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Abstract— In this paper, through careful calibration, we 

demonstrate the possibility of using a single set of models and 

parameters to model the ON current and Sub-threshold Slope (SS) 

of an nMOSFET at 300K and 5K using Technology Computer-

Aided Design (TCAD). The device used is a 0.35m technology 

nMOSFET with W/L=10m/10m. We show that it is possible to 

model the abnormal SS by using interface acceptor traps with a 

density less than 2×1012cm-2. We also propose trap distribution 

profiles in the energy space that can be used to reproduce other 

observed SS from 4K to 300K. Although this work does not prove 

or disprove any possible origin of the abnormal SS, it shows that 

one cannot completely rule out the interfacial traps as the origin 

and it shows that interfacial traps can be used to model the 

abnormal SS before the origin is fully understood. We also show 

that Drain-Induced-Barrier-Lowering (DIBL) is much reduced at 

cryogenic temperature due to the abnormal slope and the device 

optimization strategy might need to be revised. 

Keywords—Cryogenic CMOS, Sub-threshold Slope, Technology 

Computer-Aided Design 

I. INTRODUCTION 

Cryogenic CMOS is the most promising technology to 
enable effective and large-scale quantum computing [1][2] and 
deep space exploration [3]. Most of the cryogenic device studies 
rely on analytical modeling [4][5] because TCAD modeling of 
cryogenic CMOS is still not mature due to a lack of well-
calibrated parameters at cryogenic temperatures [5], unknown 
physics (e.g. at cryogenic temperature, sub-threshold slope, SS, 
does not scale with temperature [6][7] and it is dubbed as 
“abnormal SS” in this paper), and convergence difficulties [8].  

Due to convergence issues, comprehensive TCAD 
simulation is usually only performed down to 77K [9]. With 
simplified models, it is still very difficult to reach liquid-He 
temperature (e.g. 15K in [10]), although a more advanced model 
for field-dependent incomplete ionization has been 
demonstrated in a 3D resistor simulation at 4.2K [11]. 
Therefore, it is very desirable to demonstrate the possibility of 
modeling realistic MOSFET at liquid-He temperature. 

SS of a MOSFET is expected to scale with temperature (SS 
~ nkT/q, where n, k, T, and q are the ideality factor, Boltzmann 
constant, temperature, and elementary charge, respectively). 
Therefore, at cryogenic temperature, it is expected to have a very 
steep SS (e.g. 0.8mV/dec at 4K for n=1) and thus improve the 
ION/IOFF trade-off. However, various experimental results from 
different groups and technologies show that the SS is saturated 

at about 10mV/dec to 15mV/dec, which corresponds to the SS 
at 50K to 70K range, as the temperature decreases. There have 
been two major theories to explain the abnormal SS. The first 
one, which is more promising and dominating, attributes the 
phenomenon to the existence of Si band tail [6][7]. The second 
one attributes the SS degradation to the traps at the 
oxide/channel interface [12] and this was also supported by its 
correlation with the increase in 1/f noise at cryogenic 
temperatures [13]. However, due to the convergence difficulties 
in TCAD, such theory has been only studied analytically and a 
very large interface trap density is required to explain the 
degradation. 

Therefore, in this work, we try to use TCAD to model 
nMOSFET transistor ON-state current and also SS with proper 
numerical and model parameter settings. We explore the 
possibility of using interface traps to model the abnormal 
subthreshold slope and its applicability in different regimes 
which is not impossible with analytical solutions. 

II. TCAD MODELING OF EXPERIMENTAL DATA 

TCAD Sentaurus is used in this work [14]. We measured the 

ID-VG curves of a 0.35m technology nMOSFET with 

W/L=10m/10m at 300K and 5K with VD = 0.1V [15]. 

Although the fabrication conditions are unknown, since 0.35m 
technology is a mature and standard process, modifications are 
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Figure 1: Cross-section of the simulated 0.35m technology 

nMOSFET. LG=0.35m is shown for clarity. LG=10m is used 

in the calibration (Fig. 2).  
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made based on [16] to obtain reasonable matching. Fig. 1 shows 
the device simulated using SProcess (note that for clarity, 

LG=0.35m is shown but LG=10m is used in the calibration). 
The structure is realistic such as with oxide thickening at gate 
edge due to Poly Reox and with source/drain recess due to 
spacer overetch. The gate oxide thickness, tox, is 7.6nm. 

