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Abstract—In this work, RF performance of standard and
various high-resistivity (HR) substrates, namely including PN
passivated ones, are evaluated at both room and cryogenic
temperatures via the small-signal measurements of different
passive elements, i.e. CPW and TFMS lines. The effective
resistivity and the propagation losses of transmission lines are
extracted. Degradation of substrates losses and an improvement
of metallic losses at low temperature are shown. Finally, the PN
interface passivation solution is evaluated for the first time to the
authors’ best knowledge, at cryogenic temperature and an
improvement of effective resistivity by at least a factor 7x is
observed over the HR substrate without any passivation solution.

Keywords—CPW lines, cryogenic temperatures, FD-SOI, high-
resistivity, parasitic surface conduction, PN interface passivation.

I. INTRODUCTION

Nowadays, silicon CMOS technology and its advanced
nodes are offering competitive performance for radio-
frequency (RF) and millimeter-wave (mm-wave) applications.
Recent CMOS technologies such as fully depleted silicon-on-
insulator (FD-SOI) typically offer active devices featuring
cutoff frequency (fi) and maximum oscillation frequency (fmax)
in the 300-400 GHz range [1]. Additionally, the rich back-
end-of-line (BEOL) options [2] as well as the electromagnetic
properties of the substrate highly contribute to the quality
factor of mm-wave passive elements (i.e. inductors and
capacitors) and interconnects. The silicon substrate can thus
be responsible for significant losses, coupling and non-
linearities if its resistivity is low [3]. Moving from standard
resistivity substrates (with nominal resistivity ppom = ~10
Qcm) to high-resistivity (HR) substrates (pnom > 1 kQcm)
helps mitigate these effects, though the improvements are
hindered by the parasitic surface conduction (PSC) effect [4].
This effect originates from the formation of a thin highly
conductive layer of free electrons attracted by the positive
fixed oxide charges at the Si/SiO; interface [4], [5], resulting
in a degradation of effective resistivity pesr sensed by the
coplanar circuitry on top of the silicon substrate [6].

In order to counter the PSC layer, several interface
passivation solutions have been developed. In partially-
depleted silicon-on-insulator (PD-SOI) technology, the trap-
rich (TR) is a well-known solution which renders the interface
resistive by introducing a thin layer of polysilicon underneath
the buried oxide [5]. In FD-SOI technology, a compatible
passivation solution is the PN passivation technique, which
relies on the implant of alternating regions of P and N-type
dopants. The previously conductive interface now becomes a
series combination of low resistivity (N- and P-doped) and
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high resistivity (depletion junction) regions, resulting in an
increase of the effective resistivity [7], [8]. In particular,
strong improvements in substrate-induced losses and non-
linearities of CPW lines as well as highly improved quality
factor of RF inductors were demonstrated [9], [10].

Nowadays, cryogenic operation of electronic components
and systems attracts a lot of attention mainly motivated by
space [11] and quantum applications [12]. Characterization of
both active and passive elements in these extreme conditions
is thus crucial for circuit design [13] at cryogenic
temperatures. In previous works, the impact of low
temperature was studied on CPW lines on HR substrate [14],
on inductors fabricated on standard, HR and TR substrates
[15] and on metal-oxide-metal (MoM) capacitors,
transformers, and resonators [16].

In this paper, the impact of cryogenic temperature on the
propagation losses of transmission lines is investigated on
substrates  with  various resistivities. On-wafer RF
measurements of two types of CPW and one TFMS test
structures were performed at both room and liquid nitrogen
temperatures. The effectiveness of PN interface passivation
solution at liquid nitrogen temperature is evaluated for the first
time to the authors’ best knowledge.

II. FABRICATED STRUCTURES AND MEASUREMENT SETUP

Several transmission lines were designed and fabricated on
the 22FDX®  technology’s  back-end-of-line  from
GlobalFoundries on wafers with various substrate resistivities.

A. Line Geometries

Two types of CPW lines and one TFMS line are designed
to have close 50 Q of characteristic impedance Z. as
represented in Fig. 1. Each line is 760 um long and
accompanied by dedicated Open and Thru structures. The first
CPW structure (LL CPW) is formed in stacked lower-level
(LL) metal layers and has a signal line width W of 20 pm, and
a signal to ground spacing S of 20 pm. The second CPW
structure (TM CPW) is implemented in upper and thicker
metal (TM) layers using W = 35 um and S = 25 pm.
Additionally, a TFMS line is designed with a 10 pm wide
signal line implemented in the same thick metal layer as TM
CPW and a ground plane in the medium thick metal layers
stacked.
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Fig. 1. Schematic cross-sections with main dimensions of the fabricated and
characterized lines: LL and TM CPW lines and TFMS line.

