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Characterization of Finite-Width Ground Coplanar
Waveguides on High Resistivity Silicon With
Ultralow Metallization Thickness

Jarostaw Judek, Arkadiusz P. Gertych, Michat Swiniarski, Mariusz Zdrojek, Jerzy Krupka, and Jerzy K. Piotrowski

Abstract—1In this paper, we report the microwave properties
of finite-ground coplanar waveguides (CPWs) fabricated on a
thermally oxidized high resistivity silicon substrate. The ultralow
metallization thickness indicates a gold metallization with a
thickness in the range from 10 to 100 nm. We present measured
magnitudes and phases of the S;; and S»; parameters of the
CPW segments in the frequency range from 0.1 to 26 GHz,
which are transformed based on the signal flow graph to the
characteristic impedance Z, the attenuation coefficient «, and
the effective dielectric constant eqpr. We analyze the CPW
attenuation dependence on the metallization thickness based on
the a(f) = o9 - (f/1 GHz)" model.

Index Terms— Attenuation, conductor losses, coplanar
waveguide (CPW), high-frequency measurements, high resistivity
silicon (HRS) substrate.

I. INTRODUCTION

OPLANAR waveguide (CPW) is a well-known planar
C transmission line of the microwave technique. Due to its
many advantages, CPW is commonly used to convey electric
signals in the gigahertz frequency range. Currently, CPW is
used as a part of monolithic microwave integrated circuits,
parallel and series microwave passive components and often
comprises the input—output circuitries of various RF devices,
such as high-speed transistors or ultrafast photodetectors. The
robustness of CPW originates in the well-understood principle
of operation and effective simulation algorithms that allow for
reliable design. However, in a typical CPW, the metallization
thickness is on the order of micrometers, which is hardly
achievable using many modern nanofabrication techniques,
such as those based on electron beam lithography and lift-
off processes, where the height of the metallic structures
rarely exceeds 100 nm [1], [2]. In the situation where the
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metallization thickness is on the nanometer scale, the fol-
lowing three problems immediately arise: 1) the microwave
losses proportional to the sheet resistance of the metallization
Rs greatly increase due to the Rs = 1/o -t dependence;
2) the conductivity of the metallic layer ¢ decreases with
the decreasing thickness value 7; and 3) the metallization
thickness ¢ is lower than the skin depth ¢ value, which, for
bulk gold at f = 10 GHz, is approximately 0.79 um. The
third issue is especially interesting because it implies the
question of whether the ultrathin metallic layer still acts as a
metal that imposes particular electromagnetic field boundary
conditions or it is more proper to describe it as a semi-
transparent lossy dielectric medium.

In this paper, we characterize CPWs fabricated on a ther-
mally oxidized high resistivity silicon (HRS) wafer using
Cr/Au metallization, where the thickness of the Cr adhesive
layer fcr is 5 nm, and the thicknesses of the Au layer fay
are 10, 20, 30, 50, 70, and 100 nm. We provide measurement
results of the S-matrix components in the frequency range
from 0.1 to 26 GHz. The transformation of the measured
S-parameters into the characteristic impedance Zp and the
propagation constant y of the CPW under testing is based
on the signal flow graph between the probe tips of the probe
station.

The properties of the coplanar waveguides (CPWs) on
HRS substrates, including the CPW attenuation problem with
respect to the substrate resistivity, the dielectric layer and sur-
face carrier problems on the Si0O,/Si interface, or the methods
of improving CPW performance, have widely been reported
in the literature [3]-[14]. The problems of lossy metallization,
metallization with finite thickness or finite-extent grounds
have also been examined [15]-[19]. However, according to
the authors’ knowledge, the frequency characteristics of the
CPW parameters on silicon with an ultralow gold metallization
thickness (10 nm < 74, < 100 nm) are presented for the first
time. The most similar reports concern the attenuation of CPW
made from 250-nm-thin gold film on InP [16], [17] and losses
of CPW made from 200-nm-thin aluminum film on glass [19].

