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Abstract

The development of terahertz (THz) frequency technology and THz integrated circuits
demand more efficient and effective methods for THz measurement. Consequently, the
study of THz metrology has seen rapid progress recently. In this work, two methods of
using micromachined components to improve the accuracy and precision of submillimeter-
wave measurement are presented. The first method focuses on improving the repeatability
and reliability of terahertz probing. The principle of this method is using symmetrical
integrated strain sensor pair to monitor and control the contact condition of terahertz on-
wafer probe. This method improves the repeatability of terahertz probing and enables
accurate contact force measurement without modification to the standard probe station.
Repeatable RF measurements can be achieved by aligning the probe tips angularly and
controlling the contact force using the integrated strain sensors. Taking advantage of this
technique, measurement uncertainty of THz probing can be characterized. In addition,
the recommended probe station specifications and procedure for THz probing without any
integrated strain sensor are provided. The second method focuses on improving the accuracy
of calibration by improving the quality of calibration standards (quarter-wave calibration
shims). Microfabricated calibration shims for the WR-2.2 band were fabricated and tested.
The corner radii effect can be greatly reduced, which enables the fabrication of geometrically

complex waveguide components, such as waveguide twist.
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1 Introduction to Terahertz Technology Application

The development of terahertz (THz) frequency technology has recently drawn great atten-
tion and seen rapid progress. In this work, we focus on the submillimeter-wave region of
the electromagnetic spectrum. Typically, the submillimeter-wave frequencies range from
300 GHz to 3 THz, of which the corresponding wavelengths range from 1 mm to 0.1 mm,
located between traditional microwave and optical frequencies (as shown in Figure 1.1) [1].
Emergence of powerful sources and ultra-sensitive detectors operating in this frequency
range enable an increasingly wide variety of applications such as spectroscopy [2], imaging
and sensing [3], medical detection [4], radio astronomy [5], communication [6], manufactur-

ing [7], global environmental monitoring [8], etc.
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Figure 1.1: The electromagnetic spectrum [1].

1.1 THz Spectroscopy

THz spectroscopy is a rapidly evolving field. It not only is an important tool in metrology,
but also provides the foundation for many other THz applications such as imaging, medical
detection, industrial quality control, global environmental observation, etc. Numerous gases
and organic solids show distinct absorption features in the THz range. The spectrum can
be acquired using either time-domain (pulsed) [9] or frequency-domain (continuous-wave)
radiation [10]. Comparing the spectrum of THz radiation through or reflected by the sample
under test with the reference spectrum enables the characterization of materials. In addi-
tion to the transmission and reflection type spectroscopy, other detection geometries have

been developed, such as attenuated total reflection [11]. Figure 1.2 shows the schematic



of a THz time-domain spectroscopy system. The refractive index and absorption coeffi-
cient of the sample are analyzed based on the temporal shapes of the reference pulse and
measured pulse (transforming into frequency domain). Future development includes fur-
ther expand the applications of THz spectroscopy, the development of ultrabroadband THz
spectroscopy, reducing the cost of THz spectroscopy system, increasing the data processing

speed, reducing the complexity of the system [2].
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Figure 1.2: (a) Schematic diagram of a THz time-domain spectrometer. (b) Temporal shape
of a THz-pulse and corresponding frequency spectrum [12].

1.2 Imaging and sensing

Three prime motivations promote the imaging and sensing applications of THz technology:
(a) THz radiation is readily transmitted through most non-metallic, non-polar materials,
enabling the detection beyond concealing barriers. (b) Target compounds including explo-
sives and chemical or biological agents have characteristic THz spectra that can be used
for identification. (c¢) THz radiation poses minimal health risk for the scanning of human
body. Information such as chemical data or image can be extracted from the reflected or
transmitted radiation. Figure 1.3 shows the potential implementation of the THz imag-
ing system in transmission mode and reflection mode [3]. An image system with standoff

distance of 25 m has been reported in 2010 [13]. Passive THz imaging system with 5 m



standoff distance has been reported in 2014 [14]. Recent work demonstrates the formation
of 3-D image using synthetic aperture radar (SAR) techniques [15]. The major limitations
of THz imaging and sensing includes the lack of high power sources and compatible low-
noise receivers to overcome the attenuation loss in humid atmosphere and barrier media,

especially for standoff detection [3].
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Figure 1.3: Hlustration of potential implementation of a THz imaging array in transmission
mode (a) and reflection mode (b) [3].
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Figure 1.4: (a) an image of a human tooth; (b) Mastectomy specimen with an invasive
lobular carcinoma (circled) [16].

Due to the low energy of THz photons, THz scanning causes minimal or no damage to
the molecules of scanned object, making it ideal for both in-vivo and ex-vivo biomedical
examination. Small molecules can be identified by the characteristic absorption spectrum
and large molecules are usually identified by the transmission and phase change of THz
waves. Different types of cells or different states of the same cell feature different re-
sponses to THz waves. This phenomenon can be widely utilized in clinical diagnostics,

such as skin cancer detection [17], breast cancer detection and dental imaging as shown in



Figure 1.4a and 1.4b [4]. Additionally, THz hydration sensing enables utility in the diag-
nostic and study of burn and ophthalmology [18]. THz blood spectroscopy enables in-vivo
tissue differentiation during surgical procedure [19]. Recent work found the correlation of
electro-cardiogram parameters and the sub-THz reflection coefficient of human skin opens

the gate to remote cardiac monitoring [20].
1.3 Radio astronomy

The THz portion of the electromagnetic spectrum is one of the most harboring spectral
signatures of ions, atoms and molecules. Ground-based, airborne and space THz astronomy
instrumentation facilitate observations to examine molecular clouds and dark cloud cores,
which promote our understanding of the composition and origin of the solar system, the
evolution of matter in our galaxy and the star formation history of galaxies over cosmic
timescales [5], [21]. Taking advantage of the outstanding sensitivity, THz superconducting
receivers are widely used in astronomy applications [22]. Figure 1.5 shows the antennas at

the Atacama Large Millimeter /submillimeter Array (ALMA).

Figure 1.5: Antennas at Atacama Large Millimeter/submillimeter Array (ALMA).

1.4 THz communication

Taking advantage of the higher frequency and broader information bandwidth than mi-
crowave, THz communication has the potential of achieving data rate in tens of gigabits
per second. However, severe atmospheric attenuation limits its applications to shorter
ranges (such as indoor communications systems). The initial prospective usages are similar
to indoor communication systems such as wireless local area network (WLAN) or wire-
less personal area network (WPAN). The ultimate goals include expanding the operating

distance of THz devices and building cost effective THz integrated circuits. In addition,



secure battle field wireless system can take advantage of the high directivity of THz beams,
which makes it hard to intercept [6]. The Interest Group THz has been established within
The Institute of Electrical and Electronics Engineers (IEEE) 802.15 to create standards for
various THz communication systems [23]. Figure 1.6 shows the technology road map of

THz communications [24].
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Figure 1.6: Technology road map of THz communications [24].

1.5 Manufacturing

Manufacturing quality control systems in a variety of industries can benefit from the new
possibilities offered by THz technology. The fact that certain materials are transparent to
THz waves enables non-destructive exam of agricultural, pharmaceutical and food products.
A primitive THz imaging system detecting defects or undesired elements for industrial
quality control has been demonstrated by D. Etayo, et al. (shown in Figure 1.7) [7]. Several
commercialized products of non-destructive testing using THz waves have been developed

in recent years.
1.6 Global environmental monitoring

The overview of the THz remote sensing is given in Figure 1.8 [8]. The spectroscopic
response of many biological and chemical compounds are distinctive in the THz range, pre-
senting tremendous potential in environmental monitoring of atmospheric chemical com-
positions and the identification of climate evolution in the troposphere and lower strato-

sphere [25]. THz earth environmental observation systems have been developed to monitor



Figure 1.7: A THz imaging system [7].

different substances [26], [27]. Atmospheric propagation models of THz waves in different
kinds of climate conditions are yet to be constructed for remote sensing as well as many
other applications including communication and secure imaging.
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Figure 1.8: THz remote sensing techniques [8].

Though recent breakthroughs, especially in THz sources, detectors, systems and
application-oriented achievements [28], [29], pushed THz research into the center stage,
the cost, size, weight and complexity of existing terahertz systems limit its application
and development. For many potential applications such as THz sensor networks, confiden-

tial satellite communication, weatherproof monitoring systems among others, higher-power



sources, more sensitive sensors, innovative functional devices and materials are yet to be
developed [28]. Prominent improvement in THz circuit and component technologies are
needed. Development in THz metrology in the past few years, especially in on-wafer mea-
surements [30], [31], provides more accurate methods of characterizing THz circuits, which

will significantly benefit the THz devices research.



2 Integrated Strain Sensor for Micromachined Terahertz Probe

2.1 Terahertz Integrated Circuits

Integrated circuits can effectively reduce the cost, size, and weight of THz components.
Significant progress has been made in the last decade to push operating frequencies of
integrated circuits well into the submillimeter wave range [28]. Lai et al. demonstrated a
35 nm indium phosphide (InP) high-electron-mobility transistor (HEMT) device (T-gate)
with Fmax greater than 1 THz (extrapolated due to equipment limitation) in 2007 [32].
Deal, et al. demonstrated a cascode 30 nm InP HEMT amplifier with 10 dB gain at
550 GHz operating frequency in a split-block waveguide housing package in 2010 [33]. In
2012, a multi-stage InP HEMT amplifier with a peak gain of approximately 30 dB at
670 GHz was reported [34]. Submillimeter-wave Schottky diodes also have been developed
vigorously in recent decades. A 2.5 THz monolithic gallium arsenide (GaAs) diode mixer
has been reported in 1999 [35]. In 2013, GaAs based Schottky diode fabricated on silicon
(Si) was first been demonstrated [36]. In 2014, the operating frequency of this type of device
has been pushed to 1.1 THz [37]. The THz electronics program of the Defense Advanced
Research Projects Agency (DARPA) has set the current goal to develop high performance
THz integrated circuits that operate at center frequencies exceeding 1.0 THz. With ongoing
transistor scaling efforts, both frequency and performance of THz integrated circuits are

expected to increase in the near future.

Figure 2.1: A typical submillimeter-wave circuit test setup [38].



2.2 Terahertz Device Measurement

With the advance in submillimeter-wave monolithic integrated circuits (S-MMICs), the
testing of S-MMICs has evolved rapidly in recent years. Previously, tests of S-MMICs were
performed in a waveguide block that held the circuit chip and had corresponding waveguide
flanges at each port. As an example, a typical test fixture of a submillimeter-wave circuit
is shown in Figure 2.1 [38]. The amplifier chip shown had to be etched out from a larger
wafer into individual pieces, placed in a waveguide block and connected to DC signal pads.

This process features several drawbacks listed (but not limited to) below:

e The assembling process is highly time consuming and requires lots of training to

perform properly.

e The performance of the circuit depends on the accuracy of the assembly. To accurately

de-embed the test fixture is difficult, if not impossible.

e The testing is destructive. Not only can the chip not be reused after being dismounted
from the waveguide block, certain positions of the waveguide block will also be worn

over time.