B. Substrate Variants

Each structure is replicated on 4 wafers of different
substrate resistivities as represented in Fig.2: (a) the process of
reference (POR) on standard-resistivity (~10 Qcm) wafer
labelled as Std-POR, (b) another standard-resistivity (~10
Qcm) wafer optimized for less conductive interface labelled as
Std-Enh (PSC effect is still present), (¢) a high-resistivity (985
Qcm) wafer also optimized for less conductive interface
labelled as HR-Enh and (d) that same HR-Enh substrate with
PN-lines interface passivation. These PN junctions serve to
increase the impedance between the signal and ground lines of
the CPW by impeding the E-field path between these with
multiple highly-resistive depletion regions. Through on-chip
high-valued resistor elements, they can also be reverse biased
in order to widen the depletion regions and further increase the
substrate’s interface impedance.

Reference wafer HR-Enh with PN-

Std-Enhanced (Enh) HR-Enhanced (Enh)

(Std-POR) passivation
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Fig. 2. Schematic cross-sections of the studied substrate variants: (a) Std-
POR, (b) Std-Enh, (c) HR-Enh and (d) HR-Enh with PN-passivation.

C. Measurement Setup

S-parameters of the different transmission lines were
measured using a pair of ground-signal-ground (GSG)
Picoprobe® probes from 100 kHz to 40 GHz with a Keysight
PNA N5291A vector network analyser (VNA). Both room
temperature (295 K) and liquid nitrogen temperature (77 K)
measurements were performed in a LakeShore CPX cryogenic
probe station.

III. RF PERFORMANCE RESULTS

The transmission line measurements are first corrected by
a Line-Reflect-Reflect-Match (LRRM) calibration at each
temperature. From the S-parameters data, the effective
resistivity perr of the underlying material and line loss o are
extracted [17] after a Line-Line deembedding.
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A. LL CPW Lines

The RF performance results obtained from the LL CPW
lines on different substrates at 77 K and 295 K are shown in
Fig. 3. As expected, at 295 K the effective resistivity of the
standard resistivity substrates reach pes(20 GHz) = 8 and 13
Qcm for Std-POR and Std-Enh, respectively. By moving to
the high-resistivity substrate (HR-Enh), ps(20 GHz) goes up
to 53 Qcm which is way below its nominal resistivity value
(985 Qcm) because it suffers from PSC effect. As represented
in Fig. 3.b, this translates into a 2.5 dB/mm (1.5 dB/mm)
reduction in lineic loss at 20 GHz by moving from Std-POR
(Std-Enh) to HR-Enh.

At 77 K, all substrates see a decrease of effective
resistivity compared to their room temperature counterpart.
This is due to the increase of carrier mobility at low
temperature [18]. Std-POR and HR-Enh substrates
demonstrate a decrease of pe(20 GHz) from 8 and 53 Qcm at
295 K to 1.5 and 37 Qcm, respectively. Interestingly, the
lineic loss a(20 GHz) at 77 K increases for both standard
resistivity substrates (+ ~6.5 dB/mm) but decreases for HR-
Enh substrate (-0.3 dB/mm). The reason is that although all
substrates suffer from pesr decrease (substrate losses), the
metallic losses are lower at 77 K. Therefore, in HR-Enh
substrate, the improvement in metallic losses from
temperature reduction outperforms the higher substrates
losses, which is not the case for standard resistivity substrates,
since losses are dominated by substrate losses rather than
metallic ones.
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Fig. 3. Effective resistivity (a) and propagation losses (b) extracted from LL
CPW lines on different substrates (Std-POR, Std-Enh and HR-Enh) at 77 K
and 295 K.

Previous research [7] already demonstrated the efficiency
of the PN interface passivation solution at room temperature.
In Fig. 4, it can be seen that this solution stays beneficial at 77
K. Indeed, the effective resistivity (taken at 20 GHz) increases
to 150 Qcm at 295 K and 250 Qcm at 77 K, when the PN
passivation is present without any applied junction voltage.
When applying a 3 V reverse PN bias, it enlarges the depletion
regions of the PN junctions [19] and thus, pes(20 GHz)
increases further to 350 Qcm at 295 K and 510 Qcm at 77 K.
The propagation losses at Vxp = 3 V improve accordingly,
with 0.39 dB/mm (at 295 K) and 0.63 dB/mm (at 77 K)
improvement compared to the HR-Enh substrate without
passivation.
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Fig. 4. Effective resistivity (a) and propagation losses (b) extracted from LL
CPW line on HR-Enh with and without PN-passivation at 77 K and 295 K.

