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Abstract

The effective resistivity (o.4) is a figure of merit commonly used to assess the radio-frequency
performance of a substrate from the measurements of coplanar waveguide lines. For highly
resistive substrates, such as the trap-rich (TR) substrate, the extracted p. decreases by several
orders of magnitude at millimeter-wave frequencies. The explanation for this decay is twofold.
First, the imaginary part of the characteristic impedance (J(Z.)) is not well extracted, which
leads to an incorrect separation of the total losses among the metal and substrate losses.
Second, the original expression of p.g does not include dielectric losses, which might become
non-negligible at millimeter-wave frequencies. This paper solves both issues by presenting a
new procedure to extract p.s and the dielectric losses simultaneously, and by introducing a
novel method to correct J(Z.). Furthermore, it is shown that this extraction method enables
the correct extraction of substrate parameters up to 220 GHz of TR and high-resistivity silicon
substrates. Finally, the origin of the large extracted value of dielectric loss is discussed in the
potential presence of surface roughness and surface wave radiation. Both phenomena are dis-
counted thanks to measurements of an additional reflective structure and a standard imped-
ance substrate.

Introduction

The simultaneous downscaling of silicon-based transistors and their integration on high-
performance radio-frequency (RF) Silicon-on-Insulator (SOI) substrates have enabled the
development of competitive System-on-Chips (SoCs) with integrated front-end modules
working at microwave and millimeter-wave (mm-wave) frequencies. Among those SOI sub-
strates, the trap-rich (TR) substrate answers the demands in terms of very low propagation
loss and harmonic distortion at microwave frequencies, thanks to its high effective resistivity.

The effective resistivity was first introduced as a figure of merit (FoM) to characterize the
RF losses of a substrate, based on a coplanar waveguide (CPW) line analysis, independently
from its conductor losses [1]. Then, it has been used to characterize the impact of the substrate
on the crosstalk between two structures [2], the quality factor of inductors [3], the harmonic
distortion in passive structures [4], and in RF switch modules [5].

In general, a transmission line is represented as a two-wire line (signal and ground, cf. Fig. 1
(a)), described by two complex parameters, i.e. its characteristic impedance (Z.) and its
propagation constant (y). A piece of transmission line of infinitesimal length (dz) can be mod-
eled as a lumped-element circuit, as shown in Fig. 1(b), described by R, L, G, and C. They are
defined as

R is the series resistance per unit length, for the signal and ground conductors, in Q/m.

L is the series inductance per unit length, for the signal and ground conductors, in H/m

G is the shunt conductance per unit length, in S/m.

C is the shunt capacitance per unit length, in F/m.

The well-known expressions to move from one representation (y, Z.) to the other (RLGC)
are [6, 7]

Z. = /(joL + R)/(jwC + G) , M
y =/ (joL + R)(juC + G), )
R = R(yZ.), 3)

L =23(vZ.)/w, 4)
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Fig. 1. Two-wire (signal and ground) transmission line model (a). Lumped-element
equivalent circuit (b).

G = R(v/Zo), ©)

C=3(v/Z)/w. (6)

The RLGC line elements representation is more convenient to our
case as it gives more physical insight. Indeed, the G and C terms
describe the admittance of the transmission line cross-section,
which is of particular interest for substrate characterization.

Figure 2(a) represents a general non-homogeneous structure
located below the CPW metal line. In integrated circuits, the sub-
strate is usually made up of a dielectric layer (oftentimes silicon
dioxide) below which the semiconductor bulk material (usually
silicon) is located. Furthermore, the semiconductor region is in
general characterized by a space-dependent resistivity (p(x, ¥)).
To characterize the overall performance of this material stack
with regards to the performance of overlying RF and mm-wave
passives, it is convenient to equate this material stack to an
equivalent effective substrate (Fig. 2(b)) of uniform effective rela-
tive permittivity (€,.4) and uniform effective resistivity (o).

In this equivalent effective structure, the line shunt capacitance
C is the sum of a top contribution (C,,), including the metalliza-
tion thickness, and a bottom contribution (Cy,,) from the effective
substrate. They are expressed as the product of the medium per-
mittivity and a geometry factor (Fop, Fpor) that depends on the
CPW cross-section dimensions, such that

Ctup = €0€r,tothupa (7)

Cbot = %(Ybot)/w = EOEr,eﬁFbot» (8)

where €,.,, is the relative permittivity of the top medium and Y,
is the equivalent admittance of the bottom structure. The geom-
etry factor accounts for the field distribution among the top and
bottom parts and is computed by accurate closed-forms analytical
expressions formulated in [8]. Assuming no losses in the top
medium (air in this case), the shunt conductance is given by

F,
G = R(Ypor) = 2,

peﬁf

(%9a)

Py =5 - (9b)
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This expression for p. is equivalent to the original definition of
the effective resistivity given in [1], which is

_ 9%

=0 10
peff GQG ( )
and can be derived from (9b) by defining g and Cy, as the filling
factor and the air-filled capacitance, respectively. They are related
to the top and bottom geometry factor by

Co = C|e,,m},:e,yﬂff:1 = Go(Ftop + Fpor)s (11)
q= Fpot (12)
Fpor + Ftop

The effective resistivity computed from (10) accounts for all
shunt RF losses (not series metallic losses) present in the non-
uniform structure, originating from some real component of the
shunt admittance R(Yj). The term resistivity is used, because
these RF losses are interpreted as conductive losses in the substrate.
Keeping in mind that interpretation, the effective uniform resist-
ivity and permittivity strongly decay with increasing frequency in
the low frequency range, because the slow-wave mode is still dom-
inant. Then, they are expected to reach a plateau and remain con-
stant at higher frequencies. However, this is not necessarily
observed in practice, mainly for substrates having a high effective
resistivity. Indeed, in the substrate samples presented in this
paper, a significant decrease of p.; with frequency is observed
above 5 to 10 GHz.