Different methods for THz testing have been developed to address the above problems.
These methods can be summarized into two categories - non-contact methods and on-wafer

probing methods.
2.2.1 Non-Contact Terahertz Measurements

Since 2012, a group at the Ohio State University has published several papers on the
topic of non-contact measurements for device testing at THz frequencies based on radiative
coupling of vector network analyzer (VNA) test ports to the coplanar waveguide (CPW)
of THz ICs via planar, on-chip antennas. [31,39-41]. Figure 2.2 shows the non-contact
probe test setup. The on-chip antennas act as “virtual” probe tips and connect to the
device under test (DUT) through CPW lines. The DUT must be integrated with planar
THz antennas and measurement signals are transmitted from VNA test ports through a

quasi-optical link [41]. The proof-of-concept demonstration was done in WR~2.2 (325 GHz



- 500 GHz) and WR-1.5 (500 GHz - 750 GHz) bands with greater than 12 dB reported
insertion loss. The authors claim that this technique can be scaled beyond 900 GHz, but
have not validated the argument. From a metrology point of view, the repeatability of
non-contact probing is yet to be studied. The test setup is complex and delicate compared
to contact probing, but the insertion loss is comparable. Figure 2.3 shows the scattering

parameters (S-parameters) of the non-contact probe (between the VNA test port and the
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Figure 2.2: Non-contact probe test setup [41].

Another non-contact THz measurement system which is capable of measuring multiport
devices using a two-port VNA was developed at the University of Michigan [42]. It couples a
small fraction of the signal at each waveguide port to free space using a reflection-canceling
slot array. The signals are measured by an open-ended waveguide probe and then used
to calculate the S-parameters of the DUT. Figure 2.4 shows the schematic of the multi-
port S-parameter measurement technique. Even though measurement repeatability close to
on-wafer probing can be achieved with this technique, its applications are limited by the

configuration.
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Figure 2.4: Schematic of multiport S-parameter measurement technique [42].

2.2.2 Terahertz On-Wafer Measurements

Inspired by what is done at lower frequencies, on-wafer probing operating in THz frequen-

cies has been developed by our group (T. Reck, et al.) since 2010 [43], [30].

shows a probe test setup [44]. The micromachined probe chip is housed in an E-plane
split-waveguide metal-machined block and the probe tip extends 400 pm beyond the metal
housing. The probe assembly adopts a similar configuration as the S-MMICs. WR-1.2
(600 GHz - 900 GHz) probes were demonstrated in 2012 [45]. WR-1.0 (750 GHz - 1.1 THz)

probes were first introduced in 2014 [46]. All the micromachined THz probes are recently

11

Figure 2.5



made commercially available by Dominion Microprobes Inc. (DMPI) [47].

450um

400um

Figure 2.5: Micromachined THz on-wafer probe test setup.

Using on-wafer probing, the effort and cost to characterize a large number of devices can
be significantly reduced. More importantly, this method provides more insight to the testing
process: accurate calibrated on-wafer measurements are enabled by eliminating errors and
effects associated with waveguide test fixtures; the die can be sorted by performance; the
yield of the wafer can be decided, etc.

As shown in Figure 2.5, the probe terminates in CPW to form Ground-Signal-Ground
(GSG) tips. In order to achieve accurate measurement, all tips must contact the test
substrate with sufficient force which requires approximately 1 mN per tip for a constant
resistance < 0.1 Q according to experimental results [43]. In previous work, a load cell has
been used to control the contact force [44]. This method provides no information regarding
the probe contact angle, i.e., whether the probe tips are parallel to the test substrate (shown
in Figure 2.6a). One method to solve this issue is to apply excessive contact force to ensure
all tips are contacting the test substrate simultaneously (previous work used 20 mN contact
force [44]). However, this causes uneven mechanical wear at the probe tips, unnecessarily
heavy scratch marks on the die, and reduced probe lifetime. In certain semiconductor
fabrication technologies, extensive probing is necessary through the whole process. The
reduced probe lifetime and scratch marks will increase cost due to longer delivery time and

reduced yield. A scanning electron microscope (SEM) image of a tilted probe with uneven

12



mechanical wear is shown in Figure 2.6b. Additionally, it is difficult to incorporate a load
cell with the standard probe station, which may require significant modification to the test

system.

EHT = 3.00 kv Signal A = SE2 Date :18 Qct 2010
WD =124 mm Photo No, = 4281 Time :14:36:04

(a) (b)

Figure 2.6: (a) Demonstration of an angularly misaligned probe contacting the test sub-
strate with contact angle 6. (b) SEM image of the micromachined probe tips with uneven
mechanical wear.

To solve the planarization issue, a primitive angular alignment is performed prior to
taking data by observing scratch marks the probe tips made on the wafer, and adjusting
the probe contact angle until the scratch marks are even. After the initial angular alignment,
the probe still needs to be overdriven to ensure that all three tips are contacting the test
substrate with sufficient force. The probe tips still suffer from excessive wear which can
cause reduced lifetime. Therefore, harder materials such as nickel [46] or cobalt hardened
gold (99.7 % purity) [44] have been used at the probe tips to extend probe lifetime. In
that case, potential damage to the circuit under test which reduces yield is still a problem.
In addition, to accurately adjust the planarization, DC resistance measurement on the two
ground tips proves sufficient but requires significant die area for the test structure.

Previous work by our group has shown that using the primitive angular alignment
and overdriving the probe provides acceptable accuracy and precision [44]. In metrology
research or cases where high measurement repeatability is required, an alternative method

to monitor and control the probe contact for contact force and planarization is desired.
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2.3 Integrated Strain Sensor for Probe Contact Detection

In this work, an improved method using integrated strain sensors for monitoring and control-
ling the contact condition of terahertz on-wafer probes is developed. This method utilizes
the mechanics of wafer probing shown in Figure 2.7. When the probe contacts the test sub-
strate, the probe chip deflects and generates a force at the contact point which depends on
the probe material properties, probe shape, probe angle and the relative movement between

the probe and test substrate/stage.

| Probe Chip

Waveguide
Block

Eontact

Wafer

Figure 2.7: The mechanism of wafer probing [48].

- : Neutral O™
; Surface

Figure 2.8: Side view of a cantilever beam under point load with one end fixed [48].

The classic cantilever model can be used for an initial analysis [48], [49]. The wafer
probing mechanism is very similar to the bending of a cantilever beam under point load
with one end fixed. When a force is applied at the free end of a cantilever beam, the beam
will deflect. Stress is generated due to the deflection. Figure 2.8 shows the side view of a
cantilever beam under point load with one end fixed and the stress in the cross section (x-y

plane) of the beam. The axial stress at the top surface of the beam can be calculated by

14



the following equation [50],
_ 6F(L —x)

_ (2.1)

70 (@) wt

where F is the force. L, w, t, and x are the length, width, thickness of the beam, and the
distance to the fixed end, respectively. E is the Young’s modulus of the beam material. The

axial strain associated with stress o,(z) can be expressed as

eo(z) = C’xéx). (2.2)

When the probe is contacting the test substrate with angular misalignment, the strain
is larger on the side that makes the contact first. In this case, a cantilever beam under
a torsional loading can be used to analyze the mechanical behavior of the probe. Section
2.3.4 contains a more detailed explanation.

The principle of our method is that angular misalignment between the probe tips and
the test substrate generates asymmetrical strain on symmetrical positions of the probe.
Strain sensors placed symmetrically can measure the strain generated by the deformation
of the probe during contact and can be used to determine the angle of misalignment. The
probe angle can be adjusted according to the outputs of the strain sensors. In addition,
once angularly aligned, the strain sensors can be used to sense the probe contact force,

which serves as a substitution for the load cell. The benefits of using strain sensors include:

o Accurate contact force measurement without modification to the standard probe station.
Repeatable probe contact force is crucial for RF measurement repeatability and can be
achieved by properly monitoring and controlling the strain generated at designated
positions on the terahertz probe due to probe deformation during probe contact.
Inconstant contact force causes variation in the probe skating, which introduces phase

error in the measurement.

e Detect angular misalignment. In addition to eliminating the need for a load cell
to monitor vertical contacting force, this method has the ability to detect angular
misalignment by sensing asymmetrical strain on symmetrical positions of the probe.
Angularly aligned (to the test substrate) probes enhance measurement accuracy and
repeatability, require much lower contact force, extend probe lifetime, and make less

impact on the device under test.

15



e No additional on-wafer circuitry. This method is also advantageous over measuring

the probe tip contact resistance with required additional on-wafer circuitry.

e Enhanced measurement repeatability on large wafers. This method is especially ben-
eficial for probing on large wafers where the wafer thickness profile may vary by 5 to
10 pm. Such variation can lead to 3 to 6 mN variation in contact force for a probe
with 0.65 mN/um spring constant [44] given a fixed z-travel. With current probe
station designs, it is difficult to make repeatable contact across the whole wafer due

to the wafer thickness profile variation.

e Measurement uncertainty characterization on large wafers. Three factors contribute
to the on-wafer measurement uncertainty, including contact force variation, stage
accuracy and repeatability, and source uncertainty. Taking advantage of the strain
sensor’s accurate contact force control, the contact force variation can be eliminated

from the measurement uncertainty, which enables quantitative analysis of each factor.

2.3.1 Sensor Type and Material

Strain sensors based on different principles are reviewed and compared in Table 1. Resistive
strain sensors are the most efficient in terms of sensitivity, fabrication complexity and test set
up complexity. The dominant factor in the resistance change is deformation of the metal
thin film. Semiconductor strain sensors based on the change in resistivity have higher
sensitivity and a similar test setup, but require several additional fabrication steps and
usually have worse temperature stability [51]. Hence, in this application, ductile metal is

chosen as the sensor material.

Additionally, the temperature dependence of electrical resistivity of the sensor material,
characterized by the temperature coefficient of resistance (TCR), needs to be taken into
account. Table 2 lists the TCR of selected metals and metal alloys [57]. As shown in
Table 2, nickel chromium alloy (NiCr) is less sensitive to temperature variation than most
other materials, which enables more accurate measurement. Thus, for the sensor material,
evaporated NiCr (80-20 wt.%) which is a common material for strain sensing is used [58,59].
NiCr films with different compositions have been reviewed. Previous work has shown that

80-20 wt.% is the optimal choice in terms of temperature stability, resistivity, and sensitivity

16



Table 1: Comparison between selected types of strain sensors.

Sensor type Dominant Sensitivity Fabrication | Test set up
principle complexity complexity
and cost
Optical [52] Fiber Bragg Varies, Low High
grating generally high
MEMS Tuning fork, Comparable High High
resonant [53, 54] capacitive, to silicon
etc. sensors
Carbon nano tube Piezoresistivity] Gauge factor | Medium Low
(CNT) [55] of CNTs below 6
Magnetic shape Martensitic Generally for | High High
memory alloy reorientation | large strain
(MSMA) [56] sensing
Semiconductor thin Piezoresistivity| Gauge factor | Medium to Low
film [51] of material 20 - 200 high
(depending
on material)
Metal and metal Deformation | Gauge factor | Low Low
alloy thin film [51] of thin film below 5
resistor

[60]. Other suitable materials include constantan (copper nickel alloy, 55-45 wt.%) and

manganing (copper manganese nickel alloy, 86-12-2 wt.%)."

