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Abstract—In this article, we extract the capacitance of shunt
and series metal-insulator-metal capacitors from on-wafer S-
parameter measurements in the WR1.0 (0.75-1.1 THz) waveguide
band. These capacitors were fabricated in two different state-
of-the-art terahertz semiconductor processes and measured with
two different designs of via-stitched grounded coplanar waveguide
calibration kits. We investigate the measurement uncertainty of
extracting a shunt capacitance in the presence of probe positioning
uncertainty, calibration kit process variation, and vector network
analyzer electrical repeatability. We find that these uncertainty
sources result in a large prediction interval that is 30.2% of the
capacitor’s value (14.9 =+ 4.5 fF) at 900 GHz with the uncertainty
from probe positioning as the largest contributor. This is the first
time that an extensive uncertainty analysis has been performed on
characterizing on-wafer devices at 1 THz. We quantify the precision
of current calibration techniques and measurement equipment.

Index Terms—Calibration, coplanar waveguide (CPW), indium
phosphide (InP), monolithic microwave integrated circuit, multi-
line thru-reflect-line (mTRL), on-wafer, s-parameters, terahertz,
vector network analyzer (VNA), WR1.0.

I. INTRODUCTION

RIDGING the terahertz gap will open up larger portions
of the frequency spectrum for high-speed communications,
instrumentation, spectroscopy, space applications, noninvasive
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medical imaging, and enhanced material defect detection [1].
The necessary electronics require many active devices such as
power amplifiers, mixers, low-noise amplifiers, and oscillators
that generate and manipulate electromagnetic waves. Semicon-
ductor foundries have already demonstrated active devices with
maximum oscillation frequencies above 1 THz [2], [3], but
whose performance are subject to process variations that must
be accounted for in the device model.

In device modeling, measurement uncertainties will prop-
agate into the model parameters [4] and impact the model’s
accuracy. In addition, designers must often rely on measure-
ments of test structures to verify subtle feature modifications and
may be unable to detect these differences in a high-uncertainty
environment. To assess these uncertainties in the THz regime,
this article extracts the series and shunt capacitance of passive
metal-insulator-metal (MIM) capacitors to ascertain if precise
device modeling is possible in the WR1.0 band. We chose to
analyze the capacitance extraction uncertainty on MIM capaci-
tors because transistor models use many capacitance parameters
[5], [6] and because MIM capacitors are commonly used in
multistage amplifiers as matching networks, dc blocks, and RF
chokes. Process variation across all MIM capacitors in a multi-
stage amplifier can lead to significant variations in performance.

To date, limited work has been done characterizing passive
or active devices in the WR1.0 band. Notably, Weikle et al. [7]
extracted the value of a diode’s zero bias depletion capacitance of
3.5 {F through on-wafer measurements up to 1 THz. In addition,
on-wafer Goubau transmission lines in the WR1.0 band were
measured using multiline thru-reflect-line (mTRL) calibrations
[81, [9], [10], [11] to verify agreement with simulation, and
scattering (S-) parameter spectroscopy was performed on liquids
[12] for permittivity extraction but none of the researchers
extracted a model of their devices. It is critical to investigate how
uncertainties from these measurements propagate into equiva-
lent circuit parameters in a device model.

Other on-wafer mTRL calibrations have been successfully
performed in the WR1.0 band with minimal or no uncertainty
analysis [13], [14] at these frequencies. Waveguide calibrations
of the WRI1.0 extender heads with emphasis on the uncer-
tainty were performed to understand the impact of repeata-
bility and cable flexing [15], [16], [17], [18], but do not in-
corporate the uncertainties encountered in on-wafer metrology.
Bystrov et al. [19] and Zantah et al. [20] studied the magnitude
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Fig. 1. Measurement setup of the automated probe station and the WR1.0
extender heads connected to a vector network analyzer. X denotes the axis of
the probe positional uncertainty.

and phase stability as well as drift of WR1.0 extender heads
across time.

The purpose of this work is to demonstrate the precision of
WR1.0 on-wafer measurements. To do this, we extract the series
and shunt capacitance of metal-MIM capacitors on two different
technologies. These extractions are performed using two differ-
ent mTRL on-wafer calibration kits with different transmission
line architectures and designed in two separate technologies.
We considered three sources of uncertainty: probe placement
uncertainty, electrical repeatability of the vector network ana-
lyzer (VNA), and calibration kit process variation through the
capacitance per unit length of the transmission lines [21]. To the
best of the authors’ knowledge, this is the first time that these
uncertainty mechanisms have been investigated for on-wafer
measurements and device characterization in the WR1.0 band.