As it will be explained in the following sections, two reasons
for this unexpected decay of effective resistivity are identified:
(i) a misestimation of the characteristic impedance (Z.) of the
transmission lines and (ii) the presence of additional non-
conductive losses in our samples. Section “Description of the
new extraction procedure” describes a correction method for the
correct evaluation of Z. as well as a new extraction procedure of
the effective substrate parameters, including dielectric losses.
Section “Detailed study of effective resistivity extraction on a
trap-rich substrate” shows the characterization of a TR substrate
applying this new methodology. Section “Sensitivity of the
R-based method to input parameters” discusses the limitations
of this characterization procedure. Section “Cutoff frequency”
presents the cutoff frequency above which the effective dielectric
losses become the dominant loss mechanism. Then, section
“Validation up to 220 GHz” confirms the correctness of the new
extraction procedure up to 220 GHz with CPW lines measure-
ments on three different substrates. Finally, the origin of the
large value of dielectric loss that is extracted is discussed in section
“Discussion about dielectric loss”. An earlier version of this paper
was presented at the 2019 14th European Microwave Integrated
Circuits Conference and was published in its Proceedings [9].

Description of the new extraction procedure

This section describes a new extraction procedure of effective sub-
strate parameters, yielding physically meaningful substrate loss
parameters at mm-wave frequencies. In section “Sensitivity ana-
lysis of the extracted characteristic impedance”, it is shown how
a misestimation of the imaginary part of Z.(3J(Z.)) leads to a
wrong evaluation of metallic and substrate losses. A method is
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proposed to correct it in section “R-based method”. In section
“Inclusion of dielectric losses”, the uniform effective substrate
model is extended to include dielectric losses. A new procedure
to extract simultaneously conductive and dielectric losses is also
proposed.

Sensitivity analysis of the extracted characteristic impedance

As stated in section “Introduction”, a transmission line is fully
described by two complex parameters, i.e. its characteristic
impedance and its propagation constant. While the multiline
Thru-Reflect-Line (mTRL) algorithm [10] gives the value of y
in a straightforward and accurate manner, the estimation of Z.
is more complex and several methods exist to evaluate it.
Aiming at extracting the substrate properties, it is necessary to
express y and Z_ in terms of the RLGC line elements (cf. Fig. 1(b)).

For low-loss transmission lines (R < jwL and G < jwC), (1)
and (2) become

L 1({/L G [CR
k(B
and (y=oa+jB)
_R(Z)G, R
T ToR@y (14)
B~ wVLC. (15)
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Fig. 2. Cross-section of a CPW line on top of a general multi-
layer structure (a) and of an effective uniform substrate (b),
along with the dimensions of the measured CPW lines.

These equations can be turned around in order to evaluate G
and R:

G~ (a4 oC - I(Z)), (16)

1
R(Z)

R~ R(Z)  (a— oC-3(Z)). (17)
Here, the second term of the products shows plainly that an
(under-) over-estimation of J(Z.) will have the effect of (over-)
under-estimating R and (under-) over-estimating G. Indeed, as
stated above, the total loss o is accurately evaluated by the
mTRL approach. Hence, an error in the extracted J(Z.) induces
an error in the repartition of this total loss to the series metallic
R term and to the shunt substrate G term.

The extraction of Z, relies on multiple assumptions and, there-
fore, there exist multiple methods for its extraction. The methods
suited to silicon substrates are based on a two-tier calibration.
First, a calibration is done on an impedance standard substrate
(ISS) calkit in order to move the reference plane to the probe
tips, defined with respect to a 50 Q reference impedance. Then,
lines of different lengths and a reflect structure are measured.
Each method relies on a particular modeling of the transition
between the probe tips and the middle of the shortest line (thru).

CPW lines fabricated on top of a TR SOI wafer are measured
from 10 MHz to 67 GHz using an Agilent 2-port PNA-X vector
network analyzer and a pair of GSG Infinity probes from
Cascade Microtech. The CPWs are fabricated using aluminum,
and their dimensions, which were measured using a precision
profiler, are described in Fig. 2(b). An open structure, a thru
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Fig. 3. Distributed R (a) and G (b) line elements of the CPW lines, Ch
as well as the real (c) and imaginary (d) parts of its characteristic

impedance versus frequency using several Z, extraction techni-

ques: [11] (red, “v”), [12] (green, “d”), and [13] (blue, “s”).

R and G are computed from (3) and (5).

(102.8 um-long) and two lines of different lengths (2102.8 and
8102.8 um) are measured. A Short-Open-Load-Thru (SOLT) cali-
bration is performed on an ISS calkit. Then, CPW lines of differ-
ent lengths are measured and the mTRL algorithm is applied to
extract the propagation constant. Figure 3 shows the characteristic
impedance as well as the series metallic loss (R) and shunt sub-
strate loss (G), using several methods of Z, extraction [11-13].
For each method, the RLGC elements are obtained from (3)-
(6). The glitches at 30 and 60 GHz are a consequence of the
fact that the mTRL algorithm is ill-conditioned when the line
length differences are a multiple of a half wavelength.

At low frequencies (below 5 GHz), all the different Z, extrac-
tion techniques agree well, giving confidence in the accuracy of
the extracted parameters. However, as the frequency increases,
an increasingly stronger discrepancy is observed in each
parameter.

Figure 3(c) shows that R(Z,) is extracted with a small relative
variation among the different extraction methods. In contrast,
from one Z. extraction technique to another, there is a very
large relative variation in the estimated value of J(Z.) (cf. Fig. 3
(d)), which leads to unphysical R and G at high frequencies. An
accurate evaluation of J(Z,) is crucial to get realistic values of R
and G. This statement is further confirmed with a sensitivity
analysis.

Using the derivation provided in Appendix A, the sensitivity of
R and G is developed from (16) and (17) as

J+

OR

o6C 03(Z,)
— | <Bpr=Thp- .
‘R = DR R H C +

3(Zo)

SR(Z.)

rzy
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where By and Bg define the maximum boundary values of relative
variations, and T and Ty are detailed in Appendix A.

Each term |6x/x|, where x is G, R, C, J(Z,), or R(Z,), is
observed from measurements based on different extraction tech-
niques. Three extraction methods are shown in Fig. 3 that give dif-
ferent values of the parameters upon which the sensitivity analysis
is carried out (C, J(Z,), or R(Z.)). The denominator, x, uses the
value of the parameter extracted using [12], while the numerator,
Ox, is computed as the difference between the value of the param-
eter extracted using [12] and of that using [11]. The term |Sx/x|
therefore represents the relative uncertainty of variable x, and
this uncertainty is given for each term in Table 1, along with
the evaluations of the boundaries By and Bg at 10, 20, and 50
GHz.

