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1  Introduction 

The SEQUENCE project offers a unique opportunity to perform characterization and modeling of vari-

ous Si and III-V devices and use them in electronics for quantum computing and communication ap-

plications. This specific effort within SEQUENCE covers the modeling of a) new effects appearing in 

devices operating at low temperature in order to better understand the physics that governs these 

phenomena, b) the compact modeling of such phenomena so that they can be embedded in compact 

models available for the design and c) simplified models that can help the circuit designers in better 

sizing their circuit to optimize their performance at low temperature. A good example is the modeling 

of the saturation of the subthreshold swing that is observed at low temperature. It was first charac-

terized experimentally [1] and modelled using a physics based model [1] [2] and finally a physics-based 

empirical model that is simple enough to include in a compact model [3]. Now, a compact model would 

be useless without clear parameter extraction procedures. 

Compact semiconductor models (CM) are the link between the newly developed technologies or the 

new use of existing technologies (at cryogenic temperature for example) and the environment ena-

bling the design of circuits. This is why they are essential to make these new technologies or their new 

use accessible to the designers. Although CM for existing CMOS technologies such as bulk, FDSOI or 

FinFET are rather mature for use at room temperature, they break down when used at cryogenic tem-

peratures.This is why it is essential to develop new models or update existing ones so that they are 

also valid at cryogenic temperatures. 

This report describes the results obtained within the SEQUENCE for the development of such CM for 

various technologies, mature CMOS technologies and other technologies under development. It starts 

with a description of the recent progress made in the extraction tool developed by EPFL to extract the 

parameters of the EKV CM in a fully automatic way. The extractor is based on python and is made 

available to all the SEQUENCE partners. The first RF measurements made on a 22 nm FDSOI process 

at 3.3 K are then presented. 

INPG and LETI are then presenting how the Lambert-W function can be used for modeling FDSOI de-

vices at cryogenic temperature. It is then shown how the Kubo-Greenwood formalism can be applied 

to FDSOI MOSFETs operating at cryogenic temperature. 

Fraunhofer IAF then report on a scalable small-signal and noise model of a 50 nm metamorphic high-

electron-mobility transistor (mHEMT) technology dedicated to high performance cryogenic circuit de-

sign. The model is continuously valid down to cryogenic temperatures and up to high frequencies. The 

proposed model provides the designer a high flexibility in the design of RF circuits. 

Finally, ULUND presents a model of band tails that uses an extension of the density of states utilizing 

generalized Fermi-Dirac integrals. This allows for a smooth transition between the exponentially de-

caying DOS below the mobility edge and linearly increasing DOS above. 

The report finally ends with a summary and conclusions. 
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2 Simplified EKV modeling of advanced CMOS technologies and RF characteri-

zation down to cryogenic temperatures (EPFL) 

This section presents an extensive characterization and simplified-EKV-based (sEKV) modeling of ad-

vanced CMOS technologies, from room temperature to cryogenic temperatures. Moreover, a Python-

based extractor is developed to obtain sEKV parameters automatically. This programming project is 

versioned on GitLab [4], allowing the tool to be conveniently distributed among partners. 

2.1 Model and extraction updates 

The sEKV parameters extractor was already introduced in Deliverable D2.2. In the mean time the tool 

has been significantly enhanced and allows now full automatic extraction. The purpose of this section 

is to present those enhancements and improvements and the results obtained on various technolo-

gies. 

2.1.1 Extraction methodology 

Fig. 1 shows the extraction flow of the updated sEKV python-based automatic parameter extractor. 

First, transfer and output characteristics are converted into classes IdVg and IdVd. These classes have 

properties such as raw data, temperature, device geometry, etc. and they are passed to the block sEKV 

extractor. In addition, the subthreshold swing (𝑆𝑆) and the output conductance (𝐺𝑑𝑠) extraction mod-

ules have been developed; the former takes the SS saturation at cryogenic temperatures into account 

to estimate the region where 𝑆𝑆 is going to be extracted, and the latter extracts 𝐺𝑑𝑠 from the 𝐼𝐷-𝑉𝐷 

characteristic for a given bias point or within a certain voltage range. It is worth noting that a Savitzky-

Golay filter is applied to the 𝑆𝑆 extraction module to avoid fluctuations, which frequently happen at 

cryogenic temperatures because of low current level (i.e., pA) and resonant tunneling (Fig. 5). 

2.1.2 Model of output conductance 

The output conductance can be written by the chain rule as [5]: 

𝐺𝑑𝑠 ≜
𝜕𝐼𝐷𝑆

𝜕𝑉𝐷𝑆
=

𝜕𝐼𝐷𝑆

𝜕𝑉𝑇

𝜕𝑉𝑇

𝜕𝑉𝐷𝑆
= (−𝐺𝑚)(−𝜎𝑑) 

(1) 

where 𝜕𝐼𝐷𝑆 𝜕𝑉𝑇⁄  is equal to minus the transconductance (−𝐺𝑚) and 𝜕𝑉𝑇 𝜕𝑉𝐷𝑆⁄ ≜ (−𝜎𝑑) describes 

the first-order approximation of the drain-induced barrier lowering (DIBL) effect, given by 

𝑉𝑇 ≅ 𝑉𝑇0 − 𝜎𝑑𝑉𝐷𝑆. (2) 

Consequently, there is a relation between 𝐺𝑑𝑠 and 𝐺𝑚 given by 

𝐺𝑑𝑠

𝐺𝑠𝑝𝑒𝑐
≜ 𝑔𝑑𝑠 =

𝜎𝑑

𝑛
𝑔𝑚𝑠 (3) 

where the source transconductance (𝐺𝑚𝑠 = 𝑛𝐺𝑚) and 𝐺𝑑𝑠 are normalized by 𝐺𝑠𝑝𝑒𝑐 = 2𝑛𝜇0𝐶𝑜𝑥𝑈𝑇 to 

be 𝑔𝑚𝑠 and 𝑔𝑑𝑠, respectively. By expanding 𝑔𝑚𝑠 as a function of 𝐼𝐶 [6], we could finally have the ex-

pression of 𝑔𝑑𝑠 in terms of 𝐼𝐶, given by 

𝑔𝑑𝑠 =
𝜎𝑑

𝑛

√(𝜆𝑑𝐼𝐶 + 1)2 + 4𝐼𝐶 − 1

𝜆𝑑(𝜆𝑑𝐼𝐶 + 1) + 2
 

(4) 
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where the parameter 𝜆𝑐 used for 𝑔𝑚𝑠 is replaced by 𝜆𝑑 because it has been obtained from the output 

characteristic. When 𝐼𝐶 is below 0.1 (in the weak inversion, WI), Eq. (3) is reduced to 𝑔𝑑𝑠 = 𝜎𝑑𝐼𝐶 𝑛⁄ . 