2.3.2 Probe Design and Simulation

The THz probe chip with integrated strain sensor in this work is a modified design of the
micromachined WR-1.5 probe with bias capability designed by DMPI [47]. A detailed in-
block view of the probe chip is illustrated in Figure 2.10. Both the low-pass filter and
waveguide transition including waveguide step and radial stub are redesigned to remove the
low-end resonance and improve insertion loss and return loss [44], [47]. All the probe chips
are fabricated using a 15 pm silicon on insulator (SOI) wafer. As shown in the probe test
setup (Figure 2.5), the probe chip is housed in an E-plane split-waveguide metal-machined
block and the probe tip extends 400 pm beyond the metal housing (shown in Figure 2.9). It
connects to the test port of a VNA extension module through a rectangular waveguide flange

machined in the block. There is approximately 1 inch of rectangular waveguide built in the

!The benefit of using material with ultralow TCR such as constantan or manganing is insignificant
due to the metal film resistor ( £0.0001 TCR) in the testing bridge circuit. NiCr provides sufficiently low
sensitivity to temperature.
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Table 2: List of the TCR of selected metals and metal alloys [57].

Metal Temperature coefficient of resistance (K1)

Aluminum 0.0039
Copper 0.0039
Constantan 0.00001
Gold 0.0034
Iron 0.0050
Lead 0.0039

Manganing 0.000002
Mercury 0.0009
NiCr 0.0004
Nickel 0.0060
Platinum 0.0039
Silver 0.0038
Tin 0.0045
Tungsten 0.0045
Zinc 0.0037

metal block between the waveguide flange and the backend of the probe chip (the radial
stub). The probe terminates in CPW to form GSG tips. The probe chip is self-aligned
by recesses machined in the waveguide block and clamped by compressing electroplated
gold on both sides of the chip to provide mechanical support. Two additional DC bias
channels are milled on the meal block to measure the outputs of the integrated sensors.
The electroplated gold clamped during probe chip assembling is also used as ground for
both sensors. An important feature of this design is that devices such as strain sensors can
be easily integrated with the probe due to the current probe fabrication process.

The probe with integrated strain sensors are fabricated as shown in Figure 2.11. A
lift-off process with e-beam evaporation is used to deposit the NiCr thin film. Photoresist
A75214 is used to define the sensor area as well as the alignment markers for the following
steps. NiCr is evaporated at the deposition rate of 0.15 nm/s to desired thickness using
an e-beam evaporator. After deposition, the AZ5214 is removed by soaking in Acetone for
15 minutes. A detailed description of the probe fabrication process for step (b) through (i)

can be found in [48].
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Figure 2.9: Photograph of the assembled probe.
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Figure 2.10: In-block view of the probe chip.

Figure 2.12 shows the simulated strain distribution profile of the WR-1.5 probe with
20 mN contact force using ANSYS 14.0. The dimensions used in the simulation are shown
in Figure 2.13. Silicon is used as the probe beam material (density 2330 kg/m?, Young’s
modulus 185 GPa, Poisson’s ratio 0.278, shear modulus 52 GPa). The clamped areas are
set to be fixed and point loads are applied to the probe tips. All three tips are assumed
to contact the test substrate simultaneously. The NiCr strain sensor is positioned on the
probe to ensure maximum angular sensitivity as well as minimum interference to the RF
signal. The optimization of the sensor position will be discussed in the follow sections.

Figure 2.14 shows the high frequency structural simulator (HFSS) simulation results
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Figure 2.11: Process flow for the probe chip. (a) Define the NiCr layer using lift-off process.
(b) Define the beam-layer on SOI wafer by electroplating. (¢) Mount the SOI wafer upside
down to a quartz wafer. (d) Remove handle silicon and insulator layer. (e) Etch through-
substrate via. (f) Metalized via holes and define bottom metal layer. (g) Define the extend
of probe chips by reactive-ion etching (RIE) etching. (h) Cross-sectional view of a finished
and released probe chip. (i) Top view of a finished probe chip.
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Figure 2.12: Simulated strain distribution profile of WR-1.5 probe with 20 mN contact force
(ANSYS 14.0).
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Figure 2.13: Dimensions of the WR-1.5 probe used in the mechanical simulation. Unit: ym

of the S-parameters (magnitude) of the probe assembly. In simulation, both the 1 inch
waveguide built in the metal block and the probe chip are included. Waveguide surface

roughness is set to 200 nm and metal (Au) conductivity is set to 3.1x107 S/m [61].
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Figure 2.14: HFSS simulation results for WR-1.5 probe (HFSS 14.0).
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2.3.3 Resistance Calculation

As can be seen from Figure 2.12, the strain at different locations of the probe varies. Hence,
the strain at different locations of the sensor, which is a thin film resistor, varies accordingly.
The actual response of the sensor, i.e., the resistance of the sensor under stress, needs to

be calculated. In this section, a method to calculate the resistance of the strain sensor is

introduced.
; v, Vo R,
/
ff
Axial | /
X _ L f/ . v/
/ /
L ' 'va
[ L ~. . d\f,f 4 /
¢ R0 % 7 ax i |
. X1 . L 7%y X

Figure 2.15: Diagram for sensor resistance calculation.

The principle of this calculation is demonstrated in Figure 2.15. The rectangular sensor
can be divided into smaller elements (rectangles), so that the strain is assumed to be
uniform in each element. The resistance of each element can be calculated based on the
strain within this area. Accumulating the resistance of all elements gives the total response
of the sensor to a certain stress. Current is applied to the sensor along the direction (x) of
stress in Figure 2.15. All the elements in each row are in series and can be combined into
one resistor (marked yellow). All the combined resistors are in parallel across y direction.
The following derivation shows the detail of the resistance calculation. The resistance R of

a rectangular resistor with axial current is

Ly
R=p—L 2.3
P ut; (2.3)

where L¢, w, t; denote the length, width and thickness of the resistor (film) and p is the
resistivity of the sensor material (width of the beam equals width of the resistor in this

example). Assuming axial stress is applied to the sensor, taking the derivative on both
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sides gives
AR _dp dL; dw _diy

e | 2.4
R p Ly w ty (24)
Where %f, CZ}” and it—ff denote the axial (e,¢), transverse (e,7) and vertical strain (e,f).
From [62], the axial strain for a prismatic cantilever beam is
6F(L — =)
Exf = 5 Bty (2.5)
Ebwtb(l + Tt )

where F is the force applied to the beam end, L is the length of the beam, x is the position
along the beam, £, and Ey are the Young’s modulus of the beam material and the film
material, and t; is the thickness of the beam. The values of material properties and dimen-
sions are summarized in Table 3. Since the thickness of the beam is much greater than the

thin film, the above equation can be rewritten as

(2.6)

Table 3: Material properties and dimensions [63].

Ey 185 GPa (Si)

Ey | 245 GPa (NiCr 80-20 wt.%)
Up 0.278 (Si)

vf 0.325 (NiCr 80-20 wt.%)
tp 15 pm

tf 0.1 pm

w 980 pm

L 400 pm

Note that when quantifying the sensor response, the strain will be simulated instead of
calculated using the above equations.

Let the Poisson’s ratio of the beam material be v, and the Poisson’s ratio of the film
material be vy. The transverse strain and the vertical strain for a free film can be expressed

using the axial strain based on the Poisson’s effect.

Ay tdv_ 1dy .
Lf_vfw_vftf '

Considering that ¢ty << t; and the sensor is attached to the beam, the axial and transverse

strain of the film should be the same with the beam unless the sensor is detached from the
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beam. We have

Exf = Exb (2.8)
Eyf = Eyb (2.9)

e, and &, will be used for simplicity. In the transverse direction, the film is
‘dragged /compressed’ more comparing to the free film (unattached to a beam). This ‘drag-
ging/compressing’ effect affects the vertical strain, €., by introducing a —v¢(vs —wp)e, term,
where —(vy — vy )e, is the additional transverse strain due to the beam. From Eqn. 2.7, the

transverse and vertical strain of the sensor can be calculated by the following equations
Ey = —UpEy (2.10)

€y = —Ufey + ’Uf(Uf — Up)Ex (2.11)

The fractional change in resistance can be expressed in terms of the axial strain and the

change in resistivity

AR A
= = 7p+(1+vb+l)f—iif(vf_vb))5x (2.12)

For the simplicity, define K as
K=1+uv+vs—vs(vy—wp) (2.13)

Define R, as the resistance of an element with length dx and width dy. There are
(x1 — x2)/dx elements in a row and (y; — y2)/dy rows in the sensor. R,, can be expressed

as
dr  y1 — Yo

R, =
Y (xl—xg dy

)R (2.14)

Replacing 1 4 vy + vy — vy(vy — ) in Eqn. 2.12 with Eqn. 2.13, the fractional change in

resistance of this element can be written as

Ay _dp _ g% (2.15)
R,y p x

Integrating from z; to xo, we have the absolute change in resistance of all the elements at

position y (one row of elements), AR, (y)

T2 2

AR, (y) = /dey = /(d: — Keq(z,y))Reydx (2.16)

1 T
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ga(x,y) denotes the strain at position (x,y). Considering the number of elements in the
simulation are limited, we use sum instead of integration when calculating the resistance

change in one row, Az and Ay denote the length and width of each element

T2 T2 d
AR, =Y AR, = Z(?” — Keagy) RayAx (2.17)
T T

The stress-free resistance of all elements in one row is

R, = (ylA_ny)R (2.18)

The total resistance of the sensor under stress is the parallel combination of resistance of

each row (stress-free resistance + change in resistance)

1

R = - - T (2.19)
R, 7AR, * By7AR, T T By TAR,.
The total change in resistance of the strain sensor is
AR=R - R (2.20)

Using the above algorithm we calculate the resistance change of the sensor based on the

simulated strain corresponding to a certain contact force.
2.3.4 Optimization for Maximum Force and Angle Resolution

To ensure maximum force and angle sensitivity, the strain sensors need to be optimized in
terms of size and location. When the probe is contacting the test substrate with angular
misalignment, the strain is larger on the side that makes the contact first. The classical
cantilever model which describes the behavior of a beam with one end fixed under a point
load can be used in this analysis [48]. This point load (contact force) at the probe tip
introduces a torque, T, which twists the probe chip until all three tips contact the substrate,
as shown in Figure 2.16. The contact force, F, can be equated to a torsional loading and

two loading forces, as shown in Figure 2.17. The torsional loading can be calculated by,

T= 2(%)3: =Fx (2.21)
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Figure 2.16: Model of a beam under a torsional loading.
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Figure 2.17: Cross-section view of a beam under a point loading and its equalized loadings.

To over come a 1° tilt, the required force can be calculated by the torque required to

create a 1° tilt, the force required to create such torque, and the spring constant of the

beam, k,
TL
0= ——— 2.22
cwt3G (2.22)
k= Ewlye (2.23)
1T '

where G is the shear modulus of elasticity (52 GPa for Si), E is the elastic modulus (185 GPa
for Si) and L, w, t are the dimensions of the beam, as shown in Figure 2.16. The coefficient
c for w/t greater than 5 can be expressed as [50]:

1 t
=-(1-0.63— 2.24
c=5(1-063) (2.24)

Please note that all the above analysis is based on a simplified model. The maximum shear
stress occurs along the centerlines of the wider face of the beam. However, due to the design
of the probe chip, the strain distribution is quite different from a simple beam. To predict
the probe behavior, the actual mechanical performance of the probe (strain distribution,
spring constant, etc.) needs to be simulated using ANSYS.