First, it is clear that the observed variations in 6G/G and in 6R/
R are well bounded by the theoretical boundaries computed by Bg
and Bg. Secondly, it is shown that the observed variations in C
and R(Z,) account for <1% variation each in the extracted R
and G up to 20 GHz and at most 8% at 50 GHz. We therefore con-
firm as expected, that the relative uncertainty on the imaginary
part of the characteristic impedance is the main contribution to
the misestimation of both R and G. An accurate evaluation of
J(Z,) is therefore crucial to be able to extract the substrate losses.
Furthermore, the fact that §G/G (31) and 6R/R (33) are close to
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Table 1. Sensitivity analysis of R and G to an uncertainty in Z. and C, based on
(18) and (19)

10 20 50
f (GHz) (%) (%) (%)
Equation (19)
Observed relative variation 6G/G 61 116 121
Calculated max boundary B relative 62 123 142
variation
Observed contributions to Bg
T - % 03 0.7 12
Ts - 5*(‘22)’ 62 122 136
| Rz 0.1 05 44
Equation (18)
Observed relative variation 6R/R 9 30 301
Calculated max boundary By relative 9 32 334
variation
Observed contributions to Bg
Te - [¥| 0.04 0.2 3
Tp - |25 8.8 317 327
e 0.1 0.5 4.4

More details about the computation of these terms are given in Appendix A.

their respective boundaries confirm that the main uncertainty
comes from J(Z,) as stated above.

R-based method

A new procedure to correct the imaginary part of Z is proposed
here. First, an existing Z, extraction method is used to compute
the terms L and C (from (4) and (6)), which only depend on S
and the real part of Z. in the low-loss transmission line approxi-
mation. From this first extraction, that we shall label as “17,
trusted values for C; and L; are obtained. Ultimately, we are inter-
ested in extracting a trusted value of G toward substrate electrical
characterization. But, as we have seen, it is difficult to evaluate
J(Z.) with sufficient precision for series losses R; and shunt losses
G, to be well discriminated, and this is especially true for high-
quality substrates (low G), and at high frequencies. We therefore
propose the R-based method, by which we will suppose that R
is perfectly known over the entire frequency range. In practice,
Rforcea is set by the closed-form analytical expressions given in
[8], and G, is computed using

,yZ

Georr = —0Cy + ———7—.
! Rforced +]wL1

(20)

It is important to note that this method is no longer a pure extrac-
tion technique, as Ry,eq is now an input to the extraction, and
must be accurately known for meaningful results. In general, we
found that knowing the metal dimensions along with its conduct-
ivity permits a fairly accurate estimation of Rp,.q. Nevertheless,
the value of R; from the initial extraction is trusted up to at
least 5 GHz, as it was observed in section “Sensitivity analysis of
the extracted characteristic impedance”. Therefore, if an
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uncertainty in the metal dimensions or conductivity still persists,
a fine tuning of one of these parameters can be performed to
ensure a good matching of Ry,.q with R; at low frequency.

In practice, only the real part of (20) is taken just to ensure that
we have a real value for G, the imaginary part of the right-hand
side of (20) is negligible (at least 2 orders of magnitude lower
than the real part). The method from [12] provides a valid
extraction of R(Z,), because it leads to meaningful values of L,
i.e. decreasing smoothly with frequency due to the skin effect,
and C, ie. constant with frequency. It is therefore chosen for
the computation of L and C in the present resistance-based
method.

The correction applied to J(Z,) is significant. Figure 4 shows
the imaginary part of Z, as well as the series metallic loss (R) and
shunt substrate loss (G) using solely [12] (first extraction method,
in green) and applying the R-based method to correct I(Z.) (in
brown). Once the substrate-related loss parameter (G,,,) is well
extracted, it still has to be associated to physical loss mechanisms.
This is done in the next part.

Inclusion of dielectric losses

The substrate loss term G has been corrected; however, the loss-
mechanisms behind it still need to be identified. Figure 4(b)
shows that G,,,, increases with increasing frequency. This behav-
ior is uncharacteristic of a purely conductive substrate and war-
rants the investigation into frequency-dependent losses, the first
of which to be discussed are dielectric losses.

If the model presented in Fig. 2(b) is extended to include
dielectric losses, then the shunt admittance of the transmission
line can be written as follows:

. Fiot
G +]0)C =—+ we [Fboter,eﬁ + Ftuper,top])

21
peﬁ
and G and C become
Fhot / ’
G = + [O13) [Fboter,eﬁ + Ffopér,top] 5 (22)
peﬁ
(23)

C= EOEr)eﬁ‘Fth + Goer,tomeP s
—_—

=Cpor =cmp

where complex effective relative permittivities are defined for the

top and bottom materials: €. = e;yeﬂ — ]e’r/ off and €p = e;’mp
_j E/r/,top'

Due to the frequency linear term of (22), if dielectric loss is
non-negligible and (10) is used to evaluate the effective resistivity,
then it would yield a p that is decreasing with frequency. In the
present study, the material on top of the CPW metal lines is
assumed to be air, corresponding to €, = 0. The discussion
could easily be extended to a general material for which
€ 1op # 0. To include conductive and dielectric loss mechanisms,
the effective loss tangent is defined as

a)
wWE €;)eﬁ(f)Fbat Py W€ E/r,eﬁ

tan 8o (f) = + tan 6y 5 24)
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Fig. 4. Distributed R (a) and G (b) line elements of the CPW

.e- 3(2(71)
> 3(z"-'corr)

3(Z.) (9]

- =10

lines, as well as the imaginary (c) part of its characteristic 20
impedance versus frequency: (i) using only [12] (“d”,
green), computed from (3) and (5), and (ii) by applying

the R-based method (“x”, brown), i.e. with (20).

with

eJ/
tan 84, = = of ,

€ seff

(25)

where (25) is the definition of the effective dielectric loss tangent.
Then, two frequency-independent fitting parameters p,; and
tan 8, are extracted by the least-squares method applied to
(24) over an intermediate frequency range. Once those two para-
meters are extracted, one can assess their consistency by comput-
ing two equivalent frequency-dependent material parameter
FoMs, i.e.