Hence, 𝜎𝑑 is extracted by doing linear regression on log 𝑔𝑑𝑠 versus log 𝐼𝐶 in the WI regime, as shown 

in Fig. 2. Finally, the residual parameter 𝜆𝑑 is optimized by applying non-linear regression. This results 

in a very good fit between measurments and model as demonstrated by Fig. 2. 

 

Fig. 2: normalized output conductance (𝑔𝑑𝑠) versus inversion coefficient (IC), where parameters 𝜎𝑑  and 𝜆𝑑  are 
extracted. The measurement is performed on nMOS FDSOI with W/L = 300 nm/ 18 nm at 300 K.  

class: IdVg

Transfer 
characteristics

Output 
characteristics

class: IdVd

SS extraction 
module

Gds extraction 
module

sEKV extractor

0, , , , ,spec c T d dn I V  

Python-based 
automated extractor 
for sEKV parameters

Fig. 1: Extraction flow of sEKV parameters, where extractor takes transfer and output characteristics as input 
variables and outputs six parameters. 
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2.2 Systematic validation of simplified EKV model (EPFL) 

On top of the updated extractor addressed in Sec. 2.1, this section validates the sEKV model and au-

tomated extractor on advanced commercial CMOS technologies, including 16 nm FinFET and 22 nm 

FDSOI, from 300 K down to around 3 K.  

2.2.1 Model validation with FinFET and FDSOI 

Fig. 3 and Fig. 4 show the 𝐼𝐷-𝑉𝐺 of FinFET and FDSOI technologies with corresponding temperatures 

[7] [8]. We see that the automatic extractor provides a set of parameters leading to a very good agrem-

ment of the sEKV model to the measurements from room temperature down to cryogenic tempera-

tures. 

Thanks to the continuity of the sEKV model from weak to strong inversion, features like the exponen-

tial (below 𝑉𝑇) and the quadratic/linear 𝐼𝐷-𝑉𝐺 (above 𝑉𝑇) can be captured; therefore, the sEKV model 

can be widely applied to devices with planar or three-dimensional structures. It is worth noting that 

the sEKV model is developed from the conventional CMOS structure, i.e., bulk structure but it still 

applies for other technologies. However, the correction on charge distribution that is due to the strong 

Fig. 3: EKV model validation of pMOS FDSOI with W/L = 1 μm/ 1 μm, which is measured at VSD = 1 V, Vback = 0 V, 
and over a wide temperature range. (left) and (right) show the results in log and linear scales, respectively. 

Fig. 4: EKV model validation of nMOS FinFET with W/L = 58 nm/ 240 nm, which is measured at VSD = 1.1 V and 
over a wide temperature range. (left) and (right) show the results in log and linear scales, respectively. 
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quantum confinement is not included. Hence, sEKV model results in the conventional approximation 

on those advanced CMOS technologies without the presence of quantum confinement. 

As presented in the left plots of Fig. 3 and Fig. 4, 𝑆𝑆 reduces as the temperature drops due to the 

temperature dependence of thermionic currents and the extractor successfully obtains the correct 

value of the 𝑛 factor from 𝑆𝑆. On the other hand, the extractor captures the increased 𝑉𝑇 and mobility 

at cryogenic temperatures, shown in the right plots of Fig. 3 and Fig. 4. The above results illustrate the 

benefits of using the developed extractor on different technologies over the temperatures. 

2.2.2 Model validation with various channel lengths at cryogenic temperature 

Fig. 5 presents the validation of the sEKV model on a commercial 22 nm FDSOI technology with chan-

nel length scaling from 500 nm down to 20 nm. As the length is scaled, the resonant tunneling appears 

in the subthreshold drain current, where carriers tunnel quantum-mechanically through the gate po-

tential barriers via quantum dots or wells [9]. This transport mechanism results in the oscillatory drain 

current 𝐼𝑜𝑠 (see Fig. 5 left). It should be noted that in the intrinsic channel, the dopants that diffused 

from the source/drain area form the ionized quantum dots, which assist the carrier tunneling [10]. 

Hence, the total subthreshold current consists of 𝐼𝑜𝑠 and the thermionic current, which theoretically 

has the SS linearly scaled with the temperature. As a result, it raises the difficulties of defining the 

slope factor 𝑛, originating from thermionic current in weak inversion. Therefore, the SS extraction 

module in Fig. 1 has the flexibility to extract 𝑛 from the given drain current range. 

Unfortunately, the humping behavior of 𝐼𝑜𝑠  is difficult be captured by the sEKV model because (i) 

quantum tunneling is more convenient to be described in a source-injection model rather than a 

charge-based one (sEKV), (ii) the location of ionized quantum dots is randomly distributed around the 

source/drain region [10]; therefore, it shows the high variability between devices. Although the sEKV 

model shows the approximated estimation on subthreshold drain current with the presence of reso-

nant tunneling, it can still give an accurate estimation of drain current in the regime above the thresh-

old voltage. 

2.2.3 Model validation with various back-gate voltages at cryogenic temperature 

This paragraph addresses the sEKV modeling of long-channel FDSOI at various back-gate voltages, 

𝑉𝑏𝑎𝑐𝑘, and at deep cryogenic temperature. Controlling  𝑉𝑏𝑎𝑐𝑘 allows modulating the threshold voltage 

Fig. 5:  sEKV model validation with various channel lengths, where nMOS  transistors are fabricated by the com-
mercial 22 nm FDSOI technology and measured at VDS = 0.8 V, Vback = 0 V and at 3.8 K. (left) and (right) show the 
results in log and linear scales, respectively. 
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in order to compensate the increase of 𝑉𝑡ℎ at cryogenic temperatures. As shown in the right plot of 

Fig. 6, the forward back bias (FBB) 𝑉𝑏𝑎𝑐𝑘, which is positive for nMOS and negative for pMOS, lowers 

the threshold voltage. Conversely, reverse back bias (RBB) works the other way around. 

Moreover, 𝑉𝑏𝑎𝑐𝑘 impacts the mobility due to remote Coulomb scattering and front/back conduction 

separation [8] [11]. This leads to a higher mobility when a transistor is at FBB. It should be noted that 

the influence of 𝑉𝑏𝑎𝑐𝑘 on the mobility is more pronounced at cryogenic temperatures due to the elim-

ination of phonon-carrier interaction. 

On top of that, the back-gate effects on the threshold voltage and low-field mobility 𝜇0 are embedded 

in the sEKV parameters, 𝑉𝑇0 and 𝐼𝑠𝑝𝑒𝑐 (= 2𝑛𝜇0𝐶𝑜𝑥𝑈𝑇
2), respectively. For instance, in Fig. 7, 𝑉𝑇0 shows 

a linear dependence to 𝑉𝑏𝑎𝑐𝑘, and 𝐼𝑠𝑝𝑒𝑐/𝑛 indicates that the highest 𝜇0 happens under FBB condition.  

Consequently, Fig. 6 shows a nice agreement of transfer characteristics between the measurement 

and the sEKV model at 2.95 K from deep WI to SI. 