To measure the angle of misalignment most effectively, the strain sensors should be

placed symmetrically at positions with the biggest difference in strain when the probe is
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tilted. To measure the contact force effectively, the sensors need to be placed at positions
where the strain is as high as possible when the probe is in contact. For the example
shown in Figure 2.18, the angular sensitivity is the major factor to consider during the
sensor optimization process due to the fact that even with a relatively large tilt (0.3°), the

difference in strain between selected locations is small compared to the absolute value.

ANSYS

Noncommercial use only
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0.00081557
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Upper tip
contact first

b

-
0.00 500.00 (um) I—~ bt
[ —
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307 x 103

Figure 2.18: Simulated strain distribution profile of WR-1.5 probe with 0.3° angular mis-
alignment — upper tip contacting test substrate first, 20 mIN contact force.

Figure 2.19 shows the optimization flow of the strain sensor. First, the simulated strain
distribution profile is replotted in Matlab. The simulation was done using the finite element
method (FEM) in ANSYS. Hence, each element is a tetrahedron. For the convenience of
calculation, the probe is remeshed into cubicles in Matlab. The strain in each cubicle is
decided by the average stain of adjacent tetrahedra. The sensor is placed on the top surface
of the probe to simplify the electrical connection and probe assembly process. So only
the top elements of the probe are selected which compose a probe ‘sheet’ in the x-y plane
(thickness of the elements can be ignored) indicated in Figure 2.19.

The strain differences at symmetrical positions on the probe are taken, which is equiv-
alent to ‘folding’ the top half down about the red dotted line in Figure 2.19 and taking the
difference between the two halves. From the result shown in Figure 2.19, two areas have

higher values in strain difference. To ensure that the sensors do not interfere with the probe’s
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Figure 2.19: Optimization flow of the sensor. Plot (c) shows the relative resistance change
when the sensor is placed at locations within the circled area - point A has the highest rela-
tive resistance change when the probe is making a tilted contact, i.e., the optimum location
for the sensor; point B has the lowest relative resistance change, i.e., lowest sensitivity for
the sensor.

RF performance, the area close to the clamp region is selected for further optimization.

The next step is to determine the sensor size and exact location. An algorithm is
developed to find the optimum location. For a given sensor size, the sensor response at all
locations within the selected area is calculated using the algorithms described in Section
2.3.3. The Poisson’s ratio of the beam material (Si) and sensor material (NiCr) used in the
calculation are 0.278 and 0.325. As shown in Figure 2.19(c), the strain differences are higher
near the lower edge (within approximately 15 pm). To ensure the maximum sensitivity, the
sensor should only cover areas with high strain differences. Considering the fabrication
accuracy, 10 um is used for the sensor width. Sensor lengths between 30 pm and 80 pum are
simulated. The relative change (AR/R) in resistance for sensors with different lengths are
plotted in Figure 2.20.

After a few iterations, the final results indicate that the sensor lengths should be 40 ym

and the lower left corner of the sensor should be placed 15 um above the lower edge and
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Figure 2.20: Relative change in resistance for sensors with different lengths.

5 pm right to the left edge of the selected area (as shown in Figure 2.19(d)). Based on
results shown in Figure 2.12, this location is not optimal for contact force sensing, but has
sufficiently large strain and will not compromise the contact force sensitivity much.

With no angular misalignment and 20 mN contact force, the probe deflection should
be 21.7 ym and the average strain, e, that is measured by the sensor is 1.9x1073. The
NiCr thickness for the strain sensor is chosen to be 0.1 pgm. The TCR of thinner NiCr
films increase significantly [58] (23 to 57 ppm/°C [64]) while a thicker film has a lower
sheet resistance that would effectively decrease the sensitivity due to the wiring. After
optimization, the final dimensions of the strain sensor are 40 pym x 10 pm X 0.1 pm.
Figure 2.21 shows an SEM image of the fabricated probe. A measure of how sensitive the
NiCr resistor is to the mechanical strain, gauge factor (GF), is defined to calculate the

change in resistance using the average strain.

AR
GF = % (2.25)

The gauge factor of 0.1 pm thick NiCr 80/20 wt.% film is 1.4 [64]. The resistance, R,
of each sensor should be 60 € (the resistivity of NiCr 80/20 wt.% at room temperature is
1.5x107% Q-m) [65]. Using Eqn. 2.25, the resistance of each sensor will increase by 160 m.
With 0.3° angular misalignment and 20 mN contact force, the difference between the strain

sensors will be 15.9 m§2.
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Figure 2.21: An SEM image of the fabricated probe.

2.3.5 Mechanical Test

The mechanical measurements are conducted similarly as in the work of Chen et al. on an
automated probe positioning stage [44]. A load cell (Futek FSH0234) is used to measure
the contact force generated by the probe contact (shown in Figure 2.22). A goniometer
stage (Newport 481-A) is mounted on the motor-drive stage to change the contact angle by
tilting the test substrate.

The purpose of sensor performance evaluation is to ensure that the integrated strain
sensors provide repeatable response to a certain contact force as well as measuring the
probe contact angle accurately and precisely. The measured resistance of the sensors are
57.54 © (R1) and 56.60 © (R2). To evaluate the angular misalignment more accurately,
each sensor is measured in a Wheatstone-bridge circuit (shown in Figure 2.23) built external
to the waveguide block. The sensor is connected as Rp in Figure 2.23. The output of the

bridge circuit is calculated in Eqn. 2.26.

V= ( Rp  Rp
N Rc+ Rp R4+ Rp

Vs of 1 Visused. Resistors R4, Rp, and R¢ are matched to R1 and R2 within 1%. The

Ws (2.26)

output of each bridge circuit is amplified by a low noise instrumentation amplifier (Texas
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Figure 2.22: Micromachined terahertz probe (with integrated strain sensor) test setup.

Figure 2.23: Wheatstone-bridge circuit.

Instruments INA103, 1 nV/ V/H z input voltage noise) with a voltage gain of 100 to increase
measurement resolution and improve signal-to-noise ratio [66]. The motor controlled stage
with load cell mounted on top is moved up by 2 pum steps until a 13 mN contact force is
reached (measured by the load cell). During this process, the strain of the resistive sensor
is increasing due to the probe deflection, thus the resistance should increase accordingly
which results in increased output of the bridge circuit. Figures 2.24a and 2.24b show the
measured output of the sensor pair for a probe with 0.35° angular misalignment during one
contact cycle (contact force increases by approximately 1 mN step from 0 mN to 13 mN,
measured by the load cell). The output voltage from the amplifier is measured by a Keithley

2000 Digital Multimeter and averaged from 10 independent measurements. The response
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of the sensor on the side with larger strain (AV1) is 90.1 mV, whereas the response of
the sensor on the opposite side (AV2) is 82.4 mV. With increased or decreased angular
misalignment, the difference between the outputs of the two bridge circuits (AV1 — AV2)
increases or decreases accordingly. Figure 2.25 shows both simulated and measured results
of the difference between the two bridge circuit responses vs. angular misalignment with
standard deviation error bars calculated from 10 independent measurements. For angular
misalignment about the center, 0.05° rotation is associated with 1.99 + 0.4 mV voltage
variation. For contact angle within +0.35°, the measurement accuracy is £0.025°. For
angular misalignment greater than 1.3°, the sensor pair tends to saturate due to the probe

contact mechanism, i.e., the difference between the strains of the two sides is saturated.
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Figure 2.24: Average bridge circuit outputs of strain sensor on a probe with 0.35° angular
misalignment vs. contact force measured by load cell from 10 independent contacts.

According to the results shown in Figure 2.25, the angular misalignment can be com-
pensated based on the difference between the responses of the two sensors. As shown in
Figure 2.26, when angularly aligned, the measured outputs of the two sensors vs. contact
force agree well with each other. With 13.5 um probe deflection at 13 mN, the measured
outputs of the bridge circuits increase by 86.1 mV (R1) and 87.5 mV (R2), as compared
to a simulated value of 86.7 mV with 14.1 um probe deflection at 13 mN. The measured
spring constant of the probe is 0.96 £+ 0.03 mN/um, which agrees with the simulated value
(0.92 mN/pm). In addition, when angularly aligned (AV1 = AV2), 1 mN contact force
step corresponds to 6.6 = 0.5 mV voltage variation, which indicates an approximate contact
force resolution of 0.2 mN. The recorded temperature variation during all mechanical mea-

surements is within +0.21°C. Due to the low TCR of the NiCr film, temperature variation
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Figure 2.25: Difference between two bridge circuit responses vs. angular misalignment
(contact angle) with error bars from 10 independent contacts.

within +0.4°C will not affect the measurement uncertainty. Temperature variation beyond
+0.4°C can be compensated accordingly.

Each probe will be calibrated mechanically before the RF measurements to address the
variation due to fabrication tolerances and ensure accuracy. Mechanical tests show that the
integrated sensors have a contact force resolution of 0.2 mN and a contact angle resolution
of 0.05° about the center. Taking advantage of the strain sensor, the RF measurement re-
peatability can be improved by accurate force control. Also, probe lifetime can be extended

by planarizing the probe with the test substrate to reduce contact force.
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Figure 2.26: Average response of strain sensor on an angularly aligned probe vs. contact
force measured by load cell from 10 independent contacts.

2.3.6 RF Test

The RF measurements are conducted similarly to the recently published work of Chen
et al. [44]. A two-tier calibration technique is used to obtain the S-parameters of the
probe [43]. Scattering parameter (S-parameter) measurements are taken with a one-port
WR-1.5 frequency extension unit from Virginia Diodes Inc. (VDI WR1.5 VNAXTXRX)
and a Rohde & Schwarz ZVA-40 network analyzer. The initial calibration is done to a
reference plane coincident with the frequency extension unit waveguide test port, using a
short, quarter-wave delayed short, a radiating open [67] and a precision load. The second
tier is done with the probe attached to the test port and performed by terminating the CPW
probe with on-wafer calibration standards: a CPW short and four CPW delayed shorts of
different lengths [44]. The CPW short-end is inductive due to the current distribution in
the discontinuity region [68], [69]. In this work, the calibration standards, short and delay
shorts, are modeled using HF'SS, as done by L. Chen et al. [44]. The CPW dimensions are
4/7/4 pm for widths of the gap and the center conductor with other dimensions detailed in
Figure 2.27. The electrical lengths of the delayed shorts are evenly distributed from 0° to
180° at 625 GHz, excluding the 180°. The S-parameters of the probe assembly are extracted
using the error networks produced by both calibrations [43], [44].

The WR-1.5 probe with integrated strain sensor is measured repeatedly at 11 mN contact
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Figure 2.27: Dimensions of CPW calibration standards [44].

force using the same set of calibration standards. Prior to making a probe contact, a rough
angular alignment is performed using a standard bubble level. Firstly, the contact force is
controlled by the strain sensor. From Figure 2.26, at 11 mN, the associated strain sensor
response is approximately 73 mV. Thus, during the 2nd tier calibration, the stage is stopped
when 73 mV (11 mN) is reached and data are taken for each CPW standard. An average
of 10 independent measurements, i.e., probe calibrations, of the probe with 11 mN contact
force controlled by the strain sensor is shown in Figure 2.28. The measurement results match
simulation shown in Figure 2.14. Machining tolerances, waveguide losses, and misalignment
of probe chip can cause the measured data to deviate from simulation. The magnitude of
So1 drops around 550 GHz due to the electromagnetic absorption by water [70].

