nodes specified earlier were performed
next.

Node 1 is the output of the first FET. The probe was positioned on the area
indicated in Fig. 5.18 and lowered to within 1 pm of the circuit surface. Measurements
were performed as before, setting the probe phase first and then taking the deflection
measurements for different control switch settings. Fig. 5.24 is the plot of relative
deflection vs. A for this node. From the plot, it is determined that the deflection is
nulled for A=0.585 volts. The phase setting relative to the input node was —149°.

T ‘ T | T I T i

T T I T [ T I T l T | ¥ l T ,
0 01t 02 03 04 05 06 07 08 09 1 11 12 13
Probe Signal Parameter A ( volts )

Fig. 5.24 Relative deflection signal as a function of the probe
signal parameter A on the LNA Node 1 : V. not known

Node 2 is the input to the 3rd FET stage as indicated in the circuit diagram
of Fig. 5.19. The area where the probe was positioned is indicated on the device
layout of Fig. 5.18. Fig. 5.25 is the corresponding plot of relative deflection vs. probe
parameter A for this node. The deflection was nulled for A=0.50 volts with phase
set at —1420 relative to the input.

The measurement results on the input, output and the two internal nodes of the
LNA are summarized in Table 5.2. The phase has been calculated by noting the shaft
position that was set for each of the measurements and by using the nominal phase
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ot+—r—7r+—1— Ry
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Fig. 5.25 Relative deflection signal as a function of the probe
signal parameter A on the LNA Node 2 : V. not known

shift/shaft turn of 5.70 at 1 GHz. The phase shifts are indicated relative to the phase
on the point probed on the input line. The gains are calculated using the measured
parameter A for which the deflection was nulled. Since only ratios are involved, any
scaling factor involved is cancelled out. The overall gain of the amplifier is calculated
using the measured values at the input and output as +18.6 dB. The respective gains
of the individual FET stages have been calculated using the measurements made at
the two internal nodes and are listed in the table.

Measurements at internal nodes of the MMIC is a significant result since these
measurements could not be possibly performed with any other means. This demonstrates
the usefulness of the instrument. Since the component values and FET models were
not available, it was not possible to perform any simulation on the circuit to predict
the voltages at the internal nodes. In such a situation, while it is difficult to comment
on the accuracy of measurements at these nodes, circuit topology suggests that the
first FET stage is an amplifier stage while the second stage is like a source follower.
High gain in the first stage and a small loss in the second stage indicates some correspon-
dence with the actual circuit signal amplitudes expected at these nodes.
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Table 5.2 : Summary of Test Results

Input Node 1 Node 2 Output
Actual 79.5 mV Unknown Unknown 570 mV
Measured 73.5mV 585 mV 500 mV 625 mV
+36 mV + SmV * 8mV + 5mV

£ 00 Z£-1490+570 | £ 14204570 | £+730+5.70

Gain + 18.02 dB -1.37dB +1.94 dB

Ist Stage 2nd Stage 3rd Stage
Overall Gain 1521l = + 18.6 dB

The deflection at resonant frequency in these measurements was monitored on
a FFT spectrum analyzer where peak value at the modulating frequency was used
in the measurement results. Alternately, a lock—in amplifier can be used. Using a large
time—constant, nulling the deflection with the lock—in amplifier is capable of providing
much more accurate results.
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Extensions and Conclusions

Before making the concluding remarks, some extensions of the heterodyne technique
are briefly described. This includes the spectral analysis of waveforms and the measure-
ment of arbitrary repetitive waveforms by pulsed sampling.

6.1 Spectral Analysis of Waveform

In chapter 3, an AC measurement scheme was described which can be used to
extract the circuit amplitude and phase of a high frequency signal. The circuit signal
was assumed to be of the form

ve(x, y, 1) = Vesin(wot + @) (6.1)

This is the case in linear circuit applications where the circuit is excited with a signal
at reference frequency g and this remains unchanged at all points on the circuit.
The magnitude and phase which would vary at different points on the circuit can
be extracted using the technique described earlier.