P (f) = [(tan 8,5(f) — tan 8y Jweoe, 5 (N1, (26)
1
tan 8deﬁ‘ (f) = tan Seﬂ(f) - W . (27)

Detailed study of effective resistivity extraction on a
trap-rich substrate

This section shows the effective resistivity extracted in different
ways. Section “Description of the new extraction procedure”
showed that the substrate shunt loss G is very sensitive to the
accurate evaluation of the imaginary part of Z.. A method to cor-
rect it was proposed. Finally, the definition of the effective resist-
ivity is extended to separate the contribution of dielectric and
conductive losses to the total substrate losses. The present sec-
tion’s purpose is to illustrate the relevance of each step from the

https://doi.org/10.1017/5175907872000077X Published online by Cambridge University Press

Frequency [GHz|

20 40 60
Frequency [GHz]

(c)
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previous sections on the correct extraction of the effective sub-
strate loss parameters. To that end, the effective resistivity and/
or dielectric loss tangent are extracted in many different ways
detailed in the following. Note that the propagation constant is
the same in all the cases and is extracted from the mTRL
algorithm.

(a) The method from [11] is used to extract Z.. From y and Z,,
the term G is computed with (5). Equation (10) is used to
evaluate the effective resistivity.

The method from [12] is used to extract Z.. From y and Z,,
the term G is computed with (5). Equation (10) is used to
evaluate the effective resistivity.

The method from [12] is used to extract Z. The R-based
method is applied to correct J(Z;) and (20) is used to com-
pute G. Then, the effective resistivity is evaluated from (10).
The method from [12] is used to extract Z.. From y and Z,,
the term G is computed with (5). Fitting values of p, and
tan 5 - are extracted from the fitting of (24). Then, the effect-
ive resistivity is evaluated from (26).

The method from [12] is used to extract Z. The R-based
method is applied to correct I(Z;) and (20) is used to com-
pute G. Fitting values of p,s and tan 6, are extracted from
the fitting of (24). Then, the effective resistivity is evaluated
from (26).

(b)

(o)

(d)

(e)

Before commenting on the results, let us note that we expect fre-
quency dependency in the pq for cases (a), (b), and (c), because
(10) includes all losses that contribute to R(Y,;) into the
term P4
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Fig. 5. Effective resistivity versus frequency using different extractions. For cases (a)
to (c), (10) is used to evaluate the effective resistivity. For cases (d) and (e), (26) is
used to compute the effective resistivity.

We expect a flatter p g for cases (d) and (e), as (26) is used, that
basically removes linear frequency-dependent losses from the
term p,p and associates them instead to a term tan 4.

Figure 5 shows the extracted effective resistivity in each case
from 10 MHz to 67 GHz.

The first case (a) (purple) represents an extraction of the
effective resistivity with a commonly used extraction method of
Z.. It is seen that p.q decreases significantly from 8 kQ.cm to
700 Q.cm up to 10 GHz.

It never reaches a plateau, even though the slow-wave mode is
suppressed above a few tens of MHz.

The second case (b) (light blue) uses a more advanced tech-
nique to extract Z..

Case (c) (yellow) applies the same Z, extraction technique as
case (b), but then the R-based method from section
“Description of the new extraction procedure” is applied for a bet-
ter separation of series (metallic) losses R and shunt substrate
losses G at high frequencies (above 10 GHz). Please note that
the effective resistivities for cases (b) and (c) are close to each
other up to 9 GHz, because G, (used in case (b) to extract p
and G, (used in case c) to extract p g are very close, as was
shown and mentioned in Fig. 4(b).

For all the three first cases (a) to (c), the evaluated effective
resistivity, using (10), decays for increasing frequencies, which
indicates that conductive loss in the substrate is not sufficient to
model the term G.

Case (d) (grey) uses an advanced technique to extract Z,, but
does not apply the R-based correction method. Therefore, G is
well evaluated up to only 9 GHz (cf. Fig. 4(b)). By including
dielectric loss in the extraction using (26), an overall flat (except
for the glitch at 1 GHz) effective resistivity is obtained up to 7
GHz. However, the misestimation of J(Z.) prevents an accurate
extraction of substrate loss parameters in the mm-wave spectrum
above this frequency.

Case (e) (brown) applies the whole procedure explained in sec-
tion “Description of the new extraction procedure”. First, the
R-based method corrects the G parameter. Then, p.4 is obtained
from G, by including dielectric loss in the extraction using
(26). In this case, it is shown that p. is flat across the whole
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measured frequency range, at a mean of around 5 kQ.cm, lending
physical meaning to this extraction. Indeed it was necessary to
remove the dielectric loss cqntribution (extracted from the curve
fitting of (24), yielding tan 84, = 9.86 x 107°) to the total sub-
strate loss. It should be noted that the fluctuations in p.y are
expected, as we are dealing with a highly resistive low-loss sub-
strate, and the G parameter is low.

This case study highlights the need to (i) accurately estimate
the imaginary part of the characteristic impedance and (ii) to
extend the substrate loss extraction model by the inclusion of
dielectric loss, in order to extract meaningful substrate properties.
In order to achieve this for low-loss substrates up to mm-wave fre-
quencies, it was required that the metallic loss be perfectly known
so that the R-based method can be applied. The next section dis-
cusses the sensitivity of the extraction technique to the assumed
knowledge of R.