The next experiment is to control the 11 mN contact force using the load cell. The actual
contact force measured by the load cell is 11 4+ 1.3 mN. The average magnitudes of So; with
error bars indicating complex standard deviation [71] from 10 independent measurements
controlled by the load cell are shown in Figure 2.29. As a comparison, the result of 11 mN
probe contact controlled by the strain sensor is also included in Figure 2.29. The maximum
complex standard deviation of So; controlled by the load cell is 0.119 dB across the band
(same for Sq2) as compared to the 0.125 dB maximum complex standard deviation of Sg;
controlled by the strain sensor.

Based on the measurement results shown above, the use of a load cell for on-wafer
probing can be replaced with an integrated strain sensor. It not only provides comparable
measurement repeatability, but also enables accurate contact force measurement without
modifying the probe station. This method is especially beneficial for probing large wafers

where the wafer thickness profile may vary by 5 to 10 um. Such variation can lead to 3 to
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Figure 2.28: Average magnitude of S-parameters of WR-1.5 probe from 10 independent
measurements (contact force measured and controlled by strain sensor).
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Figure 2.29: Average S9; magnitudes of WR-1.5 probe from 10 independent measurements
(contact force measured and controlled by both strain sensor and load cell).

6 mN variation in contact force for a probe with 0.65 mN/um spring constant (probe with

no integrated strain sensor) [44].

As shown previously, strain sensors positioned symmetrically on the probe can detect
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Figure 2.30: Average S9; magnitudes of WR-1.5 probe from 10 independent measurements
with 3 mN contact force (aligned by strain sensor) and 11 mN contact force (aligned by
bubble level).

contact angle by sensing asymmetrical strain generated during contact if the probe is an-
gularly misaligned. Such angular misalignment can be compensated by tilting the test
substrate or the probe accordingly. For a contact angle close to 0°, the required contact
force to form low resistance contacts for all tips is reduced to 3 mN [43]. Using the inte-
grated strain sensors, the probe is angularly aligned to the test substrate within +0.025° at
first. Then 10 independent measurements are taken with 3 mN contact force controlled by
the load cell. Figure 2.30 shows the average magnitudes of So; with error bars indicating
complex standard deviation for 3 mN probe contact aligned by the strain sensors. As a
comparison, the result of 11 mN probe contact aligned by the bubble level is also included
in Figure 2.30 (same set of calibration standards as 3 mN). Note that the measurements
shown in Figure 2.29 and Figure 2.30 are performed using different probes at different times.
The shift in So; at the band edges is due to the alignment tolerance of the probe chip to
the metal block, whereas the ambient humidity variation explains the discrepancy around
550 GHz. The maximum complex standard deviation of So; using 3 mN contact force is
0.104 dB across the band (same for S;2) as compared to the 0.132 dB maximum complex

standard deviation of So; using 11 mN contact force.
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The following study demonstrates how the contact force and angular alignment affect
the measurement repeatability. The relative standard deviation (%RSD, defined in Eqn.

2.27) of S-parameters (Sg1) is used to quantify the measurement repeatability.

complezx standard deviation

%RSD = x 100% (2.27)

mean

10 independent measurements at 0°, 0.15°, 0.25°, and 0.35° contact angle, each with £0.025°
accuracy, are taken with 11 mN contact force measured by the load cell. Another set of 10
independent measurements are taken with 3, 5, 8, and 11 mN contact force measured by the
load cell at 0° and 0.15° with +0.025° accuracy using the same set of calibration standards.
For a constant contact force of 11 mN, the relative standard deviation of Se; reduces with
contact angle (Figure 2.31a). When the contact angle is below 0.15°, the relative standard
deviation of So; stabilizes around 0.5% for frequencies above 550 GHz. For a constant
contact angle of 0.15°, the relative standard deviation of So; decreases when contact force
increases (Figure 2.31b). For contact forces above 5 mN, the relative standard deviation of
So1 stabilizes below 1% for frequencies above 550 GHz. For a constant contact angle of 0°,
the relative standard deviation of So; stabilizes below 0.5% for frequencies above 550 GHz
when the contact force is greater than 3 mN (Figure 2.31¢). This phenomenon agrees with
previous experimental results that a contact force of 1 mN per tip is required to obtain a
low contact resistance [43].

According to the results indicated in Figure 2.30, 2.31a-2.31¢c, by aligning the micro-
machined probe to the test substrate, repeatable RF measurements can be achieved with
significantly lower contact force (< 5 mN) compared to a previously reported value of
15 mN [72]. Consequently, extended probe lifetime is expected due to the lower impact on
the probe tips without overdriving during the probe contact and even mechanical wear on

each tip.

Table 4: Phase Error of Delay Short-2 @ 625 GHz.

625 GHz
Contact Force Controlled by Strain 0.56°

Sensor (11 mN)
Variable Contact Force (3 — 11 mN) 5.25°

To further substantiate the improvement in measurement accuracy provided by the

strain sensor, one of the delay shorts (Delay Short-2 shown in Figure 2.27) is measured
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Figure 2.31: Relative standard deviation of S-parameters vs. frequency from 10 independent
measurements: (a) 11 mN contact force; (b) 0.15° contact angle; (c) 0° contact angle.
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using the WR-1.5 probe with integrated strain sensor in two experiments. First, the probe
is calibrated with the contact force controlled at 11 mN by the strain sensor. 12 independent
measurements of Delay Short-2 are taken using the same contact force. Second, the same
measurements are repeated 3 times using 3, 5, 8, and 11 mN contact force each. The phase
errors at midband (625 GHz) are shown in Table 4. The measurement repeatability is
significantly improved for the measurements with a stable contact force. For probes without
a strain sensor, the contact force may vary by 6 mN or even more depending on the wafer
thickness profile of the test wafer. This contact force variation will result in positioning

error of the probe tip, which is the dominant factor in measurement uncertainty [44].
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2.4 Summary

This chapter presents an improved method for monitoring and controlling the contact condi-
tion of terahertz on-wafer probes which improves the repeatability of terahertz probing and
enables accurate contact force measurement without modification to the standard probe
station. Repeatable RF measurements are achieved by controlling the contact force and
contact angle using the integrated strain sensors. By properly sensing and controlling the
planarity of the terahertz probes, the required contact force can be significantly reduced
to extend probe lifetime. Mechanical tests show that the integrated sensors have a contact
force resolution of 0.2 mN and a contact angle resolution of 0.05° about the center. RF
tests show that repeatable measurements can be achieved with 3 mN contact force after
adjusting the probe contact angle within £0.025° using the integrated sensors. For contact
angle within £0.15°, 5 mN contact force is sufficient to achieve repeatable measurements.
In addition, measurement repeatability is also improved by angularly aligning the probe

tips (reducing contact angle).
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3 Large Wafer Measurement Uncertainty Characterization

3.1 Introduction

This Chapter introduces a complete measurement uncertainty characterization of one-port
large wafer probing in the WR-1.5 (WM-380: 500-750 GHz) band. Factors that contribute
to measurement uncertainty, including contact force variation, stage accuracy and repeata-
bility, and source uncertainty are discussed. Experiments are designed to characterize and
analyze each factor. A micromachined WR-1.5 probe with integrated strain sensor is used
to measure calibration standard sets at different locations on a 2-inch wafer. Measurement
results of the strain sensor assisted WR-1.5 probe are presented. In addition, recommended
probe station specifications and procedure for terahertz probing without an integrated strain
sensor are developed.

To ensure the accuracy of on-wafer measurement results, measurement uncertainty must
be characterized precisely. At microwave frequencies, on-wafer measurement uncertainty es-
timation is a subject of long-standing interest [73-75]. Generally, three major factors con-
tribute to the measurement uncertainty, including source uncertainty, contact force varia-
tion, and stage accuracy and repeatability. However, due to the relatively long wavelengths,
the effects of wafer thickness variation across a large wafer and stage accuracy and repeata-
bility on on-wafer probing at microwave frequencies have not drawn much attention. At
submillimeter-wave frequencies, these issues lead to significant phase error and need to be
addressed [44].

In this work, the measurement uncertainty is characterized on a 2-inch wafer (shown
in Figure 3.1) using a micromachined WR-~1.5 probe with a pair of NiCr (80-20 wt.%)
integrated strain sensors described in Chapter 2. The integrated sensors eliminate the
need for observing scratch marks on test pads to determine the probe contact condition.
They enable accurate measurements of both probe contact force and angular alignment,
which are crucial for RF measurement repeatability. Probe contact force is monitored in
situ by measuring strain generated by vertical deformation. Angular misalignment can be

detected by sensing asymmetrical strain on symmetrical positions of the probe. By properly
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monitoring and controlling the probe contact using the integrated strain sensors, enhanced
measurement accuracy and repeatability, as well as extended probe lifetime, can be achieved.
In addition, this method requires no modification to the standard probe station. Figure
3.2 shows the test setup of the micromachined THz probe with integrated strain sensor
for large wafer measurement. In this section, the integrated strain sensor is used as a tool
to evaluate the measurement uncertainty. Recommended probe station specifications and
procedures for standard terahertz probing without the use of the integrated strain sensor

are also developed based upon the results of this section.

Figure 3.1: The positions (marked) of the measured sets of calibration standards on the
2-inch wafer.
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Figure 3.2: Test setup of micromachined terahertz probe (with integrated strain sensor) for
large wafer measurement.

3.2 Experiments and Results

There are three major factors that contribute to the measurement uncertainty, including
contact force variation, stage accuracy and repeatability, and source uncertainty. In order to
characterize the effect of each factor on the measurement uncertainty, a few experiments are
designed to minimize the effects of other factors. As in Section 2.3.6, the relative standard
deviation (%RSD) of S-parameters (S21) of the probe assembly is used as a quantitative
measure of repeatability. The same two-tier calibration technique is used to determine the
S-parameters of the probe assembly (see Section 2.2.2). S-parameter measurements are
taken using a one-port WR-1.5 frequency extension unit from Virginia Diodes Inc. (VDI
WR1.5 VNAXTXRX, 7 dBm RF, 10 dBm LO, 18th harmonic factor) with a microma-
chined waveguide twist [76], an Agilent PNA-X N5245A vector network analyzer (1 kHz IF
bandwidth, 401 points) and a Cascade Microtech PA200 probe station. For all experiments
presented in this chapter, the probe assembly is warmed up on the test port for a minimum
of 20 minutes prior to recording data due to the temperature difference between an oper-
ating VNA extension module and room temperature. A simple experiment can validate

the 20 minutes wait time. After calibrating the VNA extension module (using a short, a
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quarter-wave delayed short, a radiating open [67] and a precision load), a short is connected
to the test port and measured every minute. Figure 3.3 shows the phase standard deviation
of S11 of the short in different time periods. The phase standard deviation of Sq; stabilizes
after 20 minutes, which means the system is stabilized (warmed up). After warming up the
probe assembly, the system drift does not perturb the results since all measurements are
performed close in time (within 30 minutes). As shown in Figure 3.3, the phase standard

deviation of S1; does not vary significantly in a 30 minute period.
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Figure 3.3: Phase standard deviation of a short connected to the test port of the frequency
extension unit.