SDevice is used to simulate the ID-VG curves. For good 
convergence, transient simulation with extrapolation and 
Backward-Euler is used. To improve numerical stability, 80-bit 
extended precision is used with the minimum carrier density 
solution set to 10-2000cm-3 in the Newton iteration. An iterative 
linear solver is used. Trap level discretization is increased to 
1000 in the energy space for accurate trap modeling.  

Fermi statistics is turned on. Philip Unified Mobility model 
(PhuMob) and Lombardi Model for surface scattering are used 
for mobility calculations. PhuMob parameters calibrated in [11] 
are used. Since channel boron doping is expected to be fully 
ionized in ON-state and the LDD doping is in the order of 
1020cm-3 near the surface, the incomplete ionization model is not 
turned on. Moreover, since only VD = 0.1V is used with L = 

10m, the velocity saturation model is not turned on.  

Fig. 2 shows that the ON-state current and SS can be 
matched well at 300K and 5K. Two major calibrations were 
performed. Firstly, the enhanced Lombardi model’s acoustic 
phonon scattering part parameters are adjusted [14]. The 
acoustic phonon scattering part has the following formula, 

𝜇𝑎𝑐 =
𝐵

𝐹⊥
+

𝐶((𝑁 + 𝑁2)/𝑁0)
𝜆

𝐹⊥
1/3(𝑇/300𝐾)𝑘

(1) 

where 𝑁  is the total doping concentration, 𝐹⊥  is the normal 
component of the electric field at the interface, T is the 
temperature, and B, C, 𝜆, 𝑘, 𝑁2, and 𝑁0 are fitting parameters. 
The default values are used except that the C parameter is 
reduced from 580cm5/3V-2/3s-1 to 340cm5/3V-2/3s-1 to match the 
300K data and the k parameter is reduced from 1 to 0.45 to 
reduce the temperature dependency in order to fit both the 300K 
and 5K data. 

 Although the ON-state current matches well, the simulated 
SS (~1mV/dec) and threshold voltage are too small at 5K as 
shown in Fig. 2 (dash lines). Therefore, secondly 6×1013cm-2 eV-

1 acceptor traps are assigned uniformly between EC-5meV and 
EC+25meV at the oxide/silicon interface, where EC is the 
conduction band edge. This is equivalent to 1.8×1012cm-2 which 
is a reasonable value. The choice of the energy range and density 
of the trap is based on manual fitting, which will be explored 
more in the next section. 

III. INTERFACE TRAP EFFECTS ON SS 

While interface acceptor traps can help model the abnormal 
SS at 5K, it is important to understand if the same set of traps 
can be used to model the SS at various temperatures. It is also 
important to investigate how the SS varies with oxide thickness, 
gate length, and drain voltage. It is worth noting that since the 
transient simulation is used, the trap capturing and emission 
times are taken into account properly in this simulation. 
Although the capturing cross-section is not calibrated at 
cryogenic temperature, the capture rate depends on temperature 
through thermal velocity: 

𝑐 = 𝜎𝑣𝑡ℎ,0√
𝑇

300𝐾
𝑛 (2) 

where 𝜎, 𝑣𝑡ℎ,0, 𝑇, and 𝑛 are the cross-section, thermal velocity 

at 300K, temperature, and carrier concentration, respectively. 

A. Temperature Variation 

A device of W/L = 1m/5m simulated in a simplified 
process flow is constructed to study the effect of traps on SS. ID-
VG curves are simulated with VD=1mV. Two different oxide 
thicknesses were studied (tox = 10nm and tox = 2nm).  

To fit the SS of various temperatures using traps, the highest 
temperature with abnormal SS is fitted first. The Femi-level 
locations at the start and end of the subthreshold region are first 
identified and a uniform trap (in the energy space) is assigned 
between these two locations. Then the next lower temperature 
curve is fitted similarly with the traps from the previous fitting(s) 
kept. This is repeated until the 4K curve. After that, the overall 
profile is further adjusted to obtain a smooth curve. 