Sensitivity of the R-based method to input parameters

This new R-based method is no longer a pure extraction method,
as it relies on the exact knowledge of the R term of the transmis-
sion lines. Because of this, it is pertinent to perform a short sen-
sitivity analysis on the input parameters used to calculate R. The
expression in [8] used to compute R takes the CPW dimensions
and the metal conductivity as input variables. Table 2 summarizes
the extracted p,; and tan 84, for two different inputs. The first set
of input represents the CPW dimensions from the layout design
and the metal conductivity expected from the fabrication process.
The CPW dimensions of the second set correspond to measure-
ments of the physical lines with a profiler. The metal conductivity
(Cpetar) Of 3.25 x 107 S/m is chosen to ensure a good match with
the R extracted from other Z. extraction methods up to 5 GHz.
Indeed, as observed in the previous section, Fig. 3(a) shows that
in the lower part of the frequency range, all extraction methods
agree on the value and trend (skin effect) of the R(f) curve.
The CPW lines were fabricated in our laboratory using aluminum
that has a nominal conductivity of 3.82 x 107 S/m [14], but that
has been measured to be as low as 2.80 x 107 S/m during our pro-
cess monitoring. Furthermore, the resolution of the photolithog-
raphy and wet metal etching steps is of the order of a few microns.
This explains the difference between the expected and actual
CPW dimensions.

Figure 6 shows R(f), pes( f), and tan &4 i (f) for those inputs.
It is important to highlight that even a small variation in the esti-
mation of R(f) leads to significant changes in p.g( f), hence the
need for the accurate knowledge of R(f). As described above, the
effective resistivity, which is directly correlated to the substrate
losses, is extracted from the measured insertion loss of a CPW

Table 2. Extracted effective parameters and CPW dimensions used as input
parameters for the R-based method described in section “Description of the
new extraction procedure”

Peft N
# Input parameters (k€2.cm) tan dq,,
1 W=26um, S=12 um, t=0.89 um, 5.07 0.00586
Ometal =2.9% 107 S/m
2 W=22.5um, $=15pum, t=0.89 um, 478 0.00986

Ometal =3.25% 10" S/m

Wis the central signal line conductor width, S is the spacing between the conductor line and
the ground lines, and t is the metal thickness.
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Fig. 6. Series metallic loss R(f) (a) versus frequency. pes f) (b) computed from (26)
and tan 84, (f) (c) computed from (27) versus frequency. Comparison of the new
extraction procedure with two sets of input: #1 (“+”, black) and #2 (“x”, brown).
The R(f) computed from (3) using method [12] to extract Z. is repeated here (“d”,
green) to illustrate the good fitting with the other curves at low frequency.

line after withdrawing the conductive losses along the metallic
line. When the insertion losses of the line is dominated by the
metallic losses, the effective resistivity is very high and quite
sensitive to any measurement noise which leads to a pretty
noisy corrected p.i(f) as observed in Figs 5 and 6(b) in solid
brown lines. It is difficult to obtain a smoother curve via measure-
ments, because a variation of the effective resistivity from 5 to 20
kQ.cm represents a difference of only 5x 107 dB/mm in o

A small variation or uncertainty in the process can lead to sig-
nificant differences in the extracted p,; and tan &4,,. Nevertheless,
though the dimensions from #1 give a good low-frequency fitting
of R(f), we see that the overall extraction gives frequency-
dependent terms for both p,r and tan §,,,. This suggests that
the input Ryyreea( f) for #1, based on 6,era, and CPW dimensions,
is erroneous. So, in practice, if there is an uncertainty on Gera
and/or the CPW dimensions, various extraction iterations using
different pairs of values [0}, dimensions] (close to the expected
values) that fit Ry cea( f) to Ri(f) in the low-frequency range may
be carried out, until frequency-independent p,y and tan §,,, are
obtained.
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Fig. 7. Effective resistivity computed with (10) from CPW lines measurements (dashed
line) and ADS Momentum simulations (dotted lines) on several substrates: only
dielectric loss (red), only conductive loss (green), both (blue).

This method provides an accurate extraction of the substrate
parameters over a wide frequency range. However, it relies on
too strong assumptions to be used as a general method. First,
the physical dimensions of the lines must be fairly accurately
known. Second, the expressions used for R assume a single non-
meshed metal layer, without dummy fills, or layer stacking with
via arrays. Indeed, the presence of dummy fills is acknowledged
to increase R by several percent with frequency [15]. An alterna-
tive method potentially applicable in a more general case could be
the estimation of R with very precise 3-D electromagnetic (EM)
simulations, similarly to what was done in [16]. In that case, a
careful layout is needed to simplify the simulation complexity.

Cutoff frequency

It is possible to define a cutoff frequency (f,) that separates the
region where the conductive losses in the substrate dominate
over the dielectric losses:

1
. = — = - (28)
27€ Py €, off tan Bdeff

The cutoff frequency depends on the value of the effective resist-
ivity and dielectric losses. For instance, it poy =478,
tan 8y = 0.00986, and €, = 11.7, then f.=3.26. Common EM
simulators (e.g. ADS Momentum, HESS) do not allow to define
the loss tangent along with the DC resistivity for the same mater-
ial. Figure 7 shows p.( f) computed from (10) based on ADS
Momentum simulations of a CPW line mounted on different
types of substrate. Although using (10) to evaluate p.g( f) is not
physically meaningful as discussed in the previous sections, it is
used in this section and the further sections, because it includes
all substrate-related losses and therefore information about the
substrate loss parameters. The term G(f) or tand.{ f), with
(24), could have been equivalently used, but the p 4 f) is chosen,
because it is more often used to describe the RF quality of silicon
substrates.

The dashed brown line corresponds to measurements
extracted with the R-based method to correct I(Z.) based on
the second set of inputs, ie. using the measured CPW
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dimensions. The red and green dotted lines correspond to simu-
lations of a substrate with only dielectric and conductive losses,
respectively. The dotted blue line represents a substrate consisting
of two materials, each one of them including one type of substrate
loss. As one could expect, specifying only dielectric losses instead
of the substrate resistivity is much more accurate above 4 GHz.
For highly resistive substrates with relatively large dielectric losses,
it is more accurate to model the substrate by its dielectric losses
rather than its conductive losses. Moreover, by considering only
dielectric losses in our case, the total losses are underestimated
by <0.007 dB over the whole frequency band, compared with
the case when both losses are accounted for. Instead, the substrate
without dielectric losses underestimates by 0.1 dB the total losses
at 50 GHz and this discrepancy increases with frequency.
Although our sample does not necessarily represent substrates
used in commercial CMOS SOI technologies, care should be
taken in circuit design to verify that dielectric losses are not dom-
inating over conductive losses in low-loss substrates.