Fig. 6: sEKV model validation of nMOS and pMOS FDSOI with different back-gate voltages that transistors have 
W/L = 1 μm/ 1 μm and are measured at |VDS| = 1 V and at 2.95 K. (left) and (right) show the results in log and 
linear scales, respectively. 

Fig. 7: sEKV parameters, which are extracted from transfer characteristics shown in Fig. 6 versus 𝑉𝑏𝑎𝑐𝑘  at 2.95 K.  
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2.2.4 Model validation with output conductance 

Given a 𝐼𝐷 -𝑉𝐺  and a set of 𝐼𝐷 -𝑉𝐷  characteristics with different 𝑉𝐺  from the weak inversion to the 

strong inversion regime, the automated sEKV extractor follows the extraction flow shown in Fig. 1 and 

outputs four parameters for  𝐼𝐷-𝑉𝐺 (𝑛, 𝐼𝑠𝑝𝑒𝑐 , 𝑉𝑇0, 𝜆𝑐) and two parameters for 𝐺𝑑𝑠 (𝜆𝑑 , 𝜎𝑑). Fig. 8 pre-

sents a comprehensive results at 300 K, comparing the measurements with the sEKV model. Fig. 8 

(a,b) show the 𝐼𝐷-𝑉𝐺  and the corresponding current efficiency, where the difference between the 

measurements and the model in the SI regime is due to the exclusion of the vertical field-induced 

mobility degradation. On the other hand, 𝐺𝑑𝑠 is estimated by Eq. (3) with the extracted parameters 

𝜆𝑑 and 𝜎𝑑, and plotted with 𝐼𝐷-𝑉𝐷 in Fig. 8 (c), where 𝐼𝐷-𝑉𝐷 is shown from the moderate to the strong 

inversion. Similar to the current efficiency (𝑔𝑚𝑠/𝐼𝐶), 𝑔𝑑𝑠  can be normalized with respect to 𝐼𝐶, as 

shown in Fig. 8 (d). Fig. 9 is similar to Fig. 8 (c) but with the normalized drain current to emphasize the 

results in the deep weak inversion region. Fig. 8 (d) and Fig. 9 demonstrate that the proposed model 

for output conductance fits the output characteristic in the region of interest for the designer over a 

very wide range of inversion coefficient 𝐼𝐶. 

 

Fig. 8: sEKV model validation of transfer and output characteristics for nMOS FDSOI, with W/L = 1 μm/ 28 nm 
and measured at 300 K. (a) shows the measured ID-VG in comparison to EKV model, (b) shows the current effi-
ciency (𝑔𝑚𝑠 𝐼𝐶⁄ ) versus inversion coefficient (IC), (c) presents the ID-VD from weak to strong inversion, where the 
modeled Gds is plotted for the saturation region, (d) presents the normalized output conductance (gds) versus IC. 
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2.3 Cryogenic RF characterization of 22 nm FDSOI technology 

This paragraph presents the cryogenic RF characterization on nMOS/pMOS DUT with a minimum chan-

nel length of a 22 nm FDSOI technology, i.e., 18 nm, from room temperature down to 3.3 K. 

Fig. 10 presents the real and imaginary parts of the measured and deembedded Y-parameters at two 

extreme temperatures, namely 300 K and 3.3 K, for nMOS/pMOS DUT biased in SI and saturation. The 

capacitances, characterized by the imaginary part of the Y-parameters, do not have a significant tem-

perature dependence. However, the increase in ℜ(𝑌21) and ℜ(𝑌22) at 3.3 K indicates the rise of 𝐺𝑚 

and 𝐺𝑑𝑠, respectively. 

As was already observed in bulk and FDSOI technologies at room temperature and recently recognized 

in [11], the substrate plays an import role in RF modeling. This is clearly observed in the real part of 

𝑌22 shown in Fig. 10 which is affected by the nature of the substrate. The latter is modelled by a sub-

strate network that eventually can become quite complex with numerous passive components. The 

more complex the substrate network, the more difficult it is to extract the related parameters which 

may lose their physical meaning. A particular effort will be invested into finding the simplest substrate 

Fig. 9: Normalized drain current versus drain voltage from the WI to the SI regime, where the estimated output 
conductance from sEKV model is shown by the grey lines. 

Fig. 10: Y-parameters versus frequency of RF nMOS/pMOS DUT of a 22 nm FDOSI process, with W/L = 8 μm/ 18 
nm, at ȁ𝑉𝐺ȁ =  ȁ𝑉𝐷ȁ = 0.8 𝑉, at 300 K and 3.3 K. Left four and right four show the real and imaginary parts of 
Y-parameters, correspondingly. 
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network which still has a physical meaning and gives reasonable results at both room and cryogenic 

temperatures. 

Some FoMs at the constant biases are plotted in Fig. 11 over a wide temperature range, including 

maximum oscillation frequency 𝐹𝑚𝑎𝑥 , transit frequency 𝐹𝑡 , the total gate capacitance 𝐶𝐺𝐺 =

ℑ(𝑌11)/𝜔, and transconductance 𝐺𝑚. For nMOS, 𝐹𝑡 and 𝐹𝑚𝑎𝑥 reach to 371 and 353 GHz, correspond-

ingly, at 3.3 K, while 𝐶𝐺𝐺 is nearly constant. On the other hand, 𝐹𝑡 and 𝐹𝑚𝑎𝑥 reach to 329 and 283 GHz, 

correspondingly, for pMOS at 3.3 K with a drop-off in 𝐶𝐺𝐺 from 300 to 210 K. 

The RF measurments will now be used to develop a simple RF equivalent circuit and a dedicated pa-

rameter extractioin methodology that hopefully can also be fully automated. The results will be pre-

sented in details in the next Deliverable. 

 Fig. 11: FoMs versus temperature of RF nMOS/pMOS DUT of a 22 nm FDOSI process with W/L = 8 μm/ 18 nm, at 
ȁ𝑉𝐺ȁ =  ȁ𝑉𝐷ȁ = 0.8 𝑉. 
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3 Lambert-W Function-based modelling of  FDSOI MOSFETs Down to Deep 

Cryogenic Temperatures (INPG, LETI) 

3.1 Introduction 

The MOSFET electrical parameters extraction is a key topic for CMOS technology characterization and 

optimization. With the advent of quantum computing, requiring CMOS readout electronics at cryo-

genic temperatures, there is a strong need for updating MOSFET parameter extraction methodologies 

in advanced technologies down to very low temperatures, 4.2K and below [12], [13]. In the past years, 

such methodologies were developed in strong inversion region using conventional threshold voltage 

and mobility extraction procedures [14], [15] or specific Y-function based extraction techniques [16], 

[17] in bulk technologies. In addition, a full gate voltage range Lambert-W function-based methodol-

ogy was recently developed allowing electrical parameters extraction in FDSOI MOSFETs at room tem-

perature [18]. 

