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Abstract – This paper investigates the RF performances 

of octagonal inductors integrated in a Fully Depleted Silicon 

On Insulator (FD-SOI) technology at cryogenic temperature. 

The RF performances characterization of passive and active 

components is a first necessary step towards the design of RF 

circuits optimized for cryogenic CMOS applications. Among 

passive components, inductors are key to design low noise 

amplifier needed for instance in qubits read-out circuit. First, 

the experimental set-up and the experimental protocol is 

presented in detail. Then inductance with 0.5nH to 4 nH values 

are characterized in frequency from room temperature down 

to 4.2K and modelled by a lumped elements circuit. We used a 

simple RLC circuit to describe the self-resonance behaviour. A 

calculation is proposed for the inductance and the capacitance, 

whereas the resistance is extracted by DC measurements. This 

circuit description is improved by including coil proximity and 

skin effects. We observed that the quality factor is improved by 

a factor of two at low temperature, thanks to the metal 

resistivity decreases, in qualitative agreement with DC 

measurements. We also discussed the limits of the proposed 

model.  

Keywords – RF modelling, inductance, FDSOI, 

CryoCMOS, cryogenic RF measurements 

I. INTRODUCTION 

There is an increasing range of applications for Radio-

Frequency (RF) electronics at cryogenic temperature, such 

as control electronics for quantum computing or aerospace 

electronics [1][2]. For example, control circuits for quantum 

computers could be needed to operate as low as 100mK in 

the Super High Frequency (SHF) band. Such circuits will 

contain passive filters, attenuators and amplifiers, among 

other RF components. For these reasons, we need to assess 

performances of these circuits in a wide range of low to very 

low temperature, and develop the corresponding component 

models. Previous  works showing  RF measurements  at  low  
 
 

temperature (77K or lower) have focused on RF circuits 

such as Low Noise Amplifiers (LNA) [3], Voltage-

Controlled Oscillators (VCO) [4] and transformers [5]. On-

chip inductor is a critical passive component for RF circuits. 

Here, we study the performances of spiral inductors 

integrated in 28nm FDSOI technology from 

STMicroelectronics [10]. FDSOI circuits appear as a very 

promising choice for cryogenic applications, thanks to the 

high electrostatic integrity, low variability and threshold 

voltage control through the back gate provided by this 

technology [6–9]. In the following, we present RF 

characterization of inductors in a temperature range  from 

300K down to 4.2K. Then a model is proposed and 

discussed, using additional DC measurements.  

II. EXPERIMENTAL SET-UP AND MEASURED 

INDUCTORS 

We used a cryogenic probe station Lakeshore EMTTP4 

to perform measurements between room temperature and 4.2 

K using liquid helium. Temperature regulation over this 

entire range, is ensured by a LakeShore 340 Temperature 

Controller controlling a heater located on the sample holder. 

This set-up thus provides stable temperature over the 

measurement duration at each operation temperature.  

Since the lowering and the control of the temperature is a 

crucial step in the cryogenic measurements, the temperature 

is monitored at four different places: under the sample 

holder, in the main chamber, on one DC probe arm and on 

the vacuum chamber extremity. These different temperature 

measurement points are indicated in Figure 1. When we 

reached 4.2K under the sample holder, the main chamber is 
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at 5.5K and the external chamber is at 7.0K. To ensure a 

good thermal conduction between the silicon chip and the 

sample holder, we glue it using silver paint. To avoid the 

heat dissipation by radiation, there are two radiation shields. 

All these precautions make it possible to limit the 

temperature difference between the sample holder and the 

sample [11].  

  

 
Figure 1. Prober main chamber interior for cryogenic temperature 

measurements. The prober used is a Lakeshore EMTTP4. 

Figure 1 presents the samples and the calibration 

substrate on the sample  holder.  300mm wafers are cleaved 

into smaller samples before measurement. A 1-port SOL 

(Short, Open, Load) calibration is realized at each 

temperature on a CS-5 Impedance Standard Substrate (ISS) 

also glued on the sample holder for an accurate and 

repeatable S-parameters measurement [12]. We have 

additionally used on-wafer open and short structures close to 

inductors, to de-embed the access parasitic (pads and 

interconnect) from the raw measurements. We performed 1-

port S-parameters measurement from 500 MHz to 20 GHz 

using a PNA-X Keysight N5245A. The measured S11 

parameter is then transformed into Z11 impedance.  