This article is organized as follows. Section II details the
on-wafer mTRL calibration, Section III demonstrates the ca-
pacitance extraction for a series and shunt capacitor, Section IV
shows how the measurement uncertainty contributions affect
shunt capacitance extraction, Section V provides analysis of the
presented results, and Section VI concludes the article.

II. MULTILINE TRL CALIBRATION

A. On-Wafer Measurements

The VNA was connected to WR1.0 extender heads [22], [23]
with waveguide ground-signal-ground (GSG) probes [24] and
were mounted on a semi-automatic probe station, as shown in
Fig. 1. All references to the VNA for the rest of this article will
imply VNA plus the WR1.0 extender heads. Both probes were
landed manually while the wafer position and probe-to-probe
distance were controlled by the probe station. With the manual
landing of the probes, the contact force and overtravel cannot
be precisely controlled [25], [26], [27]. We estimate that this
positioning method resulted in —5 m of positional uncertainty
in the X direction for each of the probes based on the size of the
landing pads and the visual inspection of skate marks. All radio
frequency measurements were taken as raw wave parameters
and then later converted to S-parameters after calibration [28].

Multi-Layer G-CPW
Technology

Bot

Top-Layer G-CPW
Technology
Air
Top [GND | | Sig. | [GND_

InP I

Bt [ GND

Fig. 2. Picture showing the cross section of the transmission lines for the
(a) multilayer G-CPW technology and (c) the top-layer G-CPW technology.
The pictures to the right of the cross-sections are the corresponding calibration
standards on-wafer for (b) the multilayer G-CPW technology and (d) the top-
layer G-CPW technology.

The VNA measured both calibration kits from 750 GHz to
1.1 THz with a frequency step of 1 GHz, an IF bandwidth of
100 Hz, a sweep time of 10 s, and no point averaging. At the top
and bottom 20 GHz edges of the WR1.0 waveguide band, the
extender heads have a limited dynamic range, so we truncate our
frequency range to 770—1080 GHz for all figures in this article.
The microwave uncertainty framework (MUF) [29] was used
to perform the calibration postmeasurement using the mTRL
algorithm [30] and to transform the reference impedance to
50 [31].

B. mTRL Calibration

Accurate VNA measurements require a calibration to estab-
lish a mathematical reference plane and to remove systematic
errors. We designed two calibration kits in different technologies
that place the reference plane at the device to minimize the
measurement error. The cross-section of both technologies and
a photograph of the corresponding calibration kits are shown in
Fig. 2.

Grounded coplanar waveguide (G-CPW) transmission lines
were used for both calibration kits via stitching from the ground
plane to the grounds of the G-CPW lines, with air bridges to
suppress undesired modes. The G-CPW in both technologies
was designed to have a characteristic impedance (Zp) of nom-
inally 50  using a commercial EM 2.5D simulator. Note that
we designed the transmission lines for both technologies with
narrow signals and gap widths to limit radiation.

The first technology, the multilayer G-CPW technology, uses
inverted G-CPW lines, with a signal width of 6 m and gap width
of 2.5 m, embedded into the stack-up with benzocyclobutene
(BCB) surrounding the lines and indium phosphide (InP) below
the BCB. GSG pads are placed at the top layer metallization
with vias to connect the signal pad to the G-CPW signal line.
The calibration standards are embedded inside a multilayer
stack-up, so that no vias are needed to connect the DUT to
the calibration plane, is a unique feature of this calibration kit
over typical G-CPW calibration kits. The calibration kit in the
second technology, the top-layer G-CPW technology, represents
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Fig. 3. Simulated and measured material properties of the two technologies
(a) real, (b) imaginary parts of the effective dielectric constant, (c) attenuation
constant, and (d) phase constant.

a typical G-CPW calibration kit. The top-layer G-CPW lines,
which have a signal width of 4.5 m and gap width of 4 m, rest
on top of an InP substrate with air above the lines. The signal
padswere 50 mlongby20 mwidewitha7.5 m gapbetween
signal and ground for the multilayer G-CPW and 15.5 m long
by 14 m wide with a9 m gap for the top-layer G-CPW. The
manufacturers provided the material properties of the dielectrics
that we used in the simulation: BCB with a permittivity of 2.6
and a loss tangent (tan ) of 0.001 and InP with a permittivity of
12.8 and a tan  of 0.005. Further information regarding these
commercial technologies can be found in [2] and [3] for the
top-layer and multilayer technologies, respectively.