In this work, we propose, for the first time, to apply the Lambert-W function for the inversion charge 

and drain current modelling as a function of gate voltage and, by turn, for MOSFET parameter extrac-

tion down to deep cryogenic temperatures. To this end, we first show the validity of the Lambert-W 

function for the description of the gate-to-channel capacitance and inversion charge with gate voltage 

from weak to strong inversion in large area 28nm FDSOI MOSFETs down to liquid helium tempera-

tures. Then, we demonstrate the applicability of the Lambert-W function-based method to fit the 

drain current down to very low temperatures using a classical mobility law, providing the dependence 

of subthreshold slope ideality factor, threshold voltage and mobility parameters with gate length and 

temperature.  

3.2 Experiments and methods 

The measurements were performed on 28nm FDSOI MOSFETs with silicon film thickness tsi=7nm and 

buried oxide (BOX) thickness tbox=25nm from STMicroelectronics. NMOS transistors were processed 

from (100) handle substrate, with <100>-oriented channel, and a high-k/metal gate Gate-First archi-

tecture [19]. Low-Vth transistors were available with un-doped channel through a doped back plane 

(NWELL doping NA=1018cm-3) below the BOX. Thin gate oxide (with equivalent oxide thickness 

EOT=1.1nm) devices with gate length L varying from 30nm up to 10µm and with gate width W=1µm 

or 10µm were tested using a cryogenic probe station down to 4.2K. 

The gate-to-channel capacitance Cgc(Vg) was measured with an HP 4284 LCR meter at 1MHz frequency 

and 10mV AC level using the standard split C-V technique. The drain current Id(Vg) MOSFET transfer 

characteristics were recorded in linear region (Vd=30-50mV) with an HP4156 parameter analyzer. All 

the measurements were made at zero back bias. The MOSFET parameter extraction was performed 

on the Cgc(Vg) and Id(Vg) characteristics using the same Lambert-W function based procedure as in [18] 

for room temperature. The equations and parameters used for the curve modelling are shown in Table 

1. The Cgc(Vg) and Qi(Vg) curves were fitted with Eqs. (5) and (6) with Cox and b as fitting parameters. 

The Id(Vg) curves were modeled with Eqs. (8) and (9) with fitting parameters , Vt, µ0, 1 and 2. A 

conventional Levenberg-Marquardt algorithm was used for the curve fitting optimization. 
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𝐶𝑔𝑐(𝑉𝑔, 𝑇) =
𝑏𝑄𝑖(𝑉𝑔, 𝑇)𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝑏𝑄𝑖(𝑉𝑔, 𝑇)
, 

𝑤𝑖𝑡ℎ  𝑏 = 𝑞 (ℎ𝑘𝑇)⁄  

(5) 

 

𝑄𝑖(𝑉𝑔, 𝑇) =
𝐶𝑜𝑥ℎ𝑘𝑇

𝑞
. 𝐿𝑊(𝑒

𝑉𝑔−𝑉𝑡

ℎ𝑘𝑇/𝑞) (6) 

𝑄𝑖

𝐶𝑔𝑐

=
1

𝑏
+

𝑄𝑖

𝐶𝑜𝑥

 (7) 
 

µ𝑒𝑓𝑓(𝑄𝑖) =
µ0

1 + 𝑞1(𝑄𝑖 𝐶𝑜𝑥⁄ ) + 𝑞2(𝑄𝑖 𝐶𝑜𝑥⁄ )2
    (8) 

𝐼𝑑(𝑉𝑔, 𝑇) =
𝑊

𝐿
 µ𝑒𝑓𝑓(𝑄𝑖(𝑉𝑔, 𝑇)) 𝑄𝑖(𝑉𝑔, 𝑇)𝑉𝑑 (9) 

 𝑤𝑖𝑡ℎ 𝑞1 = 𝑞10+𝑅𝑠𝑑𝑏  

Table 1. Equations and parameters used for the Lambert-w function parameter extraction. where kT/q thermal 

voltage, Cox gate oxide capacitance,  subthreshold slope ideality factor, Vt threshold voltage, µ0 low field mobil-

ity, 1 and 2 first order and second order mobility attenuation coefficients, Rsd source/drain access series re-

sistance and =W.Cox.µ0/L gain factor. In Eq (6), LW means Lambert W function. 

3.3 Results and discussion 

3.3.1 Capacitance and inversion charge characteristics 

Cgc(Vg) characteristics were measured on large area MOSFETs with W=L=10µm for better accuracy. 

The inversion charge was obtained after integration of the Ccg(Vg) curves starting from Vg=0 as is usual 

in split C-V technique. Typical Cgc(Vg) and associated Qi(Vg) characteristics are shown in Fig. 12 (a)-(b)-

(c) for various temperatures from 300K down to 4.2K (sample A). Note the steeper onset of the inver-

sion charge with the temperature lowering. As proposed in [20], [21], the plot Qi/Cgc vs Qi (Fig. 12 (d)) 

can be used, according to Eq. (7), to extract the gate oxide capacitance from the slope, giving here 

Cox2µF/cm2. Note the nice superposition of the Qi/Cgc(Qi) curves for all the temperatures, revealing 

its relative temperature independence. 

Fig. 13 (a)-(b)-(c) show the best fits of the Qi(Vg) and Cgc(Vg) characteristics, which can be obtained with 

the Lambert-W function model of Eqs.(5) and (6) for temperatures varying from 300K down to 4.2K. 

The extracted fitting parameters for Vt and  are plotted in Fig. 13 (d), indicating a quasi-linear increase 

of Vt with temperature decrease and a 1/T dependence of  (not shown). The excellent agreement 

achieved between model and experiment emphasizes the validity of the Lambert-W function to ade-

quately describe the capacitance and inversion charge MOSFET characteristics vs gate voltage down 

to deep cryogenic temperatures. This fully justifies that the Lambert-W Qi(Vg) model can further be 

used for the drain current transfer characteristics parameter extraction. 
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Fig. 12 Cgc(Vg) (a), Qi(Vg) (b) and (c), and Qi/Cgc(Qi) 

(d) characteristics for various temperatures 

T(K)=4.2, 10, 20, 50, 100, 150, 200, 250 and 300 

(W=L=10µm). 

Fig. 13 Experimental (red solid lines) and Lambert-W 

model fitted (blue dashed lines) Qi(Vg) (a) and (b), 

Cgc(Vg) (c) characteristics for various temperatures 

T(K)=4.2, 20, 50, 77, 100, 200 and 300 (W=L=10µm). (d) 

Vt and n parameter variations with temperature T. 

3.3.2 Drain current transfer characteristics of long channel devices 

Drain current Id(Vg) transfer characteristics were first measured in linear region (Vd=50mV) on long 

channel FDSOI MOSFETs with W=L=10µm to obtain the intrinsic parameters free from source/drain 

access resistance effect. Typical drain current Id(Vg), transconductance gm(Vg) and Y-function 𝑌(𝑉𝑔) =

𝐼𝑑 √𝑔𝑚⁄  characteristics are shown in Fig. 14 (red solid lines) for various temperatures from 300K down 

to 4.2K. Note again the strong increase of the subthreshold slope with the temperature decrease, as 

well as the significant increase of drain current at high gate voltage, maximum transconductance and 

average Y-function slope with temperature lowering. The latter features are related to the improve-

ment of the carrier mobility as the temperature is reduced, as will be shown below. 