The probe are lift up during the cooling (for both DC and 

RF measurement). Therefore, the contact resistance between 

the probes and RF pads can be different between each 

probing. The contact resistance can also slightly change 

because the pads are gradually degrade after a certain 

number of probing. 

Inductors are fabricated using the last two levels of metal 

(top copper metal and alucap) available in the Back-end-of-

Line (BEOL) of the 28nm-FDSOI technology, comprising a 

total of 11 levels of metal. The top copper metal is 880 nm 

thick and the alucap is 2155 nm thick. We have measured 18 

octagonal spiral inductors with different numbers of turns n, 

metal track widths w and inner diameters din (Table 1). The 

geometry of all the inductors is illustrated in Figure 2. Note 

that in this 1-port test structure configuration, the inductor 

output is short-circuited to the ground.  

 

Number of turn 

n 
2 3 

Inner diameter 

din 

From 79.2 μm 

to 396 μm 

From 158 μm  

to 396 μm 

Metal track width 

w 

From 13.95 μm 

to 23 μm 
13.95 μm 

Total number of      

n-turn inductors 

measured 

14 4 

Table 1. Parameters of the measured inductors. Each inductor have different 

dimensions in the range indicated. 

 

 
Figure 2. Octagonal FDSOI inductors measured with two or three turns and 

on-wafer open and short structures.  

III. RESULTS AND DISCUSSION 

 

a. Measurements results 

All inductors of this study have a similar RF response, 

as well as similar temperature dependence. Figure 3 shows 

the inductance value, defined as � � �������

	
 where ω=2πf, 

as a function of the frequency f, for different temperatures 

ranging from 300 K down to 4.2K, and the corresponding 

quality factor, 
 � |�������|

������

, at 300K, 77K and 4.2K. 
  

 
 Figure 3. (Top) Inductance L measured vs frequency, and (Bottom) quality 

factor Q vs frequency, for different temperatures from 300K down to 4.2K. 

(here din=237.6 μm, w=13.95 μm and n=2). 

As expected, the response is inductive at low frequency 

and then becomes capacitive at high frequency after the Self 

Resonant Frequency (SRF), here around 10GHz [13]. The 
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extrema values of the inductance L at low and at high 

frequency remains the same regardless of the temperature 

within our measurement accuracy, for all our measured 

inductors (Figure 6). Slight variations of L at low and high 

frequencies can be seen. They are due to measurement 

uncertainty such has the probing and reprobing effect and 

pads degradation. The main difference appears around the 

self-resonant frequency (see Figure 4b). Resonance occurs at 

the same frequency whatever the temperature, but the 

inductance value around this frequency increases (in 

absolute value,) when the temperature decreases. Moreover, 

the maximum of the inductance value is reached at higher 

frequency when the temperature decreases. 

  
 Figure 4. Zoom on the inductance L vs f curve shown in  Figure 3 for 

different frequency ranges: (a) low frequenncy, (b) around self-resonance, 

and (c) at “high” frequency well above resonance. 

The frequency at which the quality factor is maximum 

defines the frequency where the inductor is the most 

efficient The maximum of Q for a two-turn inductor with 

din = 237.6 μm, w = 13.95 μm is found at �����= 3.9 GHz 

regardless of the temperature (Figure 3). We observed that 

this maximum increases from 15 at 300K to roughly 38 at 

4K as it can be seen in Figure 5.  Similar increase of the 

quality factor maximum is observed for all the inductors 

studied here but the magnitude of this increase differs. This 

difference is discussed further in section IV. 

In the following, we propose and discuss models to 

describe DC and frequency behaviour of our spiral inductors 

at low temperature. 

 

a. Low frequency model 

The measured value of the inductance at low frequency 

f=500MHz, LLF, for all our two-turn inductors is presented 

in Figure 6 for temperature from 300 K down to 4.2K. We 

observed that the low frequency inductance varies linearly 

with din, and  does not depend on temperature  in this T  

range. 