The calibration standards used in both technologies are shown
in Fig. 2. The standards can be close, within 100 m, to each
other due to the via-stitched G-CPW, which suppresses coupling
to neighboring lines [32], [33]. Successful calibrations using
this exact same multilayer G-CPW calibration kit have already
been demonstrated in the WRS5.1 (140-220 GHz) [34], WR3.4
(220-325 GHz) [21], WR2.2 (330-500 GHz), and WRI1.5
(500-750 GHz) frequency bands [35], [36]. The calibration
kit for this technology uses four lines of lengths 0, 100, 175,
and 300 m while the calibration kit for the top-layer G-CPW
calibration kit uses six lines of lengths 0, 25, 100, 200, 650, and
700 m. In both on-wafer calibration kits, short standards were
used as the reflect standards. These zero-delay short standards
were designed by directly connecting the signal line of the G-
CPW to the surrounding ground plane, at the same metallization
layer, which is stitched to the top layer ground plane.

Crosstalk calibration standards [37] were not included, which
may be a source of error in our measurements as crosstalk
effects may become more pronounced as frequencies increase
[38]. We estimate the crosstalk by observing the short and
open calibration standards for both technologies, which have
a transmission magnitude greater than 30 dB above 950 GHz
and greater than 20 dB above 1000 GHz.

Verification of the calibration is shown in Fig. 3 using
the attenuation constant ( ), phase constant ( ), and effective
permittivity ( ¢ ) of the transmission lines, derived from the

Multi-Layer G-CPW | I Top-Layer G-CPW |

800 900
Frequency (GHz)

1000 800 900
Frequency (GHz)

1000

Fig. 4. (a) Magnitude of the S-parameters of a thru in the multilayer G-CPW
and (b) top-layer G-CPW technologies. The transmission coefficients have their
magnitudes displayed on the right axis and the reflection coefficients have their
magnitude displayed on the left axis. (c) Phase of the transmission coefficients
of a thru in the multilayer G-CPW and (d) top-layer G-CPW technologies. These
thrus were not used to perform the calibration.

propagation constant ( ) obtained during the mTRL calibration.
We include the simulated o , , and values for reference,
which were obtained using a commercial EM full-wave simu-
lator that uses the finite element method to simulate the two-
dimensional transmission line cross-section. In Fig. 3(a), the
real part of ¢ for the multilayer and top-layer transmission
lines is flat across frequency with an average value of 4.73 with
0.23 maximum deviation and 6.99 with 0.19 maximum deviation
across the frequency band, respectively. The flat o across the
WR1.0 band indicates that the G-CPW and the InP and BCB
dielectrics can be treated as nondispersive.

Fig. 3(c) shows the transmission lines as having high  with
an undulating trend across frequency. The S»; spike at 970 GHz
for the multilayer G-CPW test thru, as seen in Fig. 4(a) and
(c), corresponds to the spike in  in Fig. 3(c), which suggests a
calibration error at this single frequency. This undulating trend
could be due to probe-to-probe crosstalk as the trend is similar
between both technologies. The differences between simulation
and measurement, such as the underestimation of the substrate
loss, could be attributed to the incorrect material properties that
the manufacturers provided to us that they extracted at lower
frequencies but were not verified in the WR1.0 band. The high
attenuation above 970 GHz of the multilayer G-CPW transmis-
sion lines reduces the sensitivity of the VNA when measuring
a DUT and will contribute to measurement noise in subsequent
results.

We also measured an additional thru to verify the calibration;
these test thrus were not used in the mTRL calibration but are the
same length as the calibration thrus. Fig. 4 shows the measured
S-parameters for these thru measurements. The magnitude of the
transmission coefficients is 0 — 2 dB and the magnitude of the
reflection coefficients is below 10 dB for the majority of the
WR 1.0 band. The transmission magnitude exceeding 0 dB could
be due to calibration errors such as to probe-to-probe crosstalk.
The phase of the transmission coefficients of the thru for both
technologies is mostly within —10° across the band as well.
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Multi-Layer G-CPW Top-Layer G-CPW

Fig. 5. (a) Photo of DCB1, which is covered by the top metallization layer
ground plane. SHNT1 looks identical to this picture and is, therefore, not
included. (b) Simulator view of DCB1 and (c) SHNT 1 with the top metal layer
removed to see the capacitor structure. (d) Picture of DCB2, and the (e) shunt
capacitor, SHNT2. The red dotted lines indicate the location of the calibration
reference plane.

Based on these results, this indicates an acceptable calibration.
for both kits. The spike at 870 GHz for the top-layer G-CPW
thru is from an error in calibration and will appear as a spike in
subsequent calibrated data for the top-layer G-CPW technology.
This spike is a random error that is present in this calibration and
not in subsequent calibrations.