Fig. 3 shows the ID-VG curves with and without traps for tox 
= 10nm. An optimized trap profile to reproduce the abnormal SS 
at various temperatures is deduced and shown in Fig. 4. The SS 
is extracted from the slope of the ID-VG curves between ID = 10 
-13 A and 10-10A and plotted in Fig. 5 against the experimental 

 
Figure 2: Experimental and simulated ID-VG curves in linear 

(top) and logarithmic (bottom) scales of W/L=10m/10m at 

300K and 5K. 6×1013cm-2eV-1 SiO2/Si interface acceptor traps is 

assigned uniformly between EC-5meV and EC+25meV in the 

“with trap” case. 



values by Beckers et at. [6]. Note that the device used in [6] is 
of 28nm technology and the oxide thickness and substrate 
doping are unknown to us. Therefore, the purpose of the fitting 
is only to show the possibility of fitting SS by using one single 
set of trap distribution. 

The device used in this study has a similar SS at 300K as that 
in [6]. By using the trap profiles showed in Fig. 4, the SS trend 

can be reproduced well. The total acceptor trap is integrated to 
be 2.47×1011cm-2, which is reasonably low. 

B. Gate Insulator Variation 

However, it is known that the effect of the acceptor trap on 
ID-VG curves depends inversely on the gate oxide capacitance. 
For advanced technology such as that in [6], it is expected that 
more traps are needed to achieve the same effect. Therefore, tox 
= 2nm is used and another optimal trap profile is deduced in Fig. 
4 and the SS is plotted in Fig. 5. While the abnormal SS can be 
matched again (except at high temperature because of the better 
gate control in the simulation than in the experiment), the total 
integrated charge is 1.14×1012cm-2, which is about 5 times 
higher than the first profile. This agrees with the fact that the 
oxide capacitance is 5 times higher. 

C. Drain Voltage Variation 

To study the effect of drain induced barrier lowering (DIBL) 
on the validity of using interface traps to model abnormal SS, a 

device with L=0.5m, W=1m, and tox=2nm by incorporating 
the trap profile from Fig. 4 (tox=2nm case) is simulated at various 
VD. Fig. 6 shows the extracted SS as a function of temperature. 

 
Figure 3: Simulations of transistor (tox=10nm) ID-VG with 

VD=1mV at various temperatures with (solid) and without (dash) 

traps. Single set of traps is used for all temperatures. For clarity, 

T>150K are not shown. This transistor is different from that in 

Fig. 1. 

 
Figure 5: SS as a function of temperature. “Beckers” is from 

the experimental data in [6]. 

 
Figure 4: Trap distributions required to reproduce the 

abnormal SS at all temperatures for two different oxide 

thicknesses.  

 
Figure 6: SS as a function of temperature at various VD for 

L=0.5m and tox=2nm. “Beckers” is from the experimental 

data in [6]. 



It can be seen that the SS as a function of temperature still 
resembles the general observation in the experiment and the 
IDVG curve shapes are similar at various VD (Fig. 7). 

It is interesting to point out that, due to the abnormal SS, 
while there is severe degradation in SS due to DIBL at high 
temperatures (Fig. 6 and Fig. 8), the degradation is much less at 
cryogenic temperatures (Fig. 7 and Fig. 8) and this is expected 
to affect the device optimization strategy at cryogenic 
temperature. 

IV. CONCLUSIONS 

To the best of our knowledge, for the first time, TCAD is 
used to model the ON-state characteristics and SS of nMOSFET 
using a single set of parameter and settings at 300K and 5K and 
verified against the experiment. In particular, it is showed that 
oxide/channel interface acceptor traps near the conduction band 
edge (mostly within 30meV) can be used to model the abnormal 
SS from 300K to 4K with reasonable density (about 1012cm-2 for 
2nm oxide). This validity is maintained under DIBL effect. This 
work does not prove or disprove any origin of the abnormal SS 
observed experimentally. However, it shows the possibility that 

the abnormal SS can be fully or partially due to the interface 
traps. Our setup provides a method to simulate and optimize 
cryogenic electronics in TCAD before the mechanism is fully 
understood. 

ACKNOWLEDGMENT 

This material is based upon work supported by the National 

Science Foundation under Grant No. 2046220. 

REFERENCES 

[1] E. Charbon, F. Sebastiano, A. Vladimirescu, H. Homulle, S. Visser, L. 

Song, and R M. Incandela, "Cryo-CMOS for Quantum Computing," 2016 

IEEE International Electron Devices Meeting (IEDM), San Francisco, 

CA, 2016, pp. 13.5.1-13.5.4, doi: 10.1109/IEDM.2016.7838410. 
[2] M. J. Gong, U. Alakusu, S. Bonen, M. S. Dadash, L. Lucci, H. Jia, et al., 

"Design Considerations for Spin Readout Amplifiers in Monolithically 
Integrated Semiconductor Quantum Processors," 2019 IEEE Radio 
Frequency Integrated Circuits Symposium (RFIC), Boston, MA, USA, 
2019, pp. 111-114, doi: 10.1109/RFIC.2019.8701847. 