II. CPW FABRICATION

The structure of the finite-width ground metallization
CPW used in this paper is shown in Fig. 1. The width of
the central strip Wi = 100 ym and the gap G = 50 um
were chosen to both fit the dimensions of a microwave
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high resistivity silicon, &,

metal stage

Fig. 1. Schematics of finite-ground CPWs used in this paper. W = 100 um,
G =50 um, Wp =100 or 300 ygm, h = 525 um, and t = tcy + tay, thickness
of the SiOy dielectric layer is 50 nm.

probe with 150-um pitch and to obtain the characteristic
impedance of approximately 50 Q at 10 GHz for the 5-nm
Cr + 100-nm Au metallization. The width of the ground planes
is set to one or three times the width of the central strip,
i.e., 100 or 300 um. The CPW is placed on the metal stage of
the probe station; however, there is no backside metallization.

HRS wafers [20]-[25] (flat zone method, diameter 4 in,
thickness 525 um, orientation 100, boron doping, one side
polished, p > 20 kQ-cm, and &, = 11.65 [26]) were used as
the substrate. Prior to the metal deposition, all wafers were
thermally oxidized to produce a 50-nm-thick SiO, dielectric
layer. The microwave resistivity of the oxidized wafers, found
using a microwave split-post dielectric resonator operating at
approximately 4.5 GHz [27], equals approximately 1 kQ -cm,
which is more than 20 times less than the resistivity of pristine
wafers. It was reported that the SiO; dielectric layer on the
surface of the HRS wafers increases the microwave dissipation
losses and deteriorates the CPW properties [9], [10], [20], [21].
However, the dielectric layer prevents unintentional dc leakage
current.

The metallic structures were fabricated using electron beam
lithography and a lift-off process. The Cr and Au layers were
deposited by resistive thermal evaporation under the pressure
of 1x 107 Torr. All structures were inspected using an atomic
force microscope to confirm their thickness and quality. The
measured thicknesses are equal to the designed ones within
the 1-nm-uncertainty limit. The root mean square (RMS)
of the height of the metallization—a measure of roughness,
calculated for 10 gmx 10 xm square map of 10-nm resolution,
is below 0.8 nm for all samples, in accordance with [19]. How-
ever, this is only an estimate of the upper limit of the true RMS
value due to instrumental limitations. The sheet resistance Rg
of each metallization thickness was determined twice: for the
direct current and at the microwave frequency. The results are
presented in Table I. The dc measurements were performed
using the Transfer Length Method by fabrication of a series
of five metal strips of different lengths with constant widths.
Exemplary results and a typical structure for 5-nm Cr +
100-nm Au metallization are shown in Fig. 2. Derivative of the
resistance of a structure with respect to its aspect ratio (length
divided by width) gives the sheet resistance. High aspect ratio
values (L/ W = 1000, 1800, 2600, 3400, 4200) were chosen to
minimize the strength of the electric current flowing through
the ultrathin metallic structure. The RF measurements were
performed using a microwave single-post dielectric resonator

4837
TABLE I
METALLIZATION SHEET RESISTANCE
# metallization Rspc [V/O] Rsrr [V/O]
1 Snm Cr+ 10 nm Au 6.86 8.69
2 5nm Cr+20 nm Au 2.53 291
3 5nm Cr+ 30 nm Au 1.44 1.73
4 5 nm Cr + 50 nm Au 0.710 0.814
5 5nm Cr + 70 nm Au 0.487 0.528
6 5nm Cr + 100 nm Au 0.326 0.346
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Fig. 2. (a) Resistance of the thin metallic strip versus the aspect ratio (length
divided by width); slope equals the sheet resistance. (b) Picture of one of the
metallic structures used in the Transfer Length Method for determining the
metallization dc sheet resistance for 5-nm Cr + 100-nm Au metallization.

operating at approximately 4.5 GHz [27]. The active area
of the microwave resonator is of the order of few cm?;
therefore, for this measurement, whole oxidized HRS wafers
were covered entirely by the continuous metallic layers. The
obtained sheet resistance values are in a good agreement with
the dc counterparts and indicate a slight increase with the
frequency (10%—-20%).