Each transmission line architecture has its own characteris-
tic impedance (Zp) that must be transformed to the reference
impedance of 50 . To do this, the capacitance per-unit-length
(CpuL) of the transmission line and the measured from the
mTRL calibration solution [31] [39, p. 50] must be obtained. For
each technology, we use Cpy extracted from dc to 110 GHz
measurements of a load standard using the method described
in [40]. At low frequencies, the parasitic inductance of the load
standards is negligible resulting in an accurate Cpy estimate.
For use of this value in the THz band, we assume that the
via-stitched G-CPW line excites the same mode from 1 to
110 GHz as it does from 750 GHz to 1.1 THz since our measured

e indicates that our transmission lines are nondispersive.

We verified through an EM full-wave finite element method
simulation of the transmission line cross-section that Cpyy is
constant across frequency, permitting the use of this value for
our THz calibration. For the multilayer G-CPW transmission
lines, we obtain a measured Cpy value of 1.57 pF/cm and for
the top-layer transmission lines, we obtain a measured Cpyr
value of 1.78 pF/cm. By measuring the calibration standards at
the same site, we assume that they experience the same substrate
process variation relative to each other.

B C
cseries I'series C -
shunt =
Fig.6. Equivalent circuit diagram of the series and shunt capacitors. The series

inductance for the shunt capacitor is irrelevant as the “C” parameter isolates the
Cshunt impedance. The dotted lines signify connection to the transmission lines.

III. CAPACITANCE EXTRACTION

In this section, we investigate if we can precisely extract the
capacitance from S-parameters for a series and shunt capacitor.
Photographs of the series and shunt capacitors for both technolo-
gies are shown in Fig. 5. The capacitors of the multilayer G-CPW
technology are embedded in the stack-up as in the calibration
structures and are covered by a top metal layer.

For both technologies, we place our reference plane right at
the capacitors to avoid the parasitic effects from extra pieces
of the transmission line. Each of our shunted capacitors is
shunted directly to the ground. Fig. 6 shows the circuit schematic
for the series and shunt capacitors, which will be used in the
subsequent derivations. For this article, our only interest is in
how measurement and calibration errors affect the extraction of
the real component of capacitance for the MIM capacitors, so
we neglect resistive losses by isolating the imaginary component
of the ABCD parameters. At 1 THz, we found that the shunt
capacitors, for both technologies, to have a series resistance
less than 2 and shunt conductance less than 0.03 , and
the series capacitors to have a series resistance less than 4
A complete model of the MIM capacitor would include these
resistance values.

A. Series and Shunt Capacitance Extraction Using ABCD
Parameters

The derivation of the shunt capacitance extraction starts with
the equation provided in [39] to obtain the “C” term of the ABCD
parameters. The resulting expression for “C” is given as

(1 S11)(X S22) S1252
Z02So1

Cc= (1
where S11, S12, So1, So are the measured S-parameters and Zg
is the reference impedance in . For a shunted impedance, (1) is
also equal to its admittance: C = Yy, [39]. Since the shunted
impedance is a MIM capacitor, we isolate the imaginary part of
the admittance, Ycp = j Cecqp, to obtain the shunt capacitance
extraction from the ABCD parameters

m{C}

Cshunt - (2)

For the series capacitance extraction, we start by writing
the “B” term of the ABCD parameters using the S-parameter
measurements [39]

_ Zo[(A+S11) (1 +Sz2)  S12521]

B
2571

3
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The series capacitor has two reactive components in series,
an equivalent capacitance and an equivalent inductance. We
assume that series resistance is negligible and that there are no
distributive effects in the model of this MIM capacitor

B = anp + ZL- (4)

The equivalent inductance, Lgees, arises from the physi-
cal length of the device and an estimate of this value must
be obtained before an accurate value of the capacitance can
be obtained. Using (4), the impedance of a capacitor, Zc,p, =
U0 Cep) 1 , and the impedance of an inductor, Z_ = j L, we
obtain the equation for series capacitance extraction from the
ABCD parameters

CSEI‘ICS m {B} Lseries 2" (5)

Using (2) and (5), we extracted the capacitance for our mea-
sured and simulated data. We obtained our simulated results
through a commercial EM solver that uses a 2.5-dimensional
method of moments computational technique, simulated at the
same reference plane on-wafer as our measurements so that
no additional parasitic effects were included in our results that
would need to be de-embedded.

We estimated L5 for the series capacitor in both tech-
nologies through on-wafer measurements from 250 MHz to
220 GHz as well as through our simulated results from 1 GHz
to 1.1 THz. The previous section established that our materials
are nondispersive, which allows us to use the L5 €stimation,
obtained at low frequency, in the WR1.0 band. The extracted
capacitance of our MIM capacitor should be constant across
frequency and small errors in the Lges €stimate results in an
inverse quadratic deviation due to the 2 term. Therefore, the
correct Lgies €Stimate results in a constant extracted capacitance
across the frequency band. We applied this observation to our
simulated series capacitors to estimate the L es values for both
technologies.