The initial rectangular waveguide calibration is done to a reference plane coincident
with the frequency extension unit test port, using a short, a quarter-wave delayed short, a
radiating open [67] and a precision load. The second tier calibration is done with the probe
attached to the test port and performed by terminating the CPW probe with on-wafer cal-
ibration standards: a CPW short and four CPW delayed shorts of electrical lengths evenly
distributed from 0° to 180° at 625 GHz, excluding the 180° [44]. The CPW dimensions are
4/7/4 pm for widths of the gap and the center conductor with other dimensions detailed in
Figure 3.4. The S-parameters of the probe are extracted using the error networks produced
by both calibrations [43], [44]. The average magnitude of S-parameters of a WR-1.5 probe

from 10 independent measurements are shown in Figure 3.5.
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Figure 3.4: Dimensions of CPW calibration standards [44].
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Figure 3.5: Average magnitude of S-parameters of WR-1.5 probe from 10 independent
measurements.

3.2.1 Source Uncertainty

To study the effect of source uncertainty on the measurement uncertainty, the stage error
and contact force variation need to be excluded from the measurement. First, the effect
of source uncertainty on the delayed short is studied. In this experiment, the probe is
landed on one of the delayed shorts (DS-2) with 20 mN contact force for 5 minutes. Raw
data of Sq; is taken every 10 seconds. The duration is chosen based on the time needed to
complete 10 probe calibrations on one calibration set. The interval is chosen based on the

time between measurements of adjacent delayed shorts. The relative standard deviation of
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S11 for the measurement of DS-2 is plotted in Figure 3.6, which indicates the effect of source
uncertainty on the delayed short. The average value of the relative standard deviation of

S11 is summarized in Table 5.
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Figure 3.6: The relative standard deviation of Sy; (raw) of DS-2.

Table 5: The average relative standard deviation of Sq; for delay short DS-2.

Frequency (GHz) | 500-575 | 575-650 | 650-750
RSD (%) 0.13 037 | 0.22

The effect of source uncertainty on the S-parameters of the probe can be simulated using
the measurement results of the delayed short. The average relative standard deviation of
DS-2 is used to simulate the effect of source uncertainty on the probe calibration. Recall
that the probe S-parameters are calculated based on the raw S-parameters of 5 delayed
shorts. The source uncertainty is added to the S-parameter of each delayed short in the
following method (625 GHz is used for demonstration). Firstly, an average of 10 raw Si;
of each delayed short from the single calibration set measurement is calculated and plotted
in the complex plain. Then four additional points are selected randomly (both phase and
magnitude) around each Si; at 625 GHz, with a relative distance of 0.25% (based on the
data shown in Figure 3.6). Hence, for each delayed short, five possible values of raw Si;

are generated for simulation based on the source uncertainty of the system. This process is
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illustrated in Figure 3.7 (data shown for 625 GHz). A Monte Carlo simulation is performed
for each frequency within the WR~1.5 band using all possible combinations of the 5x5 raw
S-parameters to obtain a set of probe S-parameters (3125 in total). The standard deviation

of the simulated probe Sop is plotted in Figure 3.8.
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Figure 3.7: A illustration of the Monte Carlo simulation (@625 GHz).
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Figure 3.8: The relative standard deviation of probe So; of Monte Carlo simulation and 10
independent measurements on one set of calibration standards.
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To compare the simulated results with actual measurement data, 10 independent mea-
surements (probe calibrations) with contact force controlled by the strain sensors on one set
of calibration standards are performed. Measurement results are also plotted in Figure 3.8
as a comparison. As can be seen, the simulation agrees with measurement results within
one calibration set due to the accurate force control provided by the strain sensor and the
minimization of position errors within one set of calibration standards. Using the inte-
grated strain sensors, the probe is angularly aligned to the test substrate within +0.025°.
A 20 mN contact force with +0.1 mN accuracy is achieved for the probe measurements,
i.e., the z-travel for each contact is adjusted until the output of the strain sensor corre-
sponds to 20 mN. Thus, the effect of contact force variation is minimized by the use of the
integrated strain sensors. Limiting the measurements to one calibration set minimizes the
stage error due to its accuracy (£1.5 pm) and repeatability (£1.0 um). To complete the
repeated probe calibration, only small y-direction movements are necessary, which have less
significant impact on the measurement uncertainty compared to the x-direction movements
(x- and y-direction as indicated in Figure 3.4). To illustrate this difference in sensitivity
between x and y variations, a simulation is done for the case that the center probe tip
is landed on the center of the contact pad, as well as for cases that the landing position
is moved by 1.5 pum in x- and y-direction. Figure 3.9 shows how much the Ss; of the
probe deviates from the center contact in percentile. From the results shown in Figure 3.9,
the x-direction movement uncertainty is the major factor in the measurement uncertainty
contributed by the stage. As the position error increases, the difference between x- and
y-direction deviation becomes more significant.

Since the effects of contact force variation and stage errors are both minimized in re-
peated measurements done at one calibration set, the effect of source uncertainty can be

presented by the measurements using one calibration set (as shown in Figure 3.8).
3.2.2 Contact Force Variation

A typical 2-inch wafer has a thickness variation of 5 to 10 pm depending on its grade
and vendors’ specification, which can lead to 5 to 10 mN variation in contact force for a
probe with 0.96 mN/um spring constant given a fixed z-travel. Such variation in contact

force caused by fixed z-travel leads to position error when measuring devices at locations of
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Figure 3.9: The simulated deviations of probe Sy; from center contact

different thicknesses due to skating of the probe tip. To resolve this problem, a z-profiling
method was developed by Cascade Microtech, Inc. to find the average optical height of
selected positions on the wafer by focusing the microscope [77]. Z-travel for different devices
can be corrected according to the wafer thickness profile. Hence, the position error can be
reduced by z-profiling.

However, the contact force variation is also affected by the z-travel repeatability of the
stage (£1.0 pm, £0.25 pm resolution), which cannot be compensated by the z-profiling
function. Using integrated strain sensors for large wafer probing is considered the optimal
method due to its accurate contact force control which minimizes position error at the probe
contact location and eliminates the effect of z-travel accuracy and repeatability.

A 2-inch wafer with multiple sets of CPW calibration standards (1.5 ym plated gold) as
shown in Figure 3.4 is prepared. To study the measurement uncertainty of different methods
for monitoring the probe contacts, 10 sets of calibration standards at different locations on
the 2-inch wafer are measured (shown in Figure 3.1). Firstly, the planarity is adjusted by
a bubble level (around +0.15° accuracy) and the initial contact is visually decided using a
microscope image. To obtain a nominal contact force of 20 mN, a fixed z-travel of 15 um

beyond the initial contact is used for all sets of calibration standards when contacting the
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test pad of each CPW line. Due to the way initial contact is set (observing probe tip
movement while raising the stage), a 0 um z-travel associates with 3 to 5 mN contact force.
For fixed z-travel, the relative standard deviation of So; of the probe is between 6% and 8%

for frequencies above 550 GHz (plotted in Figure 3.10).
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Figure 3.10: The relative standard deviation of So; of the probe using different probe
contacting methods.

Using the z-profiling function provided by the probe station (with an objective of 10x
magnification and 0.28 numerical aperture), the relative height of each calibration set is
measured with respect to the initial contact. The surface is assumed flat within the same
calibration set. The z-travel for each contact is corrected based on the wafer thickness
profile during the probe measurements to achieve a constant contact force across the wafer.
Hence, the position error introduced by the skating variation is reduced. For example, if
the lowest position on the wafer is -5 pm (initial contact 0 pum), to achieve a 11 mN contact
force for a probe with 0.96 mN/um spring constant, the z-travel at the lowest position
needs to be 5 um more than the reference position. As expected for this corrected z-travel,
a smaller standard deviation for So; of the probe is observed and plotted in Figure 3.10.

For frequencies above 550 GHz, the relative standard deviation is between 5% and 7%.
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Using the integrated strain sensors, a 20 mN contact force with £0.1 mN accuracy is
used for the probe measurements. As shown in Figure 3.10, the relative standard deviation
of So1 of the probe is the lowest among all three methods. For frequencies above 550 GHz,
the relative standard deviation is between 4% and 5%. In addition, an accurate wafer
thickness profile is recorded from the z-travel for each calibration set.

The average error in z-profiling measurement is 1.8 pm with respect to the strain sensor
measurement. During the z-profiling, the software is searching for a sharp microscopic
image in a viewing area of 1500 um x 1500 um as the stage is moving up or down at
a certain location. Any position within the depth of focus is considered acceptable. The
corresponding optical height is then recorded. This mechanism causes the error in the wafer
profile measurement. Using an objective of higher magnification and smaller depth of focus
can reduce the error in the z-profiling measurement. However, the z-travel repeatability of
the stage can not be compensated by an improved objective.

Note that the effects of source uncertainty and stage error are not excluded from the
results shown in Figure 3.10. However, the contact force variation across the wafer has a
significant impact on the on-wafer measurement accuracy and precision which is demon-
strated clearly without the elimination of the other two factors. With correct z-travel for
each contact, the measurement repeatability can be significantly enhanced. However, for
operation without integrated strain sensors, wafer surface profiling should be performed to
reduce measurement uncertainty. Considering the tolerance of planarization adjustment, a
minimum of 5 mN contact force should be used for all probe contacts to compensate any
potential angular misalignment. It is recommended to measure the spring constant of the
probe prior to RF measurement and set the z-travel corresponding to the desired contact

force.
3.2.3 Probe Contact Model

To further substantiate the effect of contact force variation on measurement uncertainty,
the measurement of one delayed short is studied. The initial probe contact position is set
to near the center of the contact pad. Thus, the part of the contact pad after the contact
point can be treated as an open stub [44]. Changing the probe contact force is essentially

changing the length of the delayed short and the open stub. In addition, the parasitic
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capacitance of the CPW open end extends the length of the open stub by approximately

11 pm [78]. This length is calculated using the following equation

loc = (S—|—42W/) (31)

where [, is the effective length extension, S is the width of the signal line, and W is the
width of the gap between signal line and ground. The CPW short-end inductive effect is
considered as in Section 2.3.6 [68], [69]. As shown in Figure 3.4, the value of S and W
are 20 pm and 12 pm, respectively. Note that for this analysis, the tapering between the
contact pad and the CPW line are treated as a 50 2 CPW line, which provides adequate
accuracy. Figure 3.11 shows a diagram of the probe contacting a delayed short and the
model used to simulate the effect of contact force variation. Simulation results of the phase
difference for Delay Short-2 (DS-2) between 3 mN and 11 mN contact force is plotted in
Figure 3.12. The physical lengths of the open stub for 3 mN and 11 mN contact force
are assumed to be 3 ym and 6 um. The skating can be estimated using the contact force,
the spring constant of the probe (0.96 mN/m), and the length of probe extending beyond
the waveguide block (400 pm). Assuming a straight probe beam during contact should
provide sufficient accuracy of the skating distance. The following experiment is conducted
to verify this model. An on-wafer calibration is done using 11 mN contact force to set the
reference plane as shown in Figure 3.4 and then de-embedded to the probe tip [44]. 10
independent measurements of DS-2 in the same calibration set are done using 3 mN contact
force. The same measurements are repeated using 11 mN contact force. Using the average
phase of DS-2 measured at 11 mN as a reference, the phase difference of DS-2 between
measurements using 3 mN and 11 mN contact force with standard deviation error bars is
plotted in Figure 3.12. As can be seen for a contact force variation of 8 mN, the phase of
a DS-2 can vary by up to 18° in the WR~1.5 band. The measurement result agrees with

simulation, which proves the validity of the probe contact model.
3.2.4 Lateral Stage Accuracy and Repeatability