Fig. 14 also displays the best fits of the Id(Vg),  gm(Vg) and  Y(Vg) characteristics (blue dashed lines), 

which can be reached with the Lambert-W function model of Eqs. (6), (8) and (9) for temperatures 

ranging from 300K down to 4.2K. The very good agreement between model and experiment under-

lines the usefulness of the Lambert-W function to effectively describe the drain current, the transcon-

ductance and the Y-function as a function of gate voltage from weak to strong inversion, using a clas-

sical mobility law provided by Eq. (8) down to very low temperatures.  

The extracted fitting parameters Vt, η, µ0, 1 and 2 are plotted in Fig. 14 as a function of temperature. 

As in the C-V extraction, the threshold voltage Vt is increasing quasi linearly with the temperature 

reduction, whereas the ideality factor  nearly varies as 1/T. The low field mobility µ0 increases with 

temperature lowering, as is usual, due to phonon scattering reduction. The first-order mobility atten-

uation coefficient 1 lies around -1V-1 over the temperature range, while the second-order attenua-

tion coefficient 2 increases from 0.8V-2 to 1.6V-2 as the temperature is reduced. The latter feature is 

related to the higher influence of surface roughness scattering at lower temperatures. It is also worth 

noticing in Fig. 15 that the Lambert-W function extracted parameters Vt,  and µ0 are close to those 

obtained by the Y-function method [16], emphasizing once more the consistency of the Lambert-W 

function method. 
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Fig. 14: Experimental (red solid lines) and Lambert-W 
model fit (blue dashed lines) IdVg) (a) and (b), gm(Vg) 
(c) and Y(Vg) (d) characteristics for various tempera-
tures T(K)=4.2, 10, 20, 50, 100, 150, 200, 250 and 300 
(Vd=50mV, W=L=10µm). 

Fig. 15: Vt (a), η (b), µ0 (c) parameter variations as ex-
tracted from Lambert-W function fits (red solid lines) 
and from Y-function method (blue dashed lines), and 

1 with 2 (d) versus temperature (Vd=50mV, 
W=L=10µm). 

The effective mobility µeff obtained from the Lambert-W function fits and defined in Eq.(8) has been 

plotted in Fig. 16(a) (red solid lines) and compared to the effective mobility determined by standard 

split C-V method based on Qi(Vg) data of Fig. 12 and drain current curves of Fig. 14 (blue dashed lines). 

As can be seen, both µeff values merge well at moderate and strong inversion, while strongly differing 

below threshold. The latter point can be explained, on one hand, by the finite µeff value (=µ0) inherent 

to the classical mobility law used in Eq. (8) reached below threshold, and, on the other hand, by the 

erroneous µeff values returned by split C-V method close to and below threshold. Nevertheless, it 

should be noted that the maximum µeff values, µmax, obtained by both methods and plotted in Fig. 16 

are very close to each other, which proves the physical consistency of the mobility extracted by the 

Lambert-W function fits. The negative values for 1 obtained by Lambert-W extraction, allow modeling 

the increase of µeff above threshold, which is necessary for emulating the low temperature mobility 

law where Coulomb scattering induces such a mobility increase [17], [22]. 

 
Fig. 16. (a) µeff variations with Vg and (b)  maximum µeff  variations with temperature as obtained from Lam-
bert-W function fits (red solid lines) and split C-V technique (blue dashed lines). (Vd=50mV, W=L=10µm). 

 

3.3.3 Drain current transfer characteristics of short channel devices 

Drain current Id(Vg) transfer characteristics were then measured in linear region (Vd=30mV) on short 

channel FDSOI MOSFETs with gate length varying from 30nm up to 1µm and gate width W=1µm. 
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Typical drain current Id(Vg), transconductance gm(Vg) and Y-function Y(Vg) characteristics are pre-

sented in Fig. 17 and Fig. 18 (red solid lines) for these various gate lengths and for T=300K and T=25K, 

respectively. 

 
Fig. 17: Experimental (red solid lines) and Lambert-W model fit (blue dashed lines) IdVg) (a) and (b), gm(Vg) (c) 
and Y(Vg) (d) characteristics for various gate lengths L(nm)=30, 60, 90, 120, 300 and 1000 measured at T=300K 
(Sample C, Vd=30mV, W=1µm).  

 
Fig. 18: Experimental (red solid lines) and Lambert-W model fit (blue dashed lines) IdVg) (a) and (b), gm(Vg) (c) 
and Y(Vg) (d) characteristics for various gate lengths L(nm)=30, 60, 90, 120, 300 and 1000 measured at T=25K 
(Sample C, Vd=30mV, W=1µm).  

Fig. 17 and Fig. 18 also illustrate the best fits of the Id(Vg), gm(Vg) and Y(Vg) characteristics (blue dashed 

lines), which can be obtained with the Lambert-W function model of Eqs. (6), (8) and (9) for the cor-

responding experimental data. The overall good agreement between model and experiment infers 

again the effectiveness of the Lambert-W function to describe the transfer characteristics, even in 

short channel MOS devices, as a function of gate voltage from weak to strong inversion using a classi-

cal mobility law down to very low temperatures. 
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The extracted fitting parameters Vt, µ0, 1 and 2 are plotted in Fig. 19 versus gate length and for 

various temperatures from 25K to 300K. As can be seen, the threshold voltage Vt is exhibiting a small 

roll-off vs gate length due to short channel effect (SCE), whose trend is nearly independent of temper-

ature, as expected, since being controlled only by the device electrostatics [15]. The low field mobility 

µ0 displays a degradation as the gate length is reduced, more significant for lower temperatures. This 

mobility collapse has been previously attributed to enhanced defective scattering at small channel 

length, likely due to neutral point defects located near source and drain regions [23], [24]. The first 

order mobility attenuation coefficient 1 strongly increases, almost independently of temperature, as 

the channel length is reduced, due to the larger impact of access resistance Rsd in 1 expression (see 

Table 1 Eq. (8)). Instead, the second order attenuation coefficient 2 weakly decreases with the gate 

length reduction.  

The extracted fitting parameters Vt, µ0, 1 and 2 have also been plotted in Fig. 20 versus temperature 

for various gate lengths in order to better analyze the temperature influence. As can be seen, the 

threshold voltage Vt varies similarly vs T for long and short channel devices, as being governed by the 

same carrier statistics. In contrast, the low field mobility µ0 variations with temperature clearly reveal 

a strong change in scattering mechanism signature, evolving from phonon controlled one in long chan-

nels ( T-1) to neutral defect one ( T0) in short channels, as already reported for advanced CMOS 

technologies [23], [24]. The first order mobility attenuation coefficient 1 is nearly constant with tem-

perature, whereas the second order attenuation coefficient 2 increases with temperature lowering, 

similarly for all gate lengths. 