In general, however, the circuit signal v.(x,y,f) may contain the fundamental frequen-
cy o as well as its harmonics. The circuit test point voltage will then be a periodic
waveform with period T=2n/wg as shown in Fig. 6.1(a). To implement the heterodyne
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V(B

(a) /\ /N

v

sin(nwot +¢ pn>

(b)

Fig. 6.1 Example of (a) periodic signal v.(x,y,f) to be measured and
(b) high frequency harmonic signal sin(ngt+®p,) applied to the probe.

technique, a signal at a specified harmonic of the fundamental frequency sin(n®gt+¢pn),
n=1,2,... is modulated and applied to the probe as [61]

V(1) = [A + K cos(@,2)]sin(mwot + @) 6.2)
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The harmonic signal here is synthesized externally with n, A, K and ¢;,, being controlla-
ble parameters in the instrument. The modulating signal contains a frequency component
at the probe resonance @ and a DC bias component A. Using (3.1) and the specified
potentials, the force on the probe will be

F, =

-%—C— [(A + K cos(w,2)) sin(nwot + P pn) = Ve(X, Y, t)] 2 (6.3)
Z

1
2
This results in a static force component, several high frequency components (nwgtay),
(nwg+2m,), as well as components at frequencies ; and 2. The static force component

is given by
1aC| A2 K> 24 (T,
Filpc = Ea_z[ —2—+ T_?Jo sin(nwot + GprIve(x, y, 1, )dt 6.4)

1 T
+ — I v%(x, y, 1) dt
TJ)o

which causes a fixed deflection of the probe. The force component at the resonant

frequency ®; is given by

aC| AK 1 (T . '
Flo=o, = rm —2-—K T fo sm(na)ot+¢p,,)vc(x, Y, t)dt] cos(w 1) (6.5)

The probe will not respond to high frequency components. On examination of (6.5),
the integral term represents the magnitude of the Fourier components of the circuit
signal v.(x,y,f). The nulling technique ‘described earlier is then used to determine the
value of these Fourier componenté. A lock—in amplifier is used so that the deflection
signal Az(w,) ~QF,(®,)/k at the resonant frequency @ is detected. The desired harmonic
frequency n®, and an arbitrary initial phase ¢p, are set. The modulating signal bias
parameter A is then varied to null the deflection signal Az(®;). When this is accom-
plished, the parameter A will be equal to the Fourier component for (n®q,¢pn). To
obtain both quadrature components at the harmonic nwp, the phase ¢p, is changed
by 90° and the nulling procedure is repeated. In this manner, the Fourier components
of a repetitive sinusoidal waveform can be extracted.
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6.2 Sampled Waveform Measurements

The techniques discussed so far could measure amplitude and phase of sinusoidal
signals. To measure arbitrary repetitive signals, a different approach is required. Here,
instead of using sinusoidal probe excitation, a pulsed excitation is used to make sampled
waveform measurements. A block diagram of the sampled waveform measurement
is shown in Fig. 6.2 [70].

<AZ
- Lock-In
"l Amplifier
Kcosw,t
"2 Computer
Deflection @r
Sensor

(x

vs(1)
Variable
Delay <
l T
Digital or Pulse
Analog Generator
Stimulus Gs(t)

o

Fig. 6.2 Block Diagram of the Heterodyne technique
for high frequency sampled waveform measurement

In this arrangement, the test circuit is triggered by a reference signal of period
T=27nt/wg, with we>>w;. The reference signal is also used to generate a periodic high
frequency sampling signal vg(f), as shown in Fig. 6.3(b).
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ve(t) 4
A VANAWAWEA
7 / \L” / N
@ T &
vs(t) 4
Gs(t-1)
1 p_—
(b) )
P p— . !
T
Fig. 6.3 Example of (a) periodic waveform v,(x,y,?) to be measured and
(b) variable delay sampling pulse v;(f)=Gg(t—T) which is modulated and
applied to the probe

The sampling signal is a narrow pulse v (f)=Gg(+—T), where 7T is the pulse delay
and 9§ is the pulse width. The sampling signal is then modulated and applied to the
probe as

w(t) = [A + K cos(w J)]vs(t) (6.6)