Validation up to 220 GHz

This section validates the new extraction procedure by comparing
the extrapolated model developed in the 0.01-67 GHz range with
measurements up to 220 GHz. The first part shows measurements
of CPW lines on the same TR substrate that has been used so far.
The second part applies the same extraction procedure and com-
parison to measurements of CPW lines on two different high
resistivity (HR) silicon substrates.

Extended frequency range

The CPW lines are measured in a second setup from 140 to 220
GHz using an Agilent 4-port PNA-X vector network analyzer and
a pair of GSG Infinity probes from Cascade Microtech. A
Line-Reflect-Reflect-Match (LRRM) calibration is performed on
an ISS calkit and the mTRL algorithm is applied to extract the
propagation constant.

Figures 8(a) and 8(b) show the real and imaginary parts of the
characteristic impedance extracted with the method from [12]
(green) and the R-based method to correct J(Z;) (brown). The
measurements in the 140-220 GHz range are noisier, which is
expected, and may also be due to the excitation of higher-order
CPW mode. Please observe the very strong correction obtained
in J(Z.) above 140 GHz thanks to the R-based method.
Figure 8 confirms that the new method works well at least as
far as 220 GHz. The p 4 f) computed with (10) is also extracted
from the R-based method and is in very good agreement with the
lumped-element equivalent circuit from Fig. 1(b) in dotted line
(cf. Fig. 8(c)). This equivalent circuit uses [8] to compute R and
L from the CPW line dimensions, (22) and (23) to compute G
and_C with the constant substrate parameters (6;,31'7" Peg> and
tan &) extracted from the 0.01-67 GHz measurements and
extrapolates G with (22) up to 220 GHz, with excellent agreement.

High resistivity samples

Two other wafers were manufactured in our facilities. They con-
sist of a 500 um-thick bulk HR substrate of 5kQ.cm nominal
resistivity with a 200 nm-thick dielectric layer on top. On one
of the wafers, an SiO, oxide was thermally grown (the sample is
called here HRSiO,), and on the other, an Al,O; layer is deposited
by atomic layer deposition (the sample is called here HRALO3).
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Fig. 8. Real (a) and imaginary (b) parts of the characteristic impedance and effective
resistivity computed from (10) versus frequency, from CPW lines measurements of the
trap-rich silicon substrate. In green, Z. extracted using the method from [12]. In
brown, measurements extraction corrected with the R-based method. In dotted
black line, reconstructed and extrapolated lumped-element equivalent circuit.

Finally, the same CPW lines as the TR sample are patterned on
top of the dielectric. All wafers are measured in the two (low
and high frequency) setups.

Figures 9 and 10 present the extracted characteristic imped-
ance and effective resistivity using the method from [12] and
the one described in section “Description of the new extraction
procedure” that applies the R-based method. The measured
140-220 GHz effective resistivity is again in very good agreement
with the extrapolated data from the lumped-element equivalent
circuit extracted from the lower frequency range (0.01-67 GHz)
with the associated substrate parameters displayed in Table 3.

The value of p; of the two HR samples is much lower than
the nominal resistivity of the bulk material. It is the consequence
of unavoidable fixed charges in the dielectric layer that appear
during the manufacturing process and induce a highly conductive
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Fig. 9. Real (a) and imaginary (b) parts of the characteristic impedance and effective
resistivity computed from (10) versus frequency, from CPW lines measurements of the
HRSIO, silicon substrate. In green, Z. extracted using the method from [12]. In brown,
measurements extraction corrected with the R-based method. In dotted black line,
reconstructed and extrapolated lumped-element equivalent circuit.

sheet in the silicon at the interface of the dielectric. It is a well-
known phenomenon also called parasitic surface conduction
(PSC) [17]. The tan Sd 1S larger for the HRAL,O; sample than
for the other two, both consisting of a thermal growth of SiO.,.
It is consistent with the fact that bulk Al,O; dielectric has a larger
loss tangent than bulk SiO,. However, the values of dielectric loss
tangent extracted here from our samples HRAL,O; and HRSiO,
are approximately two orders of magnitude larger than the values
of dielectric loss tangent of bulk Al,O; and SiO, reported in the
literature [18]. This discrepancy is discussed in the next section.

Discussion about dielectric loss

The values of dielectric loss extracted in the previous section are
quite large compared to the dielectric loss of bulk silicon, silicon
dioxide, and aluminum oxide, which are in the order of 107 [18].
The value of effective resistivity is consistent with the measured
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Fig. 10. Real (a) and imaginary (b) parts of the characteristic impedance and effective
resistivity computed from (10) versus frequency, from CPW lines measurements of the
HRAL,O5 silicon substrate. In green, Z. extracted using the method from [12]. In
brown, measurements extraction corrected with the R-based method. In dotted
black line, reconstructed and extrapolated lumped-element equivalent circuit.

samples and could be predicted. The 4.7 kQ.cm of the TR wafer
is close to the 5kQ.cm of the nominal resistivity of the bulk
material, meaning that the PSC is effectively eliminated.
However, the measurements indicate the presence of additional
losses. This can be understood from Fig. 11. This figure displays
the total propagation losses (), in green, extracted using the
mTRL algorithm from CPW lines measurements on the TR sam-
ple. Most of the losses originate from conductive metal loss due to

Table 3. Extracted effective substrate loss parameters from all wafers

Wafer Pesr (Q.cm) tan &y,
TR 4780 0.00986
HRSIO, 426 0.013
HRALO, 388 0.018
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Fig. 11. Total propagation losses in solid green lines from CPW lines measurements
on the TR wafer. In solid red line, the total propagation losses from which the dielec-
tric loss has been subtracted. The dotted lines correspond to the reconstructed RLGC
lumped-element equivalent circuit in each case.

the skin effect. When we subtract the dielectric loss from the total
losses, we obtain the red curve, which is significantly lower than
the green curve. This red curve includes all losses from metallic
loss to conductive loss in the substrate, within the assumptions
made by the model. By mapping the measurements to the
model from (22), we associated the additional losses (the differ-
ence between the green and red lines) to dielectric losses. These
additional losses increase with frequency, in a monotonic fashion
and linearly proportional to the frequency. Dielectric loss fits this
trend; however, we must remain wary when confronted by the
quite large values of tan 9, higher than expected for the materi-
als in the substrate. Indeed, another possibility is that these add-
itional losses (at least partially) could have another origin that is
not accounted for in the current model, i.e. (i) surface roughness
and (ii) surface wave radiation.