B. Series Capacitor S-Parameters and Value Extraction

After performing an on-wafer mTRL calibration, the mea-
sured S-parameters of the series capacitor in each technology
were used to investigate how precisely the capacitance could be
extracted. In active device design, knowing the phase response
of the dc block is critical for the matching network circuits,
especially in the design of the interstage of the amplifiers. The
series capacitor for the multilayer G-CPW technology, DCBI,
has a simulated capacitance value of 18.15 fF. The series capaci-
tor for the top-layer G-CPW technology, DCB2, has a simulated
capacitance value of 11.13 fF. For DCB1, we estimated an L gyes
value of 3.9 pH and an L value of 3.5 pH for DCB2.

The measured and simulated S-parameters for DCB1 are
shown in Fig. 7. The measured S-parameters follow the trends
of the simulated S-parameters from 850 to 950 GHz with the
magnitudes and phases of S21 and S12 staying within —1 dB
and —10° of the simulated line. In this frequency range, the
magnitudes and phases of S1; and S, stay within —3 dB and
—25° of the simulated line, except around 902 GHz where the
deviation in phase is —35°. Above 950 GHz, the noise in the

-
o
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1000 1050

Fig. 7. (a) Magnitude and (b) phase of the S-parameters for the multilayer
series capacitor, DCBI, at one site. Phase unwrapping was performed on the
phases of S11 and Sp2. Simulations of the reflection coefficients ( sim) and
transmission coefficients (Tsim) are indicated by the dashed black line and the
solid black line with markers, respectively.
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Fig. 8. (a) Magnitude and (b) phase of the S-parameters for the top-layer

G-CPW series capacitor, DCB2, at one site. Phase unwrapping was performed
on the phases of S11 and Sp2. Simulations of the reflection coefficients ( sim)
and transmission coefficients (Tsim) are indicated by the dashed black line and
the solid black line with markers, respectively.

measurement becomes significantly higher and large deviations
from simulation occur. Below 850 GHz, there are significant
deviations from simulation in the phases of S11, S22, and So;.

The measured and simulated S-parameters for DCB2 are
shown in Fig. 8 and have much more measurement variability
than DCB1. We suspect that the primary reason for this differ-
ence is due to user measurement error of varying probe contact
force as we did not observe the responses in simulation nor
as an error during calibration. The measured phase of Sp; is
within —15° of the simulated phase except for the large spike at
870 GHz, which is due to an error in calibration. At 800 GHz, the

25 dB drop in the magnitude and the abrupt change of phase
of S22 indicate a resonance seen by port 2 that is neither seen by
port 1 nor in simulation.

The extracted series capacitances for DCB1 and DCB2 are
shown in Fig. 9. The flat simulated capacitance of the simulated
line, denoted by the dotted black lines, indicates that we have an
acceptable approximation of the L e value for both capacitors.
DCBI has close agreement with simulation up to 950 GHz
after which there is significant measurement noise making the
comparison difficult; the noise being consistent with Fig. 7
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Fig. 9. Extracted series capacitance of (a) DCBI1 and (b) DCB2. Measured
capacitance is shown in red and the simulated capacitance is indicated with the
dotted black line.

and the high attenuation indicated in Fig. 3(c). Even though
the S-parameters for DCB1 have less variability than DCB2,
the extracted capacitance for DCB1 appears to be much more
sporadic above 950 GHz than DCB2. This is the result of DCB 1
having an Im{B} term, in (5), that is on average 90% to
100% the value of the Lies 2 term above 950 GHz making
the denominator of (5) approach zero and thus making Cgeyies
sensitive to noise from B. For DCB2, its Leies 2 term is on
average less than 60% the value of the Im{B} term so it
is less sensitive to noise from B. Even with S-parameters that
have close agreement to simulation, the extracted capacitance
deviates 5-10 fF from simulation depending on the frequency.
The extracted capacitance of DCB2 follows the trend in the
simulation from 780 to 1050 GHz with a couple of spikes in
the extracted value around 800, 870, and from 900 to 950 GHz.

C. Shunt Capacitor S-Parameters and Value Extraction

It is simpler to extract the capacitance from a capacitor
shunted to ground than from a series capacitor as we do not need
to approximate an inductance to de-embed. The shunt capacitor
in the multilayer G-CPW technology, SHNT1, has a simulated
value of 14.85 fF. The shunt capacitor for the top-layer G-CPW
technology, SHNT2, has a simulated value of 13.70 fF.

