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Abstract — In this paper we demonstrate the feasibility of 

FDSOI device TCAD simulations down to deep cryogenic 

temperatures. To this purpose, Maxwell-Boltzmann carrier 

statistics is replaced by an analytical approximation for the 

Fermi-Dirac integral with 3D density of states. The device 

electrostatic is investigated by solving the Poisson equation 

in 2D, whereas the transport is simulated using the Drift-

Diffusion model. We explore the impact of temperature on 

device performances in linear and saturation regions as well 

as the impact of short channel effects, accounted for various 

gate and spacer lengths, at room and deep cryogenic 

temperatures. Finally, the obtained results are compared to 

some experimental data, highlighting the role of TCAD 

simulations in providing insights in device physics and 

performances.  
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I. INTRODUCTION 

FD-SOI appears as one of the most promising 
technologies to be employed in quantum computing, not 
only for the control readout electronics that must operate at 
temperatures ranging from 4.2K down to well below 1K 
[1], but also for the fabrication of the quantum bit itself 
[2]. Despite the recent interest in cryogenic electronics 
boosting both technology and low temperature device 
physics understanding, reliable TCAD modeling at 
temperatures below 77K is still missing. Recently, efforts 
were made in simulating an nMOSFET down to 5K [3] 
but, to the best of our knowledge, no studies have ever 
been devoted to FD-SOI TCAD modeling at deep 
cryogenic temperatures.   

In this paper, we simulate with a partial differential 
equation solver (FlexPDE) both the electrostatics and the 
transport in an n-type FD-SOI device down to deep 
cryogenic temperature using an analytical approximation 
of the Fermi-Dirac integral with 3D density of states and 
even down to zero Kelvin using the metallic statistics. 
Furthermore, the simulation results are compared with 
some experimental data, enabling better physical 
interpretation.  

II. TCAD MODELING DESCRIPTION

FlexPDE (at www.pdesolutions.com) was used in this 
work. It allowed to numerically solve the 2D Poisson 
equation for the structure depicted in Fig. 1. We set the 
channel and the spacer length equal to �� � 40	��	and

�	
 � 20	�� , respectively, whereas the silicon film
thickness was chosen to be �
� � 15	��. Finally, the BOX
thickness was fixed to ���� � 145	��.  The simulated
structure was inspired by the LETI qubit technology [2]. In 
the simulations, in order to improve the mesh, we reduced ���� , and we increased by the same factor the oxide
permittivity, in order to keep the buried oxide capacitance 
constant. 

Figure 1. Device structure used in simulations 

In order to take into account the influence of source and 

drain, that were not explicitly considered here, the built-in 

potential calculated with degenerate statistics ��� � �� ��3 ∙ √� ∙ ��/�4�!!�""#$  has been imposed as boundary

condition, where �� is the intrinsic Fermi potential, �� is

the source/drain doping level and �!!� �
2 ∙ 10%& �'� ∙ 300"$#⁄ 	  )*+$#!,$- a constant. At cryogenic

temperatures, the Fermi-Dirac statistics must be 

considered and the carrier density reads [4] 

� � . ��/"0�/"1/ � �2�3" 2√�4%5�6" 	�1"	7
89

where /2  is the bottom of the conduction band, ��/"	is
the 3D density of states, �2�3" � 2 ∙ 10%& ∙ �3 300⁄ ":/5 is

the effective density of states and 4%/5	is the Fermi-Dirac

integral, given by [4] 

4%/5�6" � 	. /%51 � exp�/ > 6"1/7
89 	 	�2"
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	where is 6 � /?/'�3 is the reduced Fermi energy. In the

simulations, an analytical approximation of Eq.(2) was 

used: 

4@AA�6" � √�2 ln D1 � exp D2 63EE
:5 ∙ D1.2 � 0.2 tanh D63EE	�3"	

Note that this simple approximation for 4I# provides less 

than 10% of error with u varying between -15 and +15 as

shown in Fig. 2. 

Figure 2. Percentage error between F1/2 and Fapp versus u. 

The results at deep cryogenic temperatures were also 

compared to those obtained using the fully degenerate 

metallic statistics, i.e. the zero temperature approximation 

(ZTA): 

�K*L�/? , 3" � �2�3" ∙ 2√� N23 ∙ O /?'�3P
5:Q							�4"

The quantum confinement effect close to RS > RST5
interfaces was accounted for using the Hansch correction 

[5].  

III. NUMERCICAL SIMULATION RESULTS

In Fig. 3 are reported the carrier densities across the 
channel as function of temperature. The gate voltage was 
set equal to �� � 2�, where the channel is fully inverted,
and the bias was set to 	�� � 0.  As the temperature is
lowered, the carriers are more confined at the RS > RST5
interface, since the statistics becomes more degenerate. It 
is worth to point out that at 3 � 0	U the carrier density
follows the same trend as that obtained at 3 � 20	U	until
the middle of the channel, where it suddenly drops down to 
zero. The carrier density and the electrostatic potential 
using the same bias conditions were simulated also along 
the channel (see Fig. 4). From both Fig. 3 and Fig. 4, it is 
possible to conclude that the ZTA well reproduces the 
device electrostatics at deep cryogenic temperatures, i.e. 3 V 20	U.