  

Fig. 19: Vt, µ0, 1 and 2 parameter variations with 

gate length as extracted from Lambert-W function 

fits for various temperatures T(K)= 25, 77, 100, 150, 

200, 250 and 300 (W=1µm). 

Fig. 20: Vt, µ0, 1 and 2 parameter variations with 

temperatures as extracted from Lambert-W function 

fits for various gate lengths L(nm)=30, 60, 90, 120, 

300 and 1000  (W=1µm). 

Finally, Fig. 21(a) shows that the increase of the ideality factor  with the temperature reduction is 

similar for all gate lengths, with larger values for shorter devices due to SCE. This increase of  at 
lower temperature can be explained by the saturation of the subthreshold swing (SW) at tempera-

tures below 30-40K, since =SW/(kT/q) [3], [2]. Fig. 21(b) displays the variations of the first order 

mobility attenuation coefficient 1 with the gain factor parameter , parametrized by the channel 

lengths for various temperatures. As can be seen, 1 varies linearly with  as expected due to the in-
creased influence of Rsd as the gate length is reduced. As is usual, the access resistance is extracted 
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from the slope 1(), giving values of Rsd varying from 230 to 260 .µm for temperatures increasing 
from 25K to 300K (Eq. (8)). 

 
Fig. 21: (a) n parameter variations with temperature for various gate lengths L(nm)=30, 60, 90, 120, 300 and 

1000.  (b) 1 parameter variations with =W.Cox.µ0/L gain factor for various temperatures T(K)= 25, 77, 100, 
150, 200, 250 and 300 (Sample C, W=1µm). 

3.3.4 Drain current transfer characteristics of long channel devices in saturation region 

The Lambert-W function model of Table 1 has been extended to the saturation region by integration 

of the dynamic conductance gd over drain voltage Vd, which is given by: 

 𝑔𝑑(𝑉𝑔, 𝑉𝑑, 𝑇) =
𝑊

𝐿
µ𝑒𝑓𝑓(𝑄𝑖).

𝐶𝑜𝑥ℎ𝑘𝑇

𝑞
. 𝐿𝑊(𝑒

𝑉𝑔−𝑉𝑡−𝑉𝑑

ℎ𝑘𝑇/𝑞 ) 
(10) 

 

where the classical mobility law µeff(Qi) of Eq. (8) is used. Then, the drain current is calculated from: 

 𝐼𝑑(𝑉𝑔, 𝑉𝑑 , 𝑇) = ∫ 𝑔𝑑(𝑉𝑔, 𝑢, 𝑇)𝑑𝑢
𝑉𝑑

0
. 

(11) 

This yields after integration the analytical expression for the drain current: 

 𝐼𝑑(𝑉𝑔, 𝑉𝑑 , 𝑇) = ∫ 𝑔𝑑(𝑉𝑔, 𝑢, 𝑇)𝑑𝑢
𝑉𝑑

0
. 

(12) 

 

𝐼𝑑(𝑉𝑔, 𝑉𝑑 , 𝑇) =
𝑊

𝐿
. µ0.

𝑘𝑇

𝑞
. 𝑛.

[
 
 
 
 
 
 
 1

2
.

𝐶𝑜𝑥

𝑞2𝑛. 𝑘𝑇/𝑞
. 𝑙𝑛 (

1 +
𝑞1

𝐶𝑜𝑥
. 𝑄𝑖𝑆 +

𝑞2

𝐶𝑜𝑥
2 . 𝑄𝑖𝑆

2

1 +
𝑞1

𝐶𝑜𝑥
. 𝑄𝑖𝐷 +

𝑞2

𝐶𝑜𝑥
2 . 𝑄𝑖𝐷

2
) + (

𝑞1

𝑞2. 𝑛. 𝑘𝑇/𝑞
− 2) ´. .

. . ´
𝐶𝑜𝑥

2

√𝑞1
2 − 4𝑞2

. (𝑎𝑡𝑎𝑛ℎ (
𝑞1 + 2.

𝑞2

𝐶𝑜𝑥
. 𝑄𝑖𝑆

√𝑞1
2 − 4𝑞2

) − 𝑎𝑡𝑎𝑛ℎ (
𝑞1 + 2.

𝑞2

𝐶𝑜𝑥
. 𝑄𝑖𝐷

√𝑞1
2 − 4𝑞2

))

]
 
 
 
 
 
 
 

 

  (13) 
 

where QiS (resp. QiD) refers to the source (resp. drain) inversion charge.  

Fig. 22 shows the fits of the Id(Vg),  gm(Vg) and Y(Vg) characteristics (blue dashed lines), obtained with 

the Lambert-W function model of Eq. (13) for the corresponding experimental data measured in sat-

uration (Vd=1V), while using the same parameters extracted from the linear regime fits of Fig. 14. 
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3.3.5 Inversion charge characteristics for various back bias 

The inversion charge model of Eq. (6) has also been extended to account for the influence of the back 

bias Vb in FDSOI structure. To this end, the back channel inversion charge has been added to the front 

inversion charge with appropriate partitioning as: 

𝑄𝑖𝑡𝑜𝑡(𝑉𝑔, 𝑉𝑏) = 𝐹 (
𝑄𝑖𝑓𝑟𝑜𝑛𝑡(𝑉𝑔, 𝑉𝑏)

𝑄𝑖𝑏𝑎𝑐𝑘(𝑉𝑔, 𝑉𝑏)
− 1) . 𝑄𝑖𝑓𝑟𝑜𝑛𝑡(𝑉𝑔, 𝑉𝑏) + 𝐹 (

𝑄𝑖𝑏𝑎𝑐𝑘(𝑉𝑔, 𝑉𝑏)

𝑄𝑖𝑓𝑟𝑜𝑛𝑡(𝑉𝑔, 𝑉𝑏)
− 1) . 𝑄𝑖𝑏𝑎𝑐𝑘(𝑉𝑔, 𝑉𝑏) 

  (14) 
 

where  stands for the Heaviside function. The front and back inversion charges are given by their LW  

 𝑄𝑖𝑓𝑟𝑜𝑛𝑡(𝑉𝑔, 𝑉𝑏) = 𝐶𝑜𝑥.
𝑘𝑇

𝑞
. 𝑛. 𝐺 (

𝑉𝑔−𝑉𝑡+𝐾𝑓.𝑉𝑏

𝑛.𝑘𝑇/𝑞
) [1 −

𝑙𝑛(1+𝐺(
𝑉𝑔−𝑉𝑡+𝐾𝑓.𝑉𝑏

𝑛.𝑘𝑇/𝑞
))

2+𝐺(
𝑉𝑔−𝑉𝑡+𝐾𝑓.𝑉𝑏

𝑛.𝑘𝑇/𝑞
)

]  
(15) 

 

 
𝑄𝑖𝑏𝑎𝑐𝑘(𝑉𝑔, 𝑉𝑏) = 𝐶𝑓𝑏.