The measured and simulated S-parameters for SHNT1 are
displayed in Fig. 10. The measured phases of the reflection
coefficients stay within —10° of the simulated phase from 880
to 1020 GHz. From 770 to 1020 GHz, the magnitude of the
transmission parameters is within —3 dB of simulation except
for a dip from 840 to 970 GHz which has a -5 dB deviation from
simulation. The -20° dip in the phase of the transmission param-
eters occurs from 920 to 1010 GHz but is within —10° from 780
to 1020 GHz. Overall, these results show good agreement with
simulation.

The measured and simulated S-parameters for SHNT2 are
displayed in Fig. 11. Like DCB2, all S-parameters exhibit
significant spikes in magnitude and phase. Wideband spikes
in the transmission coefficient magnitudes, not counting the
sharp spike at 870 GHz due to an error in calibration, occur at
800, 960, and 1030 GHz. Besides the spikes, the magnitudes
of the transmission coefficients have a 1-3 dB offset from
simulation, which indicates additional loss in the transmission
measurements. The magnitudes of the reflection coefficients
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show the closest agreement with the simulation as they are within
—5 dB of the simulated line from 840 to 1040 GHz. Similar to
DCB2, there appears to be a resonance detected only by port 2
at 820 GHz as seen by the -10 dB drop in magnitude and the
abrupt 60° phase increase of S2,. The phase of S»1 stays within
—30° of the simulated value from 770 to 1030 GHz while the
phases of S11 and S, have poor agreement with the simulation
with a maximum deviation of —50° across the band.
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The extracted shunt capacitances for SHNT1 and SHNT?2 are
shown in Fig. 12. The extracted capacitance of SHNT1 follows
simulation across the WR1.0 band except from 850 to 950 GHz,
which corresponds directly to the dip in the magnitude of S1 and
S21. The extracted capacitance from SHNT2 does not match the
simulation well with large spikes in the value centered around
800, 960, and 1030 GHz. The large spikes in the extracted
value of SHNT2 correspond directly to the spikes seen in the
magnitude of its So;.

IV. UNCERTAINTY ON SHUNT CAPACITANCE EXTRACTION
A. Sources and Impacts of Uncertainty on a Single Site

This section examines the effects that uncertainties have on
the extracted shunt capacitance on SHNT1. We consider only
the multilayer G-CPW technology for this section as the process
variation tolerances were available to us from the manufacturer
[21], [41]. We consider three sources of uncertainty on the shunt
capacitance extraction: probe placement uncertainty, process
variation of the calibration standards through the per-unit-length
capacitance, and the electrical repeatability of the VNA using
repeat measurements taken in rapid succession.

As mentioned in Section II-A, we estimated approximately
+/ 5 m of probe positioning uncertainty in the X direction,
which affects the length of the transmission line between the
probe contact point and the calibration reference plane, and
the probe-to-probe crosstalk. For the uncertainty calculation in
the MUF, we apply the probe positioning uncertainty with a
uniform distribution to each of the calibration standards. For
the probe placement in this article, we use the error model
implemented in the MUF [29] that approximates the inductance
and capacitance for a length of line equivalent to probe shift
distance and adds it to or subtracts it from the line length of each
standard in the calibration step.

Another major source of uncertainty is due to variation in
the CpyL of the transmission line of which the primary source
is manufacturing process variation. This value is used to cali-
brate our measurement in a 50  reference impedance and is
incorporated into the final error coefficients of the calibration.
Any errors in the transformation to a 50 reference impedance
directly impact the calibrated S-parameters and this will in turn
propagate into the extracted capacitance. The process variation
of the material characteristics and geometric dimensions for
the multilayer G-CPW technology is provided in [41], which
allowed the mean and standard deviation for the Cpy to be
determined. We use a commercial electromagnetic simulator to
estimate the distribution of the Cpyp value, which we found
to have a mean of 1.60 pF/cm and a standard deviation of
0.04 pF/cm with a Gaussian distribution [21]. Our earlier re-
ported Cpy of 1.57 pF/cm, which was extracted from dc to
110 GHz measurements, falls within one standard deviation of
this simulated distribution.

The third uncertainty mechanism that we consider is the elec-
trical repeatability of the VNA, which we refer to here as VNA
variation. Only for the SHNT1 capacitors, we took 15 repeat
measurements, with 10-s intervals between measurements, of
the same device while the probes were still in contact with the
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Fig. 13. Extracted SHNT]1 capacitance with uncertainty (U) bounds due to
(a) probe placement uncertainty, Cpyr process variation, and VNA uncertainty,
(b) probe placement and VNA, (c) Cpyr and VNA, and (d) just VNA.

pads. We did not take 15 repeat measurements of all calibration
structures, so we are unable to fully quantify the impact of
random VNA variation on our calibration.