[3] R. L. Patterson, A. Hammoud, J. E. Dickman, S. Gerber, M. Elbuluk and 

E. Overton, "Electronics for Deep Space Cryogenic Applications," 

Proceedings of the 5th European Workshop on Low Temperature 

Electronics, Grenoble, France, 2002, pp. 207-210, doi: 

10.1109/WOLTE.2002.1022482. 

[4] N. C. Dao, A. El Kass, M. R. Azghadi, C. T. Jin, J. Scott, P. H.W. Leong, 

"An enhanced MOSFET threshold voltage model for the 6–300K 

temperature range, Microelectronics Reliability, Vol. 69, 2017, Pages 36-

39, doi.org/10.1016/j.microrel.2016.12.007. 
[5] A. Beckers, " Cryogenic MOSFET Modeling for Large-Scale Quantum 

Computing," Ph.D. dissertation, Faculté des sciences et techniques de 
l’ingénieur, Lausanne, EPFL, 2021. 

[6] A. Beckers, F. Jazaeri and C. Enz, "Theoretical Limit of Low 

Temperature Subthreshold Swing in Field-Effect Transistors," in IEEE 

Electron Device Letters, vol. 41, no. 2, pp. 276-279, Feb. 2020, doi: 

10.1109/LED.2019.2963379.  

[7] A. Beckers, F. Jazaeri and C. Enz, "Revised Theoretical Limit of 

Subthreshold Swing in Field-effect Transistors," arXiv:1811.09146, 

2019.  
[8] L. Luo, "Physics, Compact Modeling and TCAD of SiGe HBT for Wide 

Temperature Range Operation," Ph.D. dissertation, ECE, Auburn 
University, Auburn, AL, 2011. 

[9] S. Selberherr, "MOS device modeling at 77 K," in IEEE Transactions on 
Electron Devices, vol. 36, no. 8, pp. 1464-1474, Aug. 1989, doi: 
10.1109/16.30960. 

[10] F. A. Mohiyaddin, F. G. Curtis, M. N. Ericson and T. S. Humble, 
"Simulation of Silicon Nanodevices at Cryogenic Temperatures for 
Quantum Computing," Proceedings of the 2017 COMSOL Conference in 
Boston. 

[11] H. Y. Wong, "Calibrated Si Mobility and Incomplete Ionization Models 

with Field Dependent Ionization Energy for Cryogenic Simulations," 

2020 International Conference on Simulation of Semiconductor Processes 

and Devices (SISPAD), Kobe, Japan, 2020, pp. 193-196, doi: 

10.23919/SISPAD49475.2020.9241599. 

[12] A. Beckers, F. Jazaeri, and C. Enz, "Characterization and Modeling of 28-

nm Bulk CMOS Technology Down to 4.2 K," IEEE J. Electron Devices 

Soc., vol. 6, pp. 1007-1018, Mar. 2018. 

[13] H. Oka, T. Matsukawa, K. Kato, S. Iizuka, W. Mizubayashi, K. Endo, T. 

Yasuda, and T. Mori, "Toward Long-coherence-time Si Spin Qubit: The 

Origin of Low-frequency Noise in Cryo-CMOS," VLSI Technology 

Symposium 2020. 

[14] SentaurusTM Device User Guide, Synopsys Inc., Mountain View, CA, 

USA, 2020. 

[15] Nguyen Cong Dao, "Characterisation and Modelling of Bulk CMOS 

Transistors over the 5 – 300 K Temperature Range," Ph.D. dissertation, 

School of Electrical and Information Engineering, Sydney Univ., Sydney, 

Australia, 2017. 
[16] Sentaurus Technology Template: Sentaurus Technology Template: 

0.35m Generic CMOS Flow and Characterization, Synopsys Inc., 2020. 

 
Figure 7: IDVG at various VD for L=0.5m, W=1m and 

tox=2nm with interface trap distribution given in Fig. 4 at 4K. 

 
Figure 8: IDVG at various VD for L=0.5m, W=1m and 

tox=2nm with interface trap distribution given in Fig. 4 at 300K. 