Another important factor of the measurement uncertainty is the lateral stage accuracy and
repeatability. To study how the stage accuracy and repeatability influence measurement
uncertainty, the effect of contact force variation at different locations are minimized by using

the integrated strain sensors. 10 independent measurements using 20 mN force controlled
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Figure 3.11: The diagram of the probe contacting a delayed short and the probe contact
circuit model used to study the effect of contact force variation.
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Figure 3.12: The measured and simulated phase difference of DS-2 between measurements
using 3 mN and 11mN contact force.
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by the strain sensors on a single set of calibration standards are performed. The relative
standard deviation for S9; of the probe from this single set of calibration standards (shown
in Figure 3.13) is used as a baseline to evaluate the effect of stage accuracy (+1.5 pm)
and repeatability (£1.0 gm). The measurement results on 10 different calibration sets
(as indicated in Figure 3.1) using 20 mN force controlled by the strain sensors are also
plotted as a comparison. The measurement uncertainty within the same calibration set is
reduced by approximately 90% compared to the result from multiple calibration sets. The
rotational wafer alignment tolerance and the accumulated error of stage travel contribute to
the deviation. This effect is simulated based on the data obtained from the single calibration
set by adding position errors of 0.5 pm, 1 gym and 1.5 pm in probe contact positions. For
each probe calibration, one out of ten random position errors within 0.5 ym, 1 pym and
1.5 pm is added to the short and four delayed shorts and a new S-parameter is calculated
for each calibration standard using the probe contact model in Section 3.2.3. 10 new probe
S-parameters can be calculated from the new S-parameters of the short and delayed shorts.
The relative standard deviation of simulated Se; of the probe for position errors within
0.5 pm, 1 um and 1.5 pm are plotted in Figure 3.13. For every 0.5 pym reduction in position

error, the measurement uncertainty reduces by approximately one third.
3.2.5 The Effect of Position Errors in WR-1.0 Band

To emphasize the effect of position errors associated with the stage on higher frequencies, a
similar simulation in the WR-1.0 band is performed based on 10 independent measurements
on one calibration set. The S-parameter measurements are taken on the same test setup as
in the WR-1.5 band, except with a one-port WR-1.0 frequency extension unit from Virginia
Diodes Inc. (VDI WR1.0 VNAX113, 2 dBm RF, 5 dBm LO). To maintain a reasonable
noise level and measurement time, decreased IF bandwidth (1 Hz) and number of points
(41) are used. The same position errors (0.5 um, 1 pm and 1.5 pm) are included in the
simulation using the method introduced in Section 3.2.4 for the WR-1.5 band. The relative
standard deviation of simulated and measured So; of the probe are plotted in Figure 3.14. In
the WR-1.0 band, the relative standard deviation of So; of the probe is doubled comparing
to the WR-1.5 band due to the larger source uncertainty. The effect of stage accuracy and

repeatability shows significant influence on the measurement uncertainty.
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Figure 3.13: The measured (using single vs. multiple calibration sets) and simulated (with
0.5 pm, 1 gm and 1.5 pm position errors) relative standard deviation of Sg; of the probe.
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Figure 3.14: The simulated (with 0.5 gm, 1 gm and 1.5 pm position errors) relative standard
deviation of So; of the WR-1.0 probe.
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3.2.6 The Effect of Position Errors from W-Band to WR-0.65 Band

To further demonstrate the effect of stage errors on probe measurement repeatability, a
simulation is performed using the method introduced in Section 3.2.4 in expanded spectrum
from W-Band (75 - 110 GHz) to WR-0.65 band (1100 - 1700 GHz). The same baseline
measurements as in Section 3.2.4 (standard deviation of 10 independent measurements
on a single calibration set in WR-1.5 band) are used for all bands in the simulation to
represent the source uncertainty. The same position errors (0.5 ym, 1 gm and 1.5 pm) are
included. Similar to the calibration standards used for WR-1.5 band (shown in Figure 3.4),
the dimensions of the calibration standards for each band are determined by the center
frequency. The relative standard deviation of simulated Ss; of the probe are plotted in
Figure 3.15. The grey area denotes the gap between W-band (75 - 110 GHz) and WR-5.1
(140 - 220 GHz). The dotted lines show the waveguide band designations. The discrepancies
at the band edges are caused by the difference in the length of the calibration standards

between different bands.
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Figure 3.15: The simulated (with 0.5 gm, 1 pm and 1.5 pm position errors) relative standard
deviation of So; of the probe in expanded spectrum.
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From results shown in Section 3.2.1, the baseline measurement is dominated by the
source uncertainty due to the fact that it does not require any x-direction movement and
has contact force controlled by the strain sensors. By assuming the same level of source
uncertainty and only introducing position errors to each band, the effect of stage accuracy
and repeatability becomes more and more apparent as frequency increases. Note that
Figure 3.15 is an optimistic prediction for frequencies higher than 750 GHz. The reason
is that the baseline measurements (standard deviation of 10 independent measurements on
a single calibration set) is higher for the WR~1.0 band than the WR-1.5 band (results for
higher frequencies unavailable due to equipment limitations). As shown in Figure 3.15,
the effect of stage accuracy and repeatability should be even more significant in reality
as frequency increases. From the results shown in Figure 3.13, Figure 3.14, and Figure
3.15, it is concluded that improving stage accuracy and precision will significantly reduce

measurement uncertainty for on-wafer measurements beyond 500 GHz.
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3.3 Summary

This chapter introduces the measurement uncertainty characterization of one-port large
wafer probing in the WR-1.5 band. Factors that contribute to measurement uncertainty,
including contact force variation, stage accuracy and repeatability, and the effect of source
uncertainty, are discussed. Measurement results from a 2-inch wafer (on a probe station
with 1.5 pm position error) indicate that using an integrated strain sensor to control the
contact force achieves less than 5.5% worst case relative standard deviation (RSD) of the
probe insertion loss in the WR~1.5 band. The measurement repeatability using the inte-
grated strain sensor is better than using fixed z-travel (8.5% worst RSD) or using z-travel
corrected by the z-profiling function of the probe station (7% worst RSD). The effect of
wafer thickness variation on measurement uncertainty can be reduced by correcting z-travel
using an integrated strain sensor or z-profiling function if strain sensor is unavailable. Sim-
ulated results show that for every 0.5 um improvement in stage accuracy, the on-wafer
probing measurement uncertainty for WR-1.5 band can be reduced by approximately 30%.
Simulation results also show that the relative standard deviation will exceed 10% beyond
1200 GHz. Probe stations with improved stage accuracy and repeatability are desired to

reduce the measurement uncertainty of THz on-wafer probing.
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4 Micromachined Waveguide Components

4.1 Introduction

The rapid growth of millimeter and submillimeter—wave applications demands more precise
measurements of waveguide components. Waveguide misalignment induced by flange is
one of the major limitations to precise measurements above 110 GHz. Figure 4.1 shows
the picture of maximum waveguide flange misalignment in different direction seen through

waveguide shim [79].

Figure 4.1: Waveguide flange misalignment creating maximum H-Plane and E-Plane offset
[79].

In recent years, several efforts has been made to improve alignment and repeatability
of the waveguide flange including Lau and Denning flange [80], Precision UG-387 with
inner dowels [81] and ring-centered flange [82]. At present, the P1785 working group of the
IEEE is considering multiple improved flange designs as standard rectangular waveguide
interface. Results show that the improved ring-centered design (Figure 4.2) developed by

H. Li et al. [83] provides higher repeatability than other candidates.

Figure 4.2: WR-2.2 ring-centered waveguide flanges [83].
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In addition to the waveguide flange, measurement accuracy and precision are also af-
fected by the quality of calibration standards, such as quarter-wave or eighth-wave calibra-
tion shims. Mismatch caused by waveguide tolerances, corner radii as well as flange mis-
alignment leads to inaccurate calibration. Both conventional computer numerical control
(CNC) milling and electric discharge machining (EDM) methods encounter imperfections
in fabricated calibration shims due to the small waveguide dimensions for submillimeter-
waves [84]. A typical shim fabricated by CNC milling is shown in Figure 4.3. It is clearly
shown that the corners of the rectangular waveguide are significantly rounded. The effect

of fabrication imperfection is shown in Figure 4.4a and 4.4b [84].

Figure 4.3: A typical calibration shim fabricated by CNC milling.

Another disadvantage of CNC milling and EDM is the inability to fabricate geometrically
complex waveguide components. Figure 4.5 shows a 90° waveguide twist for WR-1.5 band,

which is difficult to fabricate for both methods [76].

61



511 dB

0.0

-10.0

-20.0

-30.0

-40.0

-50.0

-60.0

-70.0

-80.0

|
MNormal waveguide
operating range
-
\-\_____ﬁ‘
- R/a
H R
\.-?-..5. '_-l—-.__- .
—— .03
1.0 1.2 14 1.6 1.8 2.0
F/Fc
(a)
0.05a—\
( N
b
\. J
: |
(b)

Figure 4.4: Mismatch caused by corner radii [84].

®m St © EMTsatiW/ A= inbens Twte 13 M
| I m:un- . -IIHI Tor 154+

Figure 4.5: A microfabricated WR-1.5 band waveguide twist [76].
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4.2 WR-2.2 Calibration Standard

Micromachining has been used in submillimeter-wave device fabrication for decades to over-
come limitations associated with conventional machining techniques [85]. It has been shown
to have the necessary precision to fabricate accurate submillimeter-wave circuits and struc-
tures that are impractical to fabricate using conventional machining [76], [86]. In this
chapter an alternative fabrication approach for submillimeter- wave calibration standards
using a KMPR based micromachining process is introduced. An accurate quarter-wave cal-
ibration shim for the WR-2.2 UG-387/UM waveguide flange is fabricated and characterized
to validate this process. As a comparison, a quarter-wave WR-2.2 calibration standard
for the same flange is prepared using the CNC milling method. Both shims are measured

repeatedly to compare the results.
4.2.1 WR-2.2 Calibration Standard Fabrication Process

In our fabrication process, a negative photoresist, KMPR 1050, is selected due to its simi-
larity to SU-8 in terms of applicable thickness and aspect ratio. Moreover it features certain
improvements in adhesion to metals and removability. Firstly, a KMPR photoresist mold
is built via photolithography on a silicon carrier wafer pre-coated with a titanium/gold/
titanium (10/50/20 nm) layer. The bottom titanium and gold are used as seed layers for
electroplating. The top titanium later will be removed via reactive-ion etching once the
mold is completed. Depending on the desired thickness, multilayer KMPR spin coating
prior to lithography may be necessary. An SEM image and photograph of an example of
the electroplating-mold are shown in Figure 4.6.