One-port reflect structure

An additional structure is measured in the low-frequency range. It
is a one-port reflective structure with the layout displayed in
Fig. 12. The cross-section is similar to a CPW line and we can
subsequently map the measured admittance Y into a conductive
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and a capacitive component similarly to the G and C distributed
elements of a transmission line. By doing so, and applying (10),
one can compare the substrate-related losses from this reflective
structure (solid blue line) with the ones coming from the CPW
line (solid brown line), cf. Figure 13. The losses are also shown
to increase with frequency, meaning that surface roughness is
not the cause of the additional observed losses, as there is no
propagation in this structure.

Furthermore, ADS Momentum simulations are performed
with this one-port structure in a similar fashion to section
“Cutoff frequency”. Different substrate definitions are compared
(dotted lines) in Fig. 13. The one that includes both conductive
and dielectric losses in the substrate fits more accurately to the
measurements. Moreover, additional simulations where the
boundary condition is changed from a semi-infinite silicon sub-
strate to a floating finite metallic plane (emulating the chuck in
on-wafer RF measurement conditions) are carried out. The first
boundary condition is free of the parallel-plate mode, which is
the first higher order mode stimulated in CPW lines with a metal-
lic back plane, whereas the second boundary condition includes
such modes. The difference in both cases is so small that it is
not shown here.

Finally, the ISS was also measured with the same calibration
from 0.01 to 67 GHz. The same R-based method is applied to
the CPW lines measurements. Figure 14 shows the effective loss
tangent computed with (24) for the studied TR (brown) silicon
substrate and the ISS (blue) using the same methodology pre-
sented in this paper. It is observed that the dielectric loss cannot
be extracted from the measurement of the ISS, because it is within
the noise floor of the setup, contrarily to the TR wafer.

The application of the whole extraction method to CPW lines
of the ISS calkit confirms the existence of those non-negligible
additional losses highlighted above. The frequency-dependent
substrate loss observed for the one-port reflect structure discards
the possibility for surface roughness to be at the origin of the
observed additional losses highlighted above. The increasing dif-
ference between the red and green curves of Fig. 11 starting
below 50 GHz suggests that surface wave radiation is not causing
these additional losses either. We can therefore confidently iden-
tify them as being dielectric losses, although they are significantly
larger than what is expected from the bulk materials constituting
the samples. The origin might come from the manufacturing pro-
cess of the wafers that was performed in our academic facilities.
However, identifying and correcting the source of the high dielec-
tric losses is an investigation that is still ongoing.

i
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Fig. 12. Top view (left in grey) of the one-port reflective structure and its cross-section (right).
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Table 4. Sensitivity analysis of R and G to a variation in C and Z,, based on (31)

107 —— Reflect Meas
H Reflect Simu py,;, = oo kQ.cm, tan d,, = 0.01 and (33)
. flect Si sub = 2.2 kfd.cm, tan d, =
foi= e i e T
e ect Simu peuy = 3.8 .cm, tan d,,, B f (GH2) (%) (%) (%)
—— CPW meas
Equation (31)
Observed relative variation 6G/G 61 116 121
Calculated max boundary B relative 62 123 142
variation
Ts 3.02 1.42 0.291
&
[ 0.1 0.5 43
83(2)
) ‘W‘ 20.5 85.7 467
I(I‘U ) Il 6 ] 10 Observed contributions to Bg
- . 0
Frequency [GHz| Ts - |%] 03 0.7 12
I 62 122 136
Fig. 13. Effective resistivity computed with (10) from the one-port reflective structure =
(solid blue line) and CPW measurements (solid brown line) of the TR wafer, along 5;\((225) 0.1 0.5 4.4
with ADS Momentum simulations of the reflect (dotted lines) for different substrate Equation (33)
definitions: only dielectric loss (red), only conductive loss (blue), both (green). quation
Observed relative variation 6R/R 9 30 301
Calculated max boundary By relative 9 32 334
0.02 variation
Tr 0.43 0.37 0.7
0.015 % 0.1 05 43
J(Zc)
|52 205 85.7 467
0.01 Observed contributions to Bg
B Te- |%| 0.04 0.2 3
= 0.005 T
= TR 5% 8.8 31.7 327
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Fig. 14. Effective loss tangent versus frequency, computed with (24) using the
R-based method from measurements of CPW lines on two different substrates: the
ISS (blue) and the TR silicon substrate (brown).

Conclusion

A wide frequency band analysis of the p.r is presented. It is
demonstrated that an accurate extraction of the imaginary part
of the characteristic impedance is critical to the estimation of
Pefp especially for low-loss substrates for mm-wave applications.
To that end, a new method correcting J(Z,) is introduced. It com-
putes the metallic losses of a CPW line and uses it to correct the
extracted substrate G term. It gives a correct extraction of the sub-
strate parameters over a wide frequency range. However, it is not
well suited as a general method, because it relies on too strong
assumptions, i.e. on the exact knowledge of the series metallic
losses R of the line. For highly resistive substrates, the dielectric
loss may become non-negligible above a few GHz yielding the ori-
ginal definition of p.4 (10) obsolete. A new formulation is pro-
posed in (26) and (27). It separates conductive and dielectric
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losses in two distinct FoMs. Both are important to characterize
the total losses of a substrate over a wide frequency range. For
chip design on this TR substrate at mm-wave frequencies, it is
therefore more accurate to model the substrate losses by only
dielectric losses than only conductive losses. On the other
hand, RF designs in the sub-6 GHz range may prefer a conduct-
ive substrate model, especially for lower performance substrates.
The validity of the J(Z;) correction is confirmed up to 220
GHz. The model including dielectric and conductive losses
from (22) is also validated up to 220 GHz on various substrates.
The origin of the loss contribution that is not metallic, nor con-
ductive, is discussed. With measurements of an additional one-
port reflective structure and CPW lines on an ISS calkit, this
loss contribution is confidently identified as dielectric losses,
justifying the large value (~107%) of loss tangent that is
extracted. The results obtained show that the method proposed
in this paper can be applied to different flavors of substrates in
order to extract accurately two FoMs, p.¢ and tan da,;> repre-
senting their total RF losses at microwave and mm-wave
frequencies.
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Appendix