In Fig. 5, one can notice that PN passivation is more effective
and thus pefr is higher at low temperature (700 % improvement
by moving from HR-Enh to HR-Enh PN 3V at 77 K compared
to 230 % at 295 K), contrarily to all the other substrate cases.
This is because of the depletion regions widening with
temperature reduction (and thus acts just like the reverse PN
bias).
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Fig. 5. Effective resistivity p.(20 GHz) and propagation losses o(20 GHz)
extracted from LL CPW line on different substrates at 77 K and 295 K.

B. TM CPW and TFMS Lines

Similar benchmarking was performed on the TM CPW
lines on different substrates at 77 K and 295 K as shown in
Fig. 6. Along with the TM CPW propagation losses, the
TFMS propagation losses are added for comparison.

Due to the larger distance between the CPW line and the
substrate, the effective resistivity of TM CPW lines is larger
compared to the values obtained from LL CPW lines. At room
temperature, perr at 20 GHz increases from 44 Qcm and 55
Qcm for Std-POR/Enh substrates to 230 Qcm for HR-Enh
substrate. At 77 K, the extracted effective resistivity of all
substrates above ~20 GHz is lower than at room temperature,
similarly to LL CPW lines. It is also interesting to note that
while per(20 GHz) for HR-Enh decreases from 230 Qcm at
295 K to 170 Qcm at 77 K, the lineic loss at that same
frequency is the same (Fig. 6.b), the change in the metallic and
substrates losses perfectly compensating each other.

As represented in Fig. 6.b, the TFMS line demonstrates a
0.11 dB/mm improvement in a at 20 GHz by changing
temperature from 295 K to 77 K. This can be mainly attributed
to the improvement of metallic losses because of the shielding
ground plane preventing any substrate losses.
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Fig. 6. Effective resistivity (a) and propagation losses (b) extracted from TM
CPW lines on different substrates (Std-POR, Std-Enh and HR-Enh) at 77 K
and 295 K. Propagation losses of a TFMS line added for comparison.

Similarly to LL CPW lines, TM CPW lines implemented
on HR-Enh substrate greatly benefit from the PN passivation
solution as shown in the effective resistivity (Fig. 7.a) and
propagation losses (Fig. 7.b).
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Fig. 7. Effective resistivity (a) and propagation losses (b) extracted from TM
CPW line on HR-Enh with and without PN-passivation at 77 K and 295 K.

All RF metrics (extracted at 20 GHz) of the studied
transmission lines are recapped in Table 1.

Table 1. RF FoMs of CPW and TEMS lines on different substrate options at
77 K and 295 K.

FoMs @ 20 GHz 295K 77K
Line and substrate o Peff o Peff
options. (dB/mm) | (Qcm) |(dB/mm)| (Qcm)
Std-POR 4 8 10.4 1.5
E Std-Enh 3 13 9.5 1.8
O [HR-Enh 1.5 53 12 37
= [HR-EnhPNOV| 124 150 0.64 250
HR-EnhPN3 V| 1.11 350 0.57 510
Std-POR 0.76 44 0.51 50
Z [Std-Enh 0.61 55 | 058 | 45
O [HR-Enh 0.19 230 0.19 170
2 [HR-EnhPNOV| 015 | 490 | 0.06 | 550
HR-Enh PN3 V| 0.13 700 0.02 1200
TFMS|All substrates 0.23 / 0.12 /
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IV. CONCLUSION

In this paper, the RF performance of standard and high-
resistivity substrates are assessed at both room and cryogenic
temperatures via the measurements of several passive
structures, i.e. CPW and TFMS lines.

At cryogenic temperature, the total propagation losses can
be either higher or lower than at room temperature depending
on the line geometry (particularly distance from the substrate)
as well as the dominant contribution being either the metallic
or substrate losses. Indeed, metallic losses decreases with
temperature as clearly seen for TFMS line where an
improvement of 0.11 dB/mm in a is measured at 20 GHz.

For substrates without the PN interface passivation (Std-
POR, Std-Enh and HR-Enh), it is observed that a degradation
in effective resistivity occurs when moving to liquid nitrogen
temperature. However, contrarily to all the other substrate
cases, HR-Enh PN substrate is more efficient at low
temperature as the effective resistivity (at 20 GHz) increases
by at least a factor 7x (PN 3 V) compared to HR-Enh substrate
without passivation. Due to PN depletion junction widths
increasing at lower temperatures, the PN-passivated substrates
present improved RF performance at low temperature,
especially under strong reverse bias conditions. Overall, the
PN interface passivation solution offers excellent substrate
figures of merit which stay true down to cryogenic
temperature.
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