 
Figure 5. Maximum of quality factor Q (measured at constant �����) as a 

function of the temperature (here din=237.6 μm, w=13.95 μm and n=2). 

 

 
Figure 6. Inductance LLF measured for 14 two-turn inductors at low 

frequency (500MHz), as a function of the inner diameter din, and for 

different temperatures.The low frequency inductance varies linearly with 

din, and is temperature independent. 

 

The value of the inductance at low frequency can be express 

theoretically by the modified Wheeler formula [14]: 

�� ,"#�$ � %�&'
()*�+,

1 + %)/
        �1� 

Where *�+, � 0.5 �*$4" + *56� is the average diameter, 

din and dout are respectively the inner and outer diameter of 

the inductor (Figure 2), / � 789:;7<=
789:>7<=

 is the fill ratio, 

&' �  4@ ×  10;B C. D;� is the magnetic permeability of 

free space, n is the coil number of turns and %� and %) are 

layout dependent coefficients. For an octagonal inductor, 

%� � 2.25 and %) �  3.55 whatever its size, as given by 

theoretical calculation [14]. Using these coefficient values 

and the dimensions of our measured inductors, we calculated 

8 9 10 11 12

-20

-10

0

10

20

12 13 14 15 16 17 18 19 20
-4

-3

-2

-1

0

1

0 2 4 6 8

2.5

3.0

3.5

4.0

L
 (

n
H

)

 50K

 77K

 100K

 200K

 300K

Frequency (GHz)

L
 (

n
H

)

 4.2K

 20K

Lmin=

1.92 nH

L
 (

n
H

)

� �
�������

�
 

0 50 100 150 200 250 300

10

20

30

40

50

60

Q
u

a
li

ty
 f

a
c

to
r

Temperature (K)

100 200 300 400

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

9.22 pH/µm

 20K

 4.2K

300K

200K

100K

77K

50K

L
 (

n
H

)

Inner diameter (µm)



the theoretical value LDC,theo. We found a reasonably good 

agreement between the theoretical LDC,theo and the measured 

value L at low frequency, as can be seen in Figure 7, for all 

our measured two-turn inductors. 

Figure 7. Comparison between the measured inductance at 500MHz and the 

inductance calculated using the modified Wheeler formula for two turn 

inductors 

The error bars on the measured inductances at low frequency 

comes from the difference for all the measurement 

temperature. The small discrepancy comes from the 

accuracy of the measurements and the frequency used , in 

addition with the fact that the coefficient %� and %) are 

theoretical coefficient which strongly depend on the shape 

of the coil. %� and %) has the value for the inductors of 

reference [14] (which is a bit different of the measured 

inductors).  

 

 
Figure 8.  Inductance L measured at low frequency (f=500 MHz) as a 

fonction of the temperature (here *56=237.6 μm, w=13.95 μm and n=2). 

The dash lines represents the DC theorical value of the inductance 

calculated in section III.b. and the low frequency value of the modeled 

inductance presented in section III.c. 

b. Proposed RF Model  

 
Figure 9. Proposed RF model for the inductors. RLC circuit is used to 

describe the self-resonance behaviour. GH�I and �+�H modelised the skin 

effect. 

Figure 9 represents the RF model taken from Ref. [15]. 

It is composed of one main RdcLresCres loop describing the 

self-resonant behaviour, and one RresLvar loop for the auto 

induction effect, coil proximity effect and the skin effect. 

�H�I and G7J represent the inductance and the DC resistance 

introduced by the metal track. KH�I corresponds to the 

parasitic capacitance in the device such as the capacitance 

between the different metals composing the inductor and to 

the pattern ground shield. The value of the parasitic 

capacitance has been calculated with the 2D capacitance 

equations of [16]. The repartition of the different parasitic 

capacitances and the corresponding equivalent circuit used 

for the calculation of KH�I for the measured inductors are 

presented in Figure 10.  