Increase in the metalization resistivity with decrease in the
thickness, as shown in Table I, results from the 1/¢ -t depen-
dence and from simultaneous decrease in the o value, because
at the nanometer scale ¢ = o (t). Whereas the former one is
a simple function of thickness, the latter one strongly depends
on the technological details. Fortunately, in our case, it was
possible to grasp which structural or morphological parameter
of thin metallic film is responsible for the decrease in o value.
SEM images composing Fig. 3 qualitatively but clearly illus-
trate increase in size of single grains along with increase in
the metallization thickness. Our finding is consistent with other
literature reports. For example, Barnat et al. [28] observed that
the dc electrical resistivity of copper films strongly depends on
the film’s thickness for thicknesses below the bulk mean free
path of copper ~39 nm. Furthermore, he concluded that the
average grain size, as opposed to interface roughness, plays a
dominant role in the electrical resistivity. In another work,
Salvadori et al. [29] shown that the average grain size in
Au thin films increases along with the metallization thickness,
and the saturation of the grain size occurs for film thickness
of 140 nm, with a maximum grain size of approximately
48 nm. The last fact particularly emphasizes significance
of our study because changes in properties of CPW fabri-
cated using an ultralow Au metallization (10 nm < tp, <
100 nm) will partially be related to the changes in metallization
microstructure.



4838

Iay= 10 nm
opc=9.72 x 10° S/m

tae =20 nm
opc=1.58x 10" S/m

InLens EHT =10.00 kV

Fig. 3. SEM images illustrating evolution of the microstructure of the
metallization along with the metallization thickness.

III. S-MATRIX MEASUREMENTS AND CPW
PARAMETER EXTRACTION

The measurement system consisted of a Cascade Microtech
PMS5 probe station, |Z| Probe 40-K3N-GSG-150 probes,
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a CRC-8 GSG 100-250 calibration substrate, WinCal XE cali-
bration and measurement software [30], and high-performance
phase stable cables. The vector network analyzer was an
Agilent N5242A PNA-X.

The enhanced Line—Reflect—Reflect—Match [31], [32] cali-
bration technique of a vector network analyzer was used for
placement of the measurement reference planes T; and T»
ahead of the probes contact tips for Ports 1 and 2, respectively.
According to [31], [32] a nominal reference characteristic
impedance Zgr of 50 Q is seen at the reference planes.

The S-matrix measurements of the 4 mm long CPW seg-
ment, i.e., a two-port network placed between Ports 1 and 2,
were performed for all six gold metallization thicknesses and
two finite-ground widths. Each measured structure between the
probes contact tips is symmetrical; therefore, the reflectance
S11 at the Ty plane should be equal to the reflectance S22
at the reference plane T,. The comparison of the measured
reflectances indicates that they do not vary appreciably, not
more than 40% above the magnitude and phase uncertainties of
the network analyzer given in [33]. The measured two-port net-
works are reciprocal; thus, the forward path transmittance S»;
(from T to T7) is equal to the reverse path transmittance S
with the accuracy of the measurement uncertainties of the
analyzer. All results of the S1; and S>; measurements are
presented in Fig. 4.

The measured transmittances and magnitudes of reflectances
of CPWs with a finite-ground width equal to 100 xm differ
only slightly, as compared to CPWs with W, = 300 um.
As shown in Fig. 4, the significant differences between
reflectance phases of CPWs with W, = 100 and 300 um
are observed for frequencies above 10 GHz and the gold
metallization thicknesses of 50, 70, and 100 nm. In these
cases, the magnitude of Sp; is less than 0.08, and the phase
uncertainty exceeds 10° and increases rapidly with a decrease
in magnitude. The |S11| and | S>;| characteristics of CPWs with
W2 =300 um are smoother than for W = 100 gm.