Using this as the probe signal, the force can be calculated as before using (3.1).
The force contains several high frequency terms to which probe cannot respond, several
DC terms which causes a static deflection and terms at resonant frequency of the
probe ;. The force term at ; is
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aC
Floco, = —(—9—[ A < (D), () > < v0), v(x,3, ) > | K cos(@,?)
<

1 (T 1 (7T (6.7)
<a(t),b()> = T J . aOb(dt , <a(t) > = T I . a(t)dt

where <, > and < > indicate the inner product and average over the period T respective-
ly. Using (6.7) for the pulse sampling signal Gg, the probe deflection at ®; will be

A, = _QE__Q_ Aé——< Gs(t—1),v(x,y,8) > [ Kcos(w,t) (6.8)
’ dz K T

Ideally, for narrow sampling pulse widths & << T, the remaining inner product in
(6.8) can be approximated by

< Gs(t—1),v(x,y,0) > = v(x,y,t= r)—?: (6.9)

Thus, by adjusting the probe parameter A so that the force component at @, is nulled,
the magnitude of the signal v.(x,y,#=T) can be determined. To obtain the entire waveform

of v.(x,y,f), the delay T is scanned over the period 0 < T < T.

6.3 Conclusions

RF electronics for measurements in the GHz frequency range using the electrostatic
force microscope has been set up. A square-wave modulation scheme has been implem-
ented using commonly available microwave components. This allows measurements
on internal nodes of ICs and MMICs in a non-invasive manner.

Measurements at 1 GHz were performed on simple structures such as a microstrip
thru-line as well as on a more complicated MMIC low noise amplifier. The measured
gain matches well with the gain measured with the network analyzer. The ability of
the instrument to measure voltages at the internal nodes of these circuits and devices
equips the designer with a useful diagnostic tool to analyze the performance of individual
components on the chip.
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In the instrument, the nulling was done manually using the control switches. A
lock—in amplifier with a feedback loop to automatically adjust the deflection to zero
and extract the circuit signal amplitude is a desirable feature in the instrument. The
phase would have to be set accurately too, using the procedure described, to completely
automate the measurement procedure. Since the phase shifter used was manual, alternate
components and devices which will allow this automatic manipulation need to be ex-
plored.

A molybdenum wire probe soldered to the centre conductor of a semi-rigid coaxial
cable was used as the probe. Thermal considerations necessitated the location of the
termination some distance from the end of the probe. This resulted in a long length
of open—circuit line and consequently a narrow band match for the signal being fed
to the probe. While this approach was acceptable for sinusoidal measurements, where
the bandwidth of the signal is not very high, alternate approaches need to be investigated
to match the probe over a wide range of frequencies. Specifically, if pulsed sampling
measurements are to be performed in the Mbit or Gbit range, where the bandwidth
of the probe signal is very high, the simplistic probe matching approach adopted here
will not work. With a wideband match, the system can be used to perform swept
frequency measurements, like a network analyzer. One approach could be using an
adjustable stub to match the probe at various frequencies, or using an electronic phase

shifter to automatically adjust the length of the open—circuit line.

The wire probe at the end of the coaxial cable represents a discontinuity since
the wire cannot be considered a transmission line. This not only affects the probe
matching, but would also ultimately limit the upper end of the frequency range to
which such a probe could be used. Beyond a few GHz, the probe parasitics are consider-
able and the probe would behave like an antenna. Thus a probe where transmission
lines reach the very end of the probe tip is desirable. With proper probe match, the
upper limit on frequency is determined by the coupling capacitance. As mentioned
earlier, the capacitance between the probe and the circuit, calculated numerically, is
on the order of 0.2 fF. This means that the technique can be used up to at least
1 THz.

From the sensitivity point of view as well, alternate probes need. to be explored.
Micromachined cantilever probes, with a much higher resonant frequency, are expected
to provide enhanced sensitivity in measurements. The resolution is also improved since
these probes can be positioned closer to the circuit test point.
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