The results of uncertainty evaluations of the extracted capac-
itance of SHNT1 incorporating these three sources are shown
in Fig. 13. However, this figure does not include uncertainty
from process variation in the MIM capacitor. The uncertainty
bounds shown in these plots are equal to two times the standard
deviation ( ), which nearly corresponds to the 95% prediction
interval (PI) [42]. In this article, we refer to the width of the
PI as the uncertainty as the characterization of our devices is
being used to inform the distribution of responses of equivalent
or future fabricated devices. This differs from the more widely
used confidence interval that represents the uncertainty of the
mean of the measurements and, in this case, would underestimate
the spread of the realized responses of such fabricated devices.
We obtained these uncertainty analysis results by running three
separate Monte Carlo uncertainty analyses: one including only
the variation of CpyL and the VNA, one including only the
variation of the probe placement and the VNA, and one for all
these mechanisms.

These results are shown in Fig. 13 where each Monte Carlo
uncertainty analysis was comprised of 300 iterations for each
of the 15 repeat measurements for a combined total of 4500
samples on which we then calculated the mean and standard
deviation.

We see in Fig. 13(a) that with the uncertainty from all sources,
the extracted value from the simulation falls within the uncer-
tainty bounds for most of the frequency bands. At 900 GHz,
we see that the total contribution from all sources results in
uncertainty bounds of the shunt capacitance ranging from 15 to
24 1F, a 9 fF spread. At 1 THz, the mean is approximately 15 fF
with an uncertainty bound from about 13 to 17 fF. In Fig. 13(b),
we show the uncertainty due only to probe placement and VNA
that has almost the same uncertainty bounds across the frequency
band as shown in Fig. 13(a). Fig. 13(c) illustrates the uncertainty
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SHNTI, at site 1 with its uncertainty bounds and with the extracted shunt
capacitances of other sites. The light red shaded region is the uncertainty bounds
of site 1 from VNA variation, CpyL process variation, and probe placement
uncertainty.

due only to the CpyL and VNA, which have much smaller
uncertainty bounds than the probe placement uncertainty. The
VNA variation is shown in Fig. 13(d) and is the mean standard
deviation of 15 repeat measurements. No Monte Carlo was run
for Fig. 13(d). The VNA alone gives uncertainty bounds of
—1-2 fF from 770 to 910 GHz and from 990 to 1080 GHz. From
910 to 990 GHz, the uncertainty bounds of the VNA reduce to
around —0.5 fF.

B. Extraction on Multiple Sites Compared With Single Site

We also examined the variability introduced with measure-
ments of four other sites of SHNT1 and ran a Monte Carlo with
asample size of 300 for each of the 15 repeated measurements on
each of the sites, varying the probe placement and Cpy_. Sites
1, 2, and 3 are in different locations on the same wafer. Sites 4
and 5 were on a different wafer than sites 1, 2, and 3. Fig. 14
shows the mean of each Monte Carlo of all sites plotted on top
of the mean of the Monte Carlo for site 1 and its uncertainty
bounds, which is the same as the uncertainty bounds shown in
Fig. 13(a). Sites 3 and 5 are always within site 1’s uncertainty
bounds across the entire WR 1.0 band and site 4 is within site
I’s uncertainty bounds from 850 to 1020 GHz. Site 2 is the
outlier of the group and is outside of site 1’s uncertainty bounds
from 770 to 950 GHz. Since all random measurement errors
are accounted for in the uncertainty of site 1, this capacitance
shift suggests a significant manufacturing variation in site 2. The
means of all the sites converge to within —1 {F of the simulated
value at around 980 to 990 GHz but are a few femtofarads apart
at lower frequencies. All sites follow roughly the same trend
with the highest values occurring at around 850 to 900 GHz and
intercepting the simulated line at 990 GHz.

V. ANALYSIS

Through the seemingly simple task of extracting the capaci-
tance of series and shunt capacitors, we have demonstrated the
precision of on-wafer measurements in the WR1.0 band. By

determining the uncertainties from contributions by the calibra-
tion kit variation, probe placement uncertainty, and electrical
repeatability of the VNA, we can demonstrate the precision of
capacitance extraction in the WR1.0 band. Other systematic
uncertainty analyses, such as the one presented in [43], of
our calibration kit standards cannot be performed since we
do not have reliable closed-formed models of our standards
for the inverted multilayer G-CPW technology. Incorporating
this analysis would likely increase our systematic uncertainty
but it remains a subject of future research to determine if this
additional uncertainty will dominate the probe placement or
CpyL uncertainties. Determining the random uncertainties of
probe placement and electrical repeatability of the VNA also
allows us to determine the threshold where we can detect if
differences in the capacitor measurements from other sites are
most likely due to process variation.