The characteristics in Fig. 4 show the strong influence of the
metallization thickness on S11 and S»;. The best performance
is for the CPW with + = 100 nm, when more than 50% of
the power is transmitted by the 4 mm long CPW and less
than 4% is reflected. The worst case is for the CPW with
t = 10 nm, when only 4% at 1 GHz and 0.25% at 20 GHz of
the power is transmitted through the transmission line and 60%
at 1 GHz and 10% at 20 GHz of the power is reflected. Thus,
the presented results indicate that all investigated transmission
lines are lossy or very lossy. Additionally, the S-parameter
dispersion shown in Fig. 4 decreases with increasing metal-
lization thickness.

The problem of extracting the planar transmission line para-
meters from measured S-parameters of on-wafer test structures
has widely been reported in the literature [34]-[40]. The main
differences in the probe-tip-to-line geometry and substrate
permittivity between the measurement and calibration wafers
require special measurement techniques and calculation proce-
dures to accurately characterize transmission line parameters.

The measured CPWs shown in Fig. 1 are fabricated on
silicon, and the substrate of the CRC-8 calibration structure
is AlpO3. Thus, there is no significant difference between
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Fig. 4. Measured frequency characteristics (0.1-26 GHz) of the reflectance S1; and transmittance Sy of the 4-mm-long CPW segments with two values of

finite-width ground planes W; for six gold metallization thicknesses 7y
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Fig. 5. Signal flow graph for a CPW segment placed between Ports 1 and 2
probes tips located at the reference planes T and T, respectively.

their permittivity values. The metallization layout of these
CPWs, particularly for W 300 um, is similar to the
metallization template of the line standards on the CRC-8.
Based on these arguments, the contact-pad parasitic effects
were neglected. Thus, an S-matrix measurement of single
CPW segment enables the determination of this transmission
line parameters. This method is the conventional one proposed
in [34]. In this paper, the derivation of equations for the
characteristic impedance and the propagation constant seems
to be relatively cumbersome.

The signal flow graph presented in Fig. 5 is used to
derive the equations necessary to find characteristic impedance
Zp and propagation constant y of the CPW. Based on the
Mason rules [41] the signal flow graph can easily be reduced to
show that the measured S-parameters at the planes Ty and T»
are as follows:

1 —e 2!

2 20
1 — 85,7
e 7!

2 —2y1
1 — 85,67

S11 = Ssi1 (1)

S22

S = 8%, = Spp

)

where [ is the length of the CPW segment, and the
S-parameters of impedance step are given as follows:

S = 2R _ g 3)
St = Zot Zr S22

Ssa1 = /1 — 83, = Ssi2 4)

where ZR is the characteristic impedance of the probe.

Equation (1) can be solved for exp(—y ) as follows:

Ssi1 — S
o7l — \/ Si1 11 )
Ssi1 - (1 — Ss11 - S11)

which is substituted into (2) to give a quadratic equation for
the reflectance Ssi1. Having Ssi; and using (3), Zo is found
in terms of the measured S-parameters as follows:

7R 5%1 — (1 +Sll)2.
V 3, — (1= S11)?

Finally, using (5), the propagation constant y can be cal-
culated, thus yielding both the attenuation constant o and the
phase constant f as y = a+ jf. Presentation of the determined
propagation constant frequency characteristics is reasonable
in terms of the attenuation constant and effective dielec-
tric constant classically defined as e (,B/IB()P)Z, where
Pop is the phase constant of the plane wave in the vacuum. The
characteristic impedance, attenuation constant and effective
dielectric constant characterizes the investigated transmission
lines.