 

 

Figure 10 (Top) Schematics of the sectional view of the inductor with the 

parasitic capacitance repartition. (Bottom) Equivalent circuit of all the 

parasitic capacitances of the inductors 

The capacitances K�57 are neglected because the inner 

diameter of the inductor is large enough. The capacitance 

KLM  are short-circuited by some vias. We finally obtain the 

following formula: 
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KH�I,"#�$ � K�N +
K� × �KM O + KLP4�
K� + KM O + KLP4

 �2� 

with K� � KM O + 2 K�N + KLP4  

The value calculated for the studied inductors 

(*56=237.6 μm, w=13.95 μm and n=2) is KH�I,"#�$ �
0.13 QR.  

 

 �H�I, KH�I and �+�H  define the resonance frequency.  

GH�I and �+�H  aim to capture the auto induction effect, the 

coil proximity effect and the skin effect by producing a 

resistance which depend on the frequency [15]. As a 

consequence of the skin effect, the current density inside the 

metal track is not uniform in all its volume when the 

frequency increases. The current density will be larger at the 

edge of the metal track.  As the section available for the 

current becomes smaller, the resistance value of the inductor 

increases. Due to this skin effect, the RF resistance is thus 

higher than the DC resistance. The skin effect is mitigated 

by reducing the section of the metal track. Due to this effect, 

the current density decreases exponentially from the surface 

towards the inside. 
 

The proximity effect is due to the inductor metal tracks 

proximity. The inductor track is often organised in several 

turns to optimize its footprint, while mitigating the 

resistance increase generated by skin effect. Thus, each turn 

will have an influence through induction on its neighbour. 

The current density will be modified and again, 

consequently the effective cross-section of the metal track 

becomes smaller at high frequency. 
 

The impact of these two effect is represented by Figure 

11. 

 

 
Figure 11.Schematics of the current densities repartition in inductor metal 

track (Left) for one track with the skin effect  (Right) for two tracks closed 

to each other with the proximity effect [15] 

 

This frequency-dependent resistance leads to a non-

symmetrical peak of GS�T��� at the resonance frequency 

(Figure 12).  
 

We fitted the experimental Re(Z11) and Im(Z11) with the 

model of Figure 9 using KH�I, �H�I, GH�I, and �+�H  as fitting 

parameters, for each temperature (see values presented in 

Table 2). The DC resistance RDC value is extracted from DC 

measurements presented in section III.c. The value of the 

capacitance Cres is first set to the value obtained from the 

previous equations.  and then modified to increase the 

accuracy of the fit. The fit is performed on ADS® software. 

We found good agreement between the model and the 

measurements as shown in Figure 12. 

 
Figure 12. Inductor real and imaginary T�� at 300K, 100K  (Top), 50K and 

at 4.2K (Bottom). Measurements (dot) and model (dash). Inductor with 

inner diameter of  237.6 μm, a metal track width of 13.95 μm and two turns 

 

Temperature 300 K 200 K 100 K 50 K 20 K 4.2K 

UV�W 0.145 pF 0.145 pF 0.145 pF 0.145 pF 0.145 pF 0.145 pF 

�V�W 1.25 nH 1.25 nH 1.25 nH 1.25 nH 1.25 nH 1.25 nH 
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�V�W 51 Ω 58 Ω 73 Ω 111 Ω 174 Ω 185 Ω 

�XYV 0.46 nH 0.46 nH 0.46 nH 0.46 nH 0.46 nH 0.45 nH 

�Z[ 1.72 Ω 1.10 Ω 0.48 Ω 0.21 Ω 0.15 Ω 0.15 Ω 

Table 2. model parameters extraction based on  measurement. 

 

 

 
Figure 13. (Top) Inductance value and (bottom) quality factor at 300K. 

Measurements (dot) and model (dash). 

Our model can reproduce well the measured inductance 

L as it is simply given by Im(Z11)/ω (Figure 13). On the 

other hand the fit of the experimental quality factor is less 

satisfactory, in particular the maximum value before the 

SRF. One possible reason may be the measurements 

uncertainty. Indeed, the measured inductor input resistance 

around Qmax is approximately 1 Ω. This value is below the 

accuracy range of the RF measurement we performed. To 

illustrate this limitation, Figure 14 shows the input 

impedance real part measured in a short circuit as a function 

of temperature.  