Although we obtained a decent agreement with the simula-
tion, there were significant errors in the measured S-parameters
that appeared as dips, spikes, and offsets from the simulated
values. Most of these errors we attribute to measurement errors
of manually landing WR 1.0 probes with varying levels of contact
force [25]. As described earlier, the top-layer G-CPW had much
smaller signal pads than the multilayer G-CPW. This made it
much more challenging to obtain consistent contact force when
landing while staying within the probe placement bounds and
resulted in the top-layer G-CPW measurements having higher
variability than the top-layer G-CPW measurements. We did
not have additional calibration standards to quantify the effects
of crosstalk that become more problematic at higher frequen-
cies [38] and could be a source of error in the S-parameter
measurements. Other WR1.0 probes could be used to reduce
measurement error, but alternative probes were not available at
the time of measurement. The overestimation of the extracted
capacitance from 850 to 950 GHz exhibited by all sites in Fig. 14
could be due to crosstalk or radiation since it appears to be a
systematic error for SHNT1; this error is not present on DCB1
or the verification thru. This common trend is also present in
Fig. 12(a) and it follows the deviation in the magnitude of the
transmission coefficients, as seen in Fig. 10(a), rather than the
reflection coefficients, which gives credibility to this hypothesis.

The dominant source of uncertainty in our on-wafer mea-
surements was the probe placement uncertainty, which is seen
in Fig. 13. For this uncertainty estimate, we used a simple
probe placement model, which only estimates the change in
the length of the transmission line between the landing point
and the reference plane. One effect that is not incorporated into
our model is the excess probe pad distance after the landing
site, which results in an open stub transmission line effect in
parallel with our measurement. In order to incorporate this effect,
amore comprehensive probe placement model is required. Other
probe placement models, such as the one presented in [44],
should also be investigated. The measurement uncertainty in
modeling could be significantly reduced with more precise probe
positioning. Nanometer-accurate positioning, as in [45], would
significantly reduce this factor. In addition, using electronic
calibration techniques as described in [46] may also be a way to
mitigate probe placement uncertainty.
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The variation in the response of the VNA measurements is also
significant with uncertainty bounds of —1 fF or greater through-
out most of the frequency band. This is due to random errors
or short-term drift errors in the VNA as well as the extender
heads [19], [20]. If all other sources of uncertainty were zero,
we would still have an instrument that cannot resolve fractions
of a femtofarad. Though this desired tolerance is small, at 1 THz
a difference of 1 fF on a 5 fF shunt capacitor results in a 11°
phase and 0.1 linear magnitude difference on transmission and
reflection coefficients. All calibration standards and capacitor
measurements were acquired across the course of a 24-h period,
so longer-term VNA drift may have contributed to measurement
error [20]. One lesson from these measurements is that it is im-
portant to take repeated measurements of all DUTs and calibra-
tion standards to capture these fluctuations in the S-parameters.
Future work will investigate taking measurements over multiple
days to capture operator uncertainty and reproducibility.

With the measurement and calibration techniques presented
in this work, we cannot achieve subfemtofarad precision for
capacitance extraction on a passive MIM capacitor. More work
is required to improve probe placement precision, VNA repeata-
bility, and mTRL calibration techniques for enhanced charac-
terization and modeling accuracy. There is also a need for sim-
ple verification standards that are resilient to process variation
and can determine the capacitance and inductance extraction
resolution a calibration will provide before even attempting to
model other passive and active devices, which have their own
process variations.

VI. CONCLUSION

In this article, we show acceptable on-wafer mTRL calibration
of passive devices to 1 THz, manufactured in two state-of-the-art
terahertz processes. With these two calibration kits, one with
top-layer G-CPW transmission lines and one with multilayer
G-CPW transmission lines, we successfully extracted the capac-
itance of series and shunt MIM capacitors. We investigated the
effects that probe positioning uncertainty, calibration kit process
variation, and VNA electrical repeatability have on the measured
S-parameters and extracted values of a shunt capacitor. Probe
positioning uncertainty was the dominant source of uncertainty
in extracting the shunt capacitance and should be minimized to
the submicron level. By bounding these sources of uncertainty,
we were successfully able to detect process variation in the
measured shunt capacitors. Overall, the current state of on-wafer
metrology using VNA extender heads is unable to provide sub-
femtofarad precision in extracting series and shunt capacitances
in the WR1.0 band. Further improvements to the instrumentation
and calibration must be made before more precise on-wafer
terahertz characterization is possible.
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