Then the whole mold is placed in boric-acid buffered nickel sulfamate solution at 50°C.
The mold is typically over-plated by approximately 100 um as the plating rate may vary
across the surface. After electroplating, the plated sample is lapped and polished to the
desired thickness. To release the shim from the substrate, the KMPR mold is removed via
N-methyl-2-pyrrolidone (NMP) at 85°C for 15-30 min., followed by an overnight soaking in
potassium hydroxide (KOH) at 110°C to remove the silicon carrier wafer. If any remaining
KMPR is observed, an ultrasound soaking in de-ionized water may be applied to remove

the residue. Finally, a thick layer of electroplated gold (approximately 1 to 2 um) is applied
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Figure 4.6: (left) SEM image of an electroplating mold (close-up of the waveguide mold);
(right) photograph of an electroplating mold (top view).

to ensure that the thickness of gold exceeds the skin depth at the desired frequency (around
100 nm at 400 GHz). As a comparison, a WR-2.2 calibration shim for the same flange
is prepared using the CNC milling method. Figure 4.7a, 4.7b show the SEM images and

photographs of the fabricated shims.

Figure 4.7: (a) - SEM image and photograph of the microfabricated and CNC quarter-wave
calibration standards; (b) - SEM image and photograph of the microfabricated and CNC
quarter-wave calibration standards
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4.2.2 WR-2.2 Calibration Standard Measurements and Results

The shims are evaluated using a one-port WR-2.2 frequency extension unit from Virginia
Diode Inc. (VDI WR2.2 VNAX-TXRX) and a Rohde and Schwarz ZVA-40 network ana-
lyzer. An open (delayed-short), short, match (OSM) calibration is done to a reference plane
coincident with the frequency extension unit test port, using a flush short, a short with the
microfabricated quarter-wave shim, and a precision load (return loss better than 50 dB).
The same shim is inserted 10 times between the test port and the precision load in the
same orientation as calibrated. Data is taken for each connection. The same measurements
are repeated using the CNC shim. Measured return losses of both shims terminated with
a match load are shown in Figure 4.8. Each trace is the average of 10 measurements. The
S11 of the CNC shim is larger than the Si; of micromachined shim by approximately 5 dB
due to the waveguide inaccuracy. To evaluate the measurement repeatability of both shims,
an OSM calibration is performed for each shim prior to taking measurement results. In
addition to the original shim orientation used during calibration (side A), the shims are
also measured when rotated by 180° (side B), flipped by 180° about the E-field direction
(side C), and both rotated and flipped by 180° (side D). S1; of 10 connections for each
orientation are taken. The complex standard deviation of the measured results are used as
a figure of merit of the measurement repeatability. The results for both shims in all four
orientations are plotted in Figure 4.9a and 4.9b. The standard deviations of the micro-
fabricated shim are between 0.003 and 0.008 for all four orientations, which is comparable
to the CNC shim. The measurement results justify the fact that the designed diameter of
the dowel holes on both shims are the same (63 mil). From the results in Figure 4.8, 4.9a,
and 4.9b the microfabricated shim shows improved accuracy, comparable repeatability, and
comparable variation when changing the connection orientation. Multiple shims from both
fabrication methods are measured and show similar performance.

The waveguide dimensions are measured using Zeiss Axio Imager Alm microscope, with
a 20x objective. The waveguide dimensions of the CNC shim are 578 ym x 273 pm (de-
signed values are 559 pym x 279 pm, width x height). The average corner radius is 71 pm.
The thickness is 258 + 3 pm measured by Ono Sokki digital linear gauge EG-225. To evalu-
ate the fabrication repeatability of the CNC method, the dimensions of 8 calibration shims
(4 in WR-2.2 and 4 in WR-1.5) are measured. The standard deviation of the CNC process
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Figure 4.8: Return losses of fabricated shims terminated by precision load.

is around 6.0 pm. Note that the average dimensions of the CNC shims are off by 11 pym in
width and -10 pgm in height. For both shims, the waveguide dimensions of the two sides are
different. When using the CNC method, the imperfection in milling bit causes the dimen-
sional mismatch. When using KMPR, the bottom feature of the photo resist mold shrinks
(shown in Figure 4.10), resulting in sidewall tapering [87]. Table 6 summarizes the differ-
ence in widths between top and bottom of fabricated waveguides of multiple thicknesses.
After optimizing the lithography parameters, a tapered sidewall around 1.9° is observed in
the photo resist mold. Hence, the same effect appears in the fabricated waveguide, which
is essentially an opposite of the mold. On the top side, the dimensions of the waveguide
are 561 pm x 279 pm, which are close to the designed values. On the bottom side, the
waveguide dimensions scale down by 7 um. The average corner radius is less than 10 pm.
The thickness of the microfabricated shims are 205 £+ 4 ym. The standard deviation of the
top side waveguide dimensions of 8 WR-2.2 calibration shims is 4.3 gm. Table 7 summarizes
the corner radius and standard deviation of both fabrication methods. It is concluded that
micromachining features better accuracy of waveguide dimensions, smaller corner radius

and improved fabrication process repeatability.
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Figure 4.9: Complex standard deviation of S-parameters vs. frequency from 10 independent
measurements - (a) CNC shim; (b) micromachined shim. Side A is the same orientation
with calibration. Side B is rotated by 180° about the waveguide axis. Side C is flipped
about the E-field direction. Side D is both rotated and flipped by 180°.
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Top Side

Bottom Side

Figure 4.10: Demonstration of the waveguide tapering (exaggerated cross section).

Table 6: Measured Difference in Width between Top and Bottom of Fabricated Waveguides.

Micromachined Shim CNC Shim
Thickness (pm) | Width Difference (pum) | Thickness (pm) | Width Difference (pum)
430 11 258 18
205 7 204 8
170 ) 114 )

Table 7: Corner Radius and Standard Deviation of Fabricated Waveguides.

Micromachined Shim | CNC Shim
Corner Radius (pm) Less than 10 71
Standard Deviation (um) 4.3 6.0

4.2.3 Discussion

The accuracy of waveguide dimensions affect the quality of calibration. For frequencies
beyond 500 GHz, the benefit of micromachining is substantial since the decreased waveguide
dimensions require more accurate and repeatable fabrication techniques. This method is
also extremely beneficial for the fabrication of submillimeter-wave devices having complex
structures such as waveguide twists [76] and filters.

Five factors, linear misalignment, angular misalignment, corner radii, tapering in the
rectangular waveguide, and dimensional mismatch (in width and height) contribute to the
mismatch between the flange and the waveguide. Linear misalignment and dimensional
mismatch are dominant among all. Assuming all other factors are ideal, the worst-case

reflection coefficient (S11) for a linear misalignment of 19 pym in the E-plane direction is
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around -30 dB, while the Si; for an worst-case angular misalignment of 0.57° is below -
70 dB [84]. The Sj; corresponding to the largest dimensional mismatch of 11 pym caused
by the CNC milling is around -25 dB (2 pm for micromachining, S1; below -40 dB) [84].
The S1;1 corresponding to the corner radius of 71 pm caused by the CNC milling is around
-25 dB (below -70 dB for micromachining, both simulated in HFSS 15.0) reflection of a
tapered waveguide can be calculated based on the expression derived by R. C. Johnson
in [88]. The micromachined shim yields an S1; below -90 dB, which is negligible compared
to the reflection caused by the linear misalignment and the dimensional mismatch of the

waveguide flange.
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4.3 Summary

In this Chapter, an alternative fabrication approach for submillimeter-wave calibration stan-
dards using KMPR based micromachining process is introduced. This method overcomes
limitations associated with conventional machining techniques. Taking advantage of the
KMPR micromachining process, an accurate quarter-wave calibration shim for the WR-
2.2 UG-387/UM waveguide flange is fabricated. As a comparison, a quarter-wave WR-2.2
calibration standard for the same flange is prepared using the CNC milling method. Mea-
surement results show that the microfabricated shim features improved accuracy, small
corner radius, and comparable repeatability. In addition, it is concluded that the microma-
chining method features better waveguide dimensions accuracy and improved fabrication

process repeatability.
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5 Conclusion and Future Work

In this work, two methods of using micromachined components to improve the accuracy

and precision of submillimeter-wave measurement are presented.

5.1 Integrated Strain Sensor for THz Probing

The first method focuses on improving the repeatability and reliability of terahertz probing.
The principle of this method is using symmetrical integrated strain sensor pair to monitor
and control the contact condition of terahertz on-wafer probe. This method improves the
repeatability of terahertz probing and enables accurate contact force measurement without
modification to the standard probe station. Repeatable RF measurements can be achieved
by aligning the probe tips angularly and controlling the contact force using the integrated
strain sensors. By properly sensing and controlling the planarity of the terahertz probes,
the required contact force can be significantly reduced to extend probe lifetime. Mechanical
tests show that the integrated sensors have a contact force resolution of 0.2 mN and a contact
angle resolution of 0.05° about the center. RF tests show that repeatable measurements
can be achieved with 3 mN contact force after adjusting the probe contact angle within
+0.025° using the integrated sensors. For contact angle within £0.15°, 5 mN contact force
is sufficient to achieve repeatable measurements. In addition, measurement repeatability is
also improved by angularly aligning the probe tips (reducing contact angle).

Taking advantage of this technique, measurement uncertainty of THz probing can be
characterized. Factors that contribute to measurement uncertainty, including contact force
variation, stage accuracy and repeatability, and the effect of source uncertainty, are ana-
lyzed. Measurement results from a 2-inch wafer indicate that using an integrated strain
sensor to control the contact force achieves better measurement repeatability than using
fixed z-travel or using z-travel corrected by the z-profiling function of the probe station.
The effect of wafer thickness variation on measurement uncertainty can be reduced by cor-
recting z-travel using an integrated strain sensor or z-profiling function if strain sensor is

unavailable. Results show that stages of improved accuracy and repeatability are desired
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to reduce the measurement uncertainty of THz on-wafer probing. In addition, the recom-
mended probe station specifications and procedure for THz probing without any integrated
strain sensor are provided.

Future work includes the automated adjustment of both the contact force and angle for
terahertz probing using the integrated strain sensors, which will enable the THz automated
test environment (ATE) and greatly increase the test efficiency. In addition, based on the
results from Chapter 3, for on-wafer measurements beyond 500 GHz, stage of improved

accuracy and precision is in desire.
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5.2 Micromachined Waveguide Components

The second method focuses on enhancing the accuracy of calibration by improving the qual-
ity of calibration standards (quarter-wave calibration shims). An alternative fabrication
approach for submillimeter-wave calibration standards using KMPR, based micromachin-
ing process is introduced. This method overcomes limitations associated with conventional
machining techniques. The corner radii effect can be greatly reduced, which enables the fab-
rication of geometrically complex waveguide components, such as waveguide twist. Taking
advantage of the KMPR micromachining process, an accurate quarter-wave calibration shim
for the WR-2.2 UG-387/UM waveguide flange is fabricated. As a comparison, a quarter-
wave WR-2.2 calibration standard for the same flange is prepared using the CNC milling
method. Measurement results show that the microfabricated shim features improved accu-
racy, small corner radius, and comparable repeatability. In addition, it is concluded that
the micromachining method features better waveguide dimensions accuracy and improved
fabrication process repeatability.

Future work includes improving the efficiency of this technique and fabricating multiple
shims on a larger wafer. Devices of new configuration are in development, such as waveguide

twist consisted of multiple shims.
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