 

Figure 14. Real part of Z11 measured in a short circuit as a function of 

temperature. The error bars corresponds to the value at different frequency 

The measured value corresponds to the mean resistance 

averaged in the 500 MHz–20 GHz range. The error bars 

correspond to the dispersion over this frequency range. Here 

it can be seen that with the error bars, all values overlap and 

the precision of measurement is approximately ±2 Ω. 

 

IV. METAL RESISTIVITY TEMPERATURE 

DEPENDENCE 

The capacitance KH�I and the inductance �H�I and �+�H  

do not vary with the temperature (see Table 2), since they 

mainly depend on the inductor geometrical dimensions. On 

the other hand, G7J decreases with temperature as expected 

and presented in [17]. This resistance reduction, due to 

scattering increase [17], is the main contributor of the 

difference between the 300 K and 4.2 K results (Figure 3 

and 12). Moreover, the skin depth and the skin effect are 

directly dependent on the metal resistivity. According to [5], 

when the frequency effect can not be neglected, the 

inductors resistance is proportional to the square root of the 

material resistivity \]. So the modification of the 

temperature impact the current density repartition and the 

frequency dependent resistance.  Therefore, GH�I vary with 

temperature too.  
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Figure 15.  (Top) Effective resistance introduced by the skin effect 

modelled by G7J, �+�H and GH�I as a function of frequency. (Bottom) 

Contribution of �H�I_ and ^D�T�`� to the imaginary part of T�� at 300 K 

Figure 15 (top) shows the variation of the effective 

resistance G�` � GS�T�`� originating from G7J, �+�H  and 

GH�I. The formula is given in (3). When frequency 

increases, the resistance gets larger leading to a smaller skin 

depth. Besides, when temperature is lowered, GS�T�`� 

decreases since the resistivity of the metal drops. This 

decrease will therefore lead to an increase in GH�I as the 

temperature decreases. 

G�` � GSaT�`b � G7J +  
GH�I�+�H

) _)

GH�I
) + �+�H

) _)     �3� 

Figure 15 (bottom) presents the contributions of �H�I_ 

and ^D�T�`� to the imaginary part of T�� at ambient 

temperature. The formula of the imaginary part of T�`  is 

given in (3). This figure shows that the imaginary part 

introduced by the inductance �+�H  and the resistance GH�I is 

negligible in comparison with the imaginary part of the 

inductance �H�I (which is �H�I_). This observation is 

available at all measurements temperature. 

^DaT�`b �  
GH�I

) �+�H_ 
GH�I

) + �+�H
) _)     �4� 

To understand more precisely the variation of the 

resistivity of the top copper metal and alucap used in the 

inductor, we have performed DC measurements from 10K 

to 300K, as shown in Figure 16. A low DC power have been 

used to avoid the line self-heating, and we have performed a 

four-point probe measurement to de-embed contact 

resistance. The temperature of the device is checked with 

previous resistance measurements as a reference. The 

resistivity increases linearly with the temperature between 

50K and 300K as represented by the two fits (Figure 16 

(top)), which can be used for modelling. Below 50K, the 

decrease in resistivity saturates because scattering has been 

fully suppressed [18]. The observation are the same with the 

DC resistance of the inductor. The DC resistance extracted 

with this method is integrated in the model of section III.b., 

its value is presented in Table 2. 

 
Figure 16. (top) DC resistivity of top copper metal and alucap as a function 

of temperature and (bottom) DC resistance of the studied inductor (stack of 

both metals). 

V. CONCLUSION 
 

In this work, we presented the RF characterization at 

cryogenic temperature of a set of inductors up to 20 GHz. A 

corresponding RLC model has been proposed, and validated 

from ambient to low temperature. Within this model, we 

found that the main temperature behaviour can be ascribed 

by the temperature dependence of the metal resistivity. In 

particular, it explains the improvement of the maximum 

quality factor with the temperature decrease. These results 

demonstrate the potential of the cryoelectronics, using 

conventional CMOS processes and materials. 
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