Appendix A: Sensitivity analysis

From the expressions (16) and (17), we would like to evaluate the sensitivity of
R and G to a misestimation of the characteristic impedance. Considering a
small perturbation, the variation in G is computed as

o3(Z,)
R(Z.)

wC

R(Z.)

a+ wC3(Z,)

26 = RZ)

o3(Z:) — SR(Z,). (A1)
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Since we are only interested in the impact of the Z. extraction technique and
that an accurate estimation of y is used, the term da was neglected. With some
manipulations, (A.1) can be expressed as

8G _ wCI(Z) (8C  83(Z)\ SR(Z) (A2)
G a+wCIZ)\C = 3(Z) R(Z) ' ‘
By taking the absolute value, (A.2) is bounded by
G _ oC| |83(Z,) SR(Z.)
‘E‘ <Bg=Tg- HE + 32 :| +‘ RZ) | (A.3)
with
| wCS(Z)
o= e wcs@l| A
A similar reasoning for R yields
6R _ 8C| | |83(Zc) S6R(Z,)
‘E‘SBR_TR.HC + 3Z) :|+‘R(ZC) > (A.5)
with
_ | «C3(Z)
Te = a— wC(Z,)| (A6)

The By and Bg terms define the maximum boundary values of relative varia-
tions for R and G, respectively. To carry out the sensitivity analysis and verify
the correctness of these expressions, each term |6x/x|, where x is G, R, C, 3(Z,),
or R(Z.), must be evaluated. The denominator, x, is extracted from the TR
measurements based on the Z_ extraction method from [12]. To avoid the strict
evaluation of the uncertainty dx based on measurement repeatability and qual-
ity of the measured structures, which is not straightforward, the numerator, éx,
is computed here as the difference between the value of the parameter
extracted using [12] and of that using [11]. Although this way does not provide
a strict uncertainty analysis, it gives a good estimation of the error made using
different Z_ extraction techniques.

Table 4 reports the value of each term present in (A.3) and (A.5). The com-
puted values of the boundaries B and By, are quite close to the observed var-
iations in |6G/G| and |SR/R|, which validates these expressions. From this table,
the dominating uncertainty comes from J(Z.), because of its value very close
to zero.

The observation that J(Z.) tends to zero at high frequency for low-loss
substrates can be understood if simplified analytical expressions are used for
R, L, G, and C. At sufficiently high frequency, assuming a constant material
permittivity, C is constant, L tends to the constant value of external inductor
of an ideal conductor [8], G is given by (22), and R is approximately propor-
tional to /f due to skin effect:

R~ ky + kiv/o. (A7)

In the low-loss assumption, R(Z,) is approximately constant from (13) and

1 L Fbot \/E k1 € ejr/,ngbnt \/f
JZ)~—|/mz——+/7ko | — +——/= A8
e ( Cpy VL °> JoIC ¢ V¢ A8
Taking the limit for ® — co:
Eoér/eﬂ \/Z
lim J(Z,) = —,/= A9
Jim 3(Z) =—= ¢ (A9)
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Using the lumped-element equivalent circuit (cf. Fig. 1(b)) extracted from the
CPW dimensions and measurements as explained in section “Validation up to
220 GHz”, the right-hand side of (A.9) is evaluated at 0.33 Q.

Lucas Nyssens was born in Ottignies, Belgium, in
1993. He received the B.S and M.S. degrees in
electrical engineering from Université catholi-
que de Louvain, Louvain-la-Neuve, Belgium,
in 2015 and 2018, respectively. He also received
the M.S. degree in electronic engineering from
Politecnico di Torino, Turin, Italy, in 2018. He
is currently pursuing a Ph.D. degree in electrical
engineering at Université catholique de Louvain.

His research focuses on the characterization of passive structures and

MOSFETs on SOI technology at millimeter-wave frequencies.

Martin Rack was born in Oxford, England in
1991. He received the B.S. and M.S. degrees in
electrical engineering from Université catholi-
que de Louvain, Louvain-la-Neuve, Belgium,
in 2012 and 2014, respectively. He is currently
pursuing a Ph.D. degree in electrical engineering
at Université catholique de Louvain. His
research interests include small- and large-signal
modeling of semiconductor substrates, and their

https://doi.org/10.1017/5175907872000077X Published online by Cambridge University Press

Lucas Nyssens et al.

characterization and optimization toward successful monolithic integration of
RF devices using silicon-based technology.

Jean-Pierre Raskin (M'97 - SM'06 - F'14)
received the M.S. and Ph.D. degrees in applied
sciences from Université catholique de Louvain
(UCLouvain), Louvain-la-Neuve, Belgium, in
1994 and 1997, respectively. He has been a
Full Professor at the Electrical Engineering
Department of UCLouvain since 2000. His
research interests are the modeling, wideband
characterization and fabrication of advanced
SOI MOSFETs as well as micro and nanofabrication of MEMS/NEMS sensors
and actuators, including the extraction of intrinsic material properties at nano-
meter scale. He has been IEEE Fellow since 2014. He was the recipient of the
Médaille BLONDEL 2015, the SOI Consortium Award 2016, the European
SEMI Award 2017, and the Médaille AMPERE 2019 in recognition of his
vision and pioneering work for RF SOL



https://doi.org/10.1017/S175907872000077X

	Effective resistivity extraction of low-loss silicon substrates at millimeter-wave frequencies
	Introduction
	Description of the new extraction procedure
	Sensitivity analysis of the extracted characteristic impedance
	R-based method
	Inclusion of dielectric losses

	Detailed study of effective resistivity extraction on a trap-rich substrate
	Sensitivity of the R-based method to input parameters
	Cutoff frequency
	Validation up to 220&thinsp;GHz
	Extended frequency range
	High resistivity samples

	Discussion about dielectric loss
	One-port reflect structure

	Conclusion
	Acknowledgement
	References
	Appendix
	
Appendix A: Sensitivity analysis
	Appendix A: Sensitivity analysis