The parameters characterizing the measured CPWs: Zj, a,
and eefr, which were extracted in accordance with the above-
described procedure from the S-parameters given in Fig. 4, are
presented in Fig. 6. There is significant parameter variation
both as a function of the metallization thickness and the

Zo (6)
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Values of the module and phase of the characteristic impedance Z, values of the attenuation coefficient a and effective dielectric constant eqgr of

the CPWs for two values of width of outer metal strips (ground) in the 0.1-26-GHz frequency range as a function of thickness of the gold metallization 7ay.

frequency. Moreover, the parameter sensitivity on the metal-
lization thickness changes monotonically with the frequency.
For instance, the magnitude of the characteristic impedance
decreases four times with increasing metallization thickness
at 0.1 GHz but only 1.5 times at 26 GHz. The value of the
effective dielectric constant decreases with increasing metal-
lization thickness 16 times at 0.1 GHz and only 1.67 times
at 26 GHz. The only parameter for which the sensitivity on
the metallization thickness increases with the frequency is the
attenuation constant, which changes 5 times at 0.1 GHz and
10 times at 26 GHz. The interpretation of the presented depen-
dencies is difficult because, for frequencies up to 26 GHz,
the measured CPWs with ultralow metallization thickness
are in the intermediate range between dc and the skin-effect
region. To model these lines, a complicated situation arises
related to current distribution changes. Presenting elements
of the distributed equivalent circuit model would exceed the
limitations of this paper, but further information may be
found [42].

Finally, the work by Haydl et al. [16] claims that when metal
thickness ¢ is less than 3 times the skin depth J, the attenuation
varies inversely with metal thickness 7. This paper uses values
that are obviously below J; thus, we plot the attenuation ratio o
for two frequencies f = 1 and 20 GHz as a function of layer
thickness [Fig. 7(a)] and as a function of metallization sheet
resistance Rs rp [Fig. 7(b)]. The following theoretical curve
was fit to the experimental points as follows:

A
t—1o

a(f)=

)

to achieve a good agreement. For f = 20 GHz, there is a direct
inverse relationship between a and ¢ (o = 0), but for f =1
GHz, a small correction to the thickness is required (# of the
order of a few nanometers). However, the presented results

TABLE II
EXPONENT n VALUES

# exponent n source

1 0.187 this work, W, =300 um, extrapolated to =250 nm
2 0.166 this work, W, =100 um, extrapolated to =250 nm
3 ~0.2 Ref [17], extrapolated to w/d = 0.5 and w = 100 pm

fully confirm the Haydl observations. Next, the frequency
variation of the attenuation constant was examined to follow
o (f) = ao * (f/1 GHz)" dependence. The results are
shown in Fig. 7(c) and (d), whereas the obtained parameters
of the assumed model ap and exponent n are presented
in Fig. 7(e) and (f), respectively. The theoretical curves closely
follow the experimental data and intuitive decrease of the value
of ap when the thickness increase is observed. The attenuation
ratio a (f) and ap values are always lower for CPS with
W, = 300 um than for W, = 100 gm. This observation might
be related to lower conductor losses for the wider ground strip.
The exponent value n, expressing sensitivity of the attenuation
constant on the frequency, decreases with increasing metalliza-
tion thickness and is always smaller for W = 100 xm than for
W, =300 um. To check whether the data are similar to other
literature reports, the data were extrapolated to r = 250 nm,
and data from [17, Fig. 5] to w/d = 0.5 and w = 100 um (for
the meaning of the symbols, please see the source paper). The
results are presented in Table II. The results are just below
the data from [17]. Further interpretation of the exponent n
dependence on the gold metallization thickness will require
detailed analysis of the RF current flow, which is beyond the
scope of this paper.
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whereas the parameters of the assumed model a( and exponent n are presented
in (e) and (f), respectively. Solid lines in (b), (e), and (f) are guides for eye.

IV. CONCLUSION

We presented data that fully characterize the fabricated
CPW with gold metallization thickness o, in the range of
10 to 100 nm in the frequency range from 0.1 to 26 GHz.
We focused on the attenuation coefficient, which is directly
and inversely dependent on the metallization thickness.
We showed that the power dependence of the attenuation
coefficient on the frequency adequately describes our data,
and the value of the exponent n is in a good agreement with
previously reported data.
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