𝑘𝑇

𝑞
. 𝑛. 𝐺 (

𝑉𝑔−𝑉𝑡+𝐾𝑏.𝑉𝑏

𝑛.𝑘𝑇/𝑞
) [1 −

𝑙𝑛(1+𝐺(
𝑉𝑔−𝑉𝑡+𝐾𝑏.𝑉𝑏

𝑛.𝑘𝑇/𝑞
))

2+𝐺(
𝑉𝑔−𝑉𝑡+𝐾𝑏.𝑉𝑏

𝑛.𝑘𝑇/𝑞
)

]  
(16) 

with 

 𝐺(𝑥) = ln[1 + 𝑒𝑥.(𝑥<700)] . (𝑥 < 700) + 𝑥. (³700). (17) 

being a function with an ad hoc exponential truncation scheme in order to avoid overload at very low 

temperature. The coupling coefficient Kf and Kb are related to the capacitances: 

 𝐾𝑓 =
𝐶𝑏

𝐶𝑜𝑥
  and  𝐾𝑏 =

𝐶𝑏𝑜𝑥

𝐶𝑓𝑏
. (18) 

where Cb=Csi.Cbox/(Cbox+Csi) and Cfb=Csi.Cox/(Cox+Csi) with Csi being the silicon film capacitance and Cbox 

the BOX capacitance. 

Fig. 23 shows the best fits of the inversion charge characteristics Qi(Vg) (blue dashed lines) as obtained 

with the Lambert-W function model of Eqs (14) to (18) for experimental data (red solid lines) measured 

for various back biases and two temperatures. It should be noted this inversion charge model could 

be easily employed to extend the drain current model of Eq. (13) in order to include the back bias 

effects. 
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Fig. 22: Experimental (red solid lines) and Lambert-W model fit (blue dashed lines) IdVg) (a) and (b), gm(Vg) (c) 
and Y(Vg) (d) characteristics for various temperatures T(K)=4.2, 10, 20, 50, 100, 150, 200, 250 and 300 in sat-
uration region (Vd=1V, W=L=10µm). 

 

 
Fig. 23: Experimental (red solid lines) and Lambert-W model fit (blue dashed lines) Qi(Vg) characteristics for 
various back biases Vb (V)=-3, -2, -1, 0, 1, 2, 3, 4 and 5 and for T=300K and T=4K (W=L=10µm). 
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4 Comprehensive Kubo-Greenwood modelling of FDSOI MOS devices down to 

deep cryogenic temperatures (INPG, LETI) 

4.1 Introduction 

The Cryogenic electronics is still a key research topic as allowing circuit performance improvements in 

terms of operation speed, turn-on behavior, thermal noise reduction, punch-through current decrease 

etc. [14], [15], [25], [26], [27]. It finds application in high speed computing, sensing and detection, 

space electronics and recently in readout CMOS electronics for quantum computing [12], [13]. In this 

context, the characterization and modelling of MOSFETs down to cryogenic temperatures is still a key 

issue. Besides, Kubo-Greenwood formalism has proven a powerful approach for the modelling of 

transport in MOS inversion layers, enabling detailed mobility calculations [22], [28], [29] and recently 

subthreshold slope calculations [3]. 

In this work, we propose to apply the Kubo-Greenwood approach for the drain current modelling as a 

function of gate voltage in 28nm FDSOI MOSFETs down to deep cryogenic temperatures. We first val-

idate the single 2D subband approximation for the description of the MOS inversion charge with gate 

voltage down to liquid helium temperatures. Then, we show that the drain current transfer character-

istics can be modeled within the Kubo-Greenwood formalism down to very low temperatures, using 

calibrated scattering limited mobility laws (Phonon, Coulomb, Neutral, Surface roughness). 

4.2 Experiments details 

The measurements were performed on 28nm FDSOI MOSFETs with silicon film thickness tsi=7nm and 

buried oxide (BOX) thickness tbox=25nm from STMicroelectronics. NMOS transistors were processed 

from (100) handle substrate, with <100>-oriented channel, and a high-k/metal gate Gate-First archi-

tecture [19]. Low-Vth transistors were available with un-doped channel through a doped back plane 

(NWELL doping NA=1018cm-3) below the BOX. Thin gate oxide (with equivalent oxide thickness 

EOT=1.1nm) devices with gate length L varying from 30nm up to 10µm and with gate width W=1µm 

or 10µm were tested using a cryogenic probe station down to 4.2K. 

The gate-to-channel capacitance Cgc(Vg) was measured with an HP 4284 LCR meter at 1MHz frequency 

and 10mV AC level using the standard split C-V technique. The drain current Id(Vg) MOSFET transfer 

characteristics were recorded in linear region (Vd=30-50mV) with an HP4156 parameter analyzer. All 

the measurements were made at zero back bias. 

4.3 Kubo-Greenwood transport and FDSOI MOSFET modelling 

The main equations used for the Kubo-Greenwood transport and FDSOI MOSFET modelling are re-

called in the following sub-sections. 

4.3.1 Kubo-Greenwood transport modelling 

The inversion layer density n within a single subband approximation is related to the Fermi level Ef by 

[22], [3], 

 𝑛 = 𝑘𝑇. 𝐴2𝑑 . 𝑙𝑛 (1 + 𝑒
𝐸𝑓

𝑘𝑇) (19) 

where A2D=g.md*/(.ħ) is the 2D density of states with g the subband degeneracy factor, md* the DOS 

effective mass and ħ the reduced Planck constant and kT is the thermal energy, T being the tempera-

ture. Note that Ef is referred to the subband edge Ec, stated here to zero. 
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The inversion layer sheet conductivity , which is a function of Fermi level and temperature, can be 

computed by integration over energy E of the so-called energy conductivity function E(E) as [22], [3], 

 𝑠(𝐸𝑓 , 𝑇) = ∫ 𝑠𝐸(𝐸) (−
𝜕𝑓

𝜕𝐸
) 𝑑𝐸

+∞

0

 
(20) 

where 𝑓 = 1 (1 + 𝑒
𝐸−𝐸𝑓

𝑘𝑇 )⁄  is the Fermi function and, 

 𝑠𝐸(𝐸) = 𝑞. 𝐸. 𝐴2𝑑 . µ(𝐸) (21) 

with E being the carrier kinetic energy and µ(E) the energy mobility function.  

When several scattering take place in the electronic transport, the energy mobility function µ(E) can 

be evaluated by the Matthiessen rule as, 

 µ(𝐸) = (
1

µ𝑝ℎ
+

1

µ𝑁
+

1

µ𝐶
+

1

µ𝑆𝑅
)

−1

 
(22) 

which accounts for the phonon (µph),  neutral (µN), Coulomb (µC) and surface roughness (µSR) limited 

mobility components, respectively. 

The phonon limited mobility (in cm2/Vs) in an inversion layer has been expressed by [30], 

 µ𝑝ℎ(𝑇, 𝐹) = 1180. [(
𝑇

300
)
2.11

+ (
𝑇

300
)
1.7

. (
𝐹

𝐹0
)
𝑎(𝑇)

]

−1

 
(23) 

with F being the effective electric field (defined below),  𝑎(𝑇) = 0.2. (
300

𝑇
)
0.1

and  𝐹0 = 7 × 104 (
𝑉

𝑐𝑚
) 

a critical field. 

The Coulomb scattering limited mobility (in cm2/Vs) is proportional to the carrier kinetic energy E and 

takes the form [22], 

 µ𝐶(𝐸) = 1650. (
𝐸

𝐸𝑐𝑜𝑢𝑙
) (24) 

with here Ecoul=0.032eV. 

The surface roughness limited mobility (cm2/Vs) is proportional to the square of the reciprocal effec-

tive electric field and is well approximated by [31]: 

 µ𝑆𝑅(𝑇, 𝐹) =
8.8 × 1014

𝐹2
. 𝑒𝑥𝑝 [−(

𝑇

850
)
2

] (25) 

Finally, the neutral scattering limited mobility is constant with energy and temperature and reads [32], 

 µ𝑁 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (26) 

where the constant is proportional to the reciprocal neutral defect number. 

4.3.2 FDSOI MOSFET modelling 

For the modelling of an FDSOI MOSFET device, we consider that the 2D inversion layer is located at 

the front oxide/silicon channel interface, such that the gate charge conservation equation yields, 

 𝑉𝑔 = 𝑉𝑓𝑏 + 𝑉𝑠 +
𝑄𝑖

𝐶𝑜𝑥
+

𝐶𝑖𝑡 . (𝑉𝑠 − 𝑉0)

𝐶𝑜𝑥
+

𝐶𝑏. (𝑉𝑠 − 𝑉𝑏)

𝐶𝑜𝑥
 (27) 
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where Qi(Ef,T)=q.n(Ef,T) is the inversion charge, Vs is the front surface potential, Vfb is the flat band 

voltage, Vg is the front gate voltage, Vb is the back bias, Cox the front oxide capacitance, Cit (=q.Nit) is 

the front interface trap capacitance, Nit being the interface trap density, and,  𝐶𝑏 =

(𝐶𝑠𝑖𝐶𝑏𝑜𝑥) (𝐶𝑠𝑖 + 𝐶𝑏𝑜𝑥)⁄  is the substrate coupling capacitance, Csi being the silicon capacitance and Cbox 

the BOX oxide capacitance. 

The surface potential Vs(Vg,Vb) can be obtained by solving Eq. (27) for given front gate voltage and 

back bias. Thus, the Fermi level Ef can be calculated for any bias as: 

 𝐸𝑓(𝑉𝑔, 𝑉𝑏) = 𝑞. [𝑉𝑠(𝑉𝑔, 𝑉𝑏) − 𝑉0] 
(28) 

where V0 is a reference potential depending on channel doping level. 

The effective electric field F entering the phonon and surface roughness limited mobility components 

of Eqs (23) and (25) is evaluated by the usual expression accounting for the inversion charge and back 

electric field as, 

 𝐹(𝑉𝑔, 𝑉𝑏) =

𝑄𝑖(𝑉𝑔, 𝑉𝑏, 𝑇)
2

+ 𝐶𝑏 . [𝑉𝑠(𝑉𝑔, 𝑉𝑏) − 𝑉𝑏]

e𝑠𝑖
 

(29) 

where si is the silicon permittivity. 

The drain current is then calculated in linear operation region, i.e. for small drain voltage Vd, as, 

 𝐼𝑑(𝑉𝑔, 𝑉𝑑 , 𝑉𝑏, 𝑇, 𝐹) =
𝑊

𝐿
. 𝑠[𝐸𝑓(𝑉𝑔, 𝑉𝑏), 𝑇, 𝐹]. 𝑉𝑑 (30) 

In short channel devices, the source/drain series resistance Rsd effect is accounted for through Ohm’s 

law as, 

 𝐼𝑑(𝑉𝑔, 𝑉𝑑, 𝑉𝑏 , 𝑇, 𝐹) =

𝑊
𝐿 . 𝑠[𝐸𝑓(𝑉𝑔, 𝑉𝑏), 𝑇, 𝐹]. 𝑉𝑑

1 + 𝑅𝑠𝑑 .
𝑊
𝐿

. 𝑠[𝐸𝑓(𝑉𝑔, 𝑉𝑏), 𝑇, 𝐹]
 (31) 

4.4 Results and discussion 

4.4.1 Long channel devices 

Cgc(Vg) characteristics were measured on large area MOSFETs with W=L=10µm. The inversion charge 

was obtained after integration of the Ccg(Vg) curves starting from Vg=0 as is usual in split C-V technique. 

Experimental and modeled Cgc(Vg) and Qi(Vg) characteristics are shown in Fig. 24 for various tempera-

tures. They clearly reveal the adequacy of the single subband approximation of Eq. (19) and of the 

MOSFET approach of Eq. (27) for the modelling of the gate charge control in FDSOI MOS transistors 

down to liquid helium temperature. The model parameters are indicated in the caption of Fig. 24. 

In  Fig. 25 are reported the experimental and Kubo-Greenwood modeled Id(Vg), gm(Vg) and Y-function 

Y(Vg) = Id √gm⁄  [33] characteristics for such a long channel device and for various temperatures, 

showing very good agreement. The best Kubo-Greenwood model fits have been achieved after proper 

calibration of the phonon, Coulomb and Surface roughness mobility law parameters, whose values are 

those displayed in Eqs (23), (24) and (25). It should be mentioned that these values are close to the 

original ones in [22], [30], [31]. The value of µN, indicated in Fig. 25 caption, has been set to a large 

value in the case of long channel device.  
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Fig. 24: Experimental (red solid lines) and modeled (blue dashed lines) Cgc(Vg) and Qi(Vg) characteristics for 
various temperatures T(K)=4.2, 10, 20, 50, 100, 150, 200, 250 and 300 (W=L=10µm, model parameters: Cox= 
2.1 µF/cm2, Cbox= 0.14 µF/cm2, Csi=1.52 µF/cm2, Cit=0.16 µF/cm2, V0= 0.5V). 

The variations of the effective mobility, µeff=/(qn), with inversion layer density deduced from the 

Kubo-Greenwood modeling are shown in Fig. 26a for various temperatures. They reveal the onset of 

a bell-shaped mobility behavior at very low temperatures as is usual [15], [22], due to the dominance 

of Coulomb and surface roughness scattering processes. Figure 3b displays the change in the temper-

ature dependence of µeff for various carrier densities taken at weak, intermediate and strong inver-

sion. 

 
Fig. 25: Experimental (red solid lines) and modeled (blue dashed lines) IdVg), gm(Vg) and