In Fig. 5 the drain current characteristic W����"  is
reported both at 3 � 300	U  and 3 � 20	U,  with a drain
voltage equal to �� � 5	��. It was simulated solving the
Poisson equation coupled with the current continuity 
equation in stationary conditions. In Fig. 5 (a), a constant 
mobility value equal to 	X� � 100	Y�5/�Z  was used,

whereas in Fig. 5 (b), the mobility attenuation law with 
local electric field described in [6] was employed. 

Figure 3. Simulated carrier density across the channel in linear (a) and 

logarithmic (b) scale. 

As can be seen, the simulations well reproduce the typical 

experimental behaviors [7], i.e. a decrease of the threshold 

voltage �[\  and of the subthreshold swing 	RR  as the

temperature is reduced. It is also worth noting that, despite 

the presence of the spacers, the channel is still conducting 

at low temperatures. 

A. Short channel effects

Short channel effects can be studied at both room and 
cryogenic temperature. In Fig. 6 is shown the impact of the 
channel length ��  on the electrostatic potential when the
channel is fully inverted (�� � 2	�). The temperature does
not influence the effect of channel reduction, at least in 
strong inversion. In fact, as can be seen from W����"
curves of Fig. 7, the SCE are reduced at cryogenic 
temperature, especially the 	W�??  is strongly decreased
thanks to the steepness of the subthreshold swing. 

Figure 4. Carrier density (a) and electrostatic potential (b) along the 

channel. 

Figure 5. Simulated W����" with constant (a) and field dependent (b) 

mobility 



 
Figure 6. Electrostatic potential for different �� 	at (a) 3 � 300	U and (b) 3 � 20	U 

 

Figure 7.  Simulated W����" for different �� at 3 � 300	U (a) and 3 �20	U (b). 

It is also possible to investigate the impact of the spacers’ 

length and its temperature dependency. As shown in Fig. 

8, the device performances above threshold are worsen as 

the spacers’ length is increased, due to their higher 

resistive contribution both at low and high temperatures. 

 

 
Figure 8.  Simulated W����" for different �	� at 3 � 300	U (a) and 3 �20	U (b). 

B. Simulations at high drain bias 

In Fig. 9 (a) are reported several W����" curves from room 

to cryogenic temperature. It is possible to observe that 

below �� � 0.15� , the device is in linear regime, 

independently on temperature. Above this value the 

current leaves the ohmic regime and starts to saturate. 

Moreover, the current does not increase as the temperature 

is lowered, since a constant mobility was used in this case. 

In Fig. 9 (b), W����"  in saturation regime at both 3 �300	U  and 3 � 25	U  are sketched. The subthreshold 

slope RR as well as the threshold voltage �[\  increase at 

cryogenic temperature, following the trend already 

observed at low �� values.  

 
Figure 9.  (a) W����" for different 3 and (b) W����" at �� � 0.4	�. 

 

C. Comparison with experimental data 

A p-type RS Trigate nanowire was characterized down to 

deep cryogenic temperature. It is based on CEA-LETI 

FD-SOI NanoWire (NW) process flow [8] [9]. The device 

channel width is ] � 75	��,	whereas its channel and 

spacer lengths are 	�� � 50	��  and �	� �25	��,	respectively. The silicon film thickness is �
� �17.9	��. Finally, the BOX thickness is ���� � 145	��. 
The device longitudinal structure is close to that used in 

simulations and reported in Fig. 1. It is important to 

mention that p-type device’s characteristics can be 

compared with simulations of n-type structure with no 

loss of information. Experimental W����" curves down to 3 � 10	U	are shown in Fig. 10 (a). It is worth to be noted 

that the current decreases with temperature. This is likely 

due to the mobility, which is fairly constant in 

temperature in this kind of structures [10]. Furthermore, W����" curves do not show a linear behavior for small �� 

values below 3 � 100	U.     

 
Figure 10. Experimental (a) and simulated (b) W����" for various 3 with 

a fixed amount of interface charges. 

The reason could be linked to the presence of charges at 

the interface between the RS	 channel and the spacers. 

Indeed carriers, in order to populate the channel, must 

overcome a potential barrier caused by the thick spacers, 

that is enhanced by the presence of fixed charges [11] 

(Fig. 11 (a)). At low temperature, because of the reduced 

thermal energy, carriers hardly populate the regions 

underneath the spacers, as shown in Fig. 11 (b). Using a 

reasonable value for the fixed charge density, that is	 �̀[ �1.2 ∙ 10%5	a/Y�5 , it was possible to qualitatively 

reproduce the non-linear behavior of the W����" (see Fig. 

10 (b)).     

 



Figure 11.  (a) Electrostatic potential and (b) carrier densities in strong 

inversion at 3 � 300U	and 3 � 20	U, for a given amount of interface 

charges.   

IV. CONCLUSIONS

In this paper, we demonstrated the feasibility of 

performing TCAD simulations of FD-SOI devices down 

to deep cryogenic temperatures and even at zero Kelvin. 

In order to do so, an approximated function of the Fermi-

Dirac integral was introduced as well as the metallic 

degenerate statistics valid at zero temperature. 

Improvement of FDSOI device electrical performances at 

very low temperatures was clearly shown both in terms of 

threshold voltage, subthreshold slope and short channel 

effects. Moreover, the possibility of performing 

simulations at high drain bias voltages was proved. 

Finally, an unconventional behavior experimentally 

observed at temperatures below 3 � 100	U  in devices

with S/D spacers and similar to structure used in 

simulation was qualitatively reproduced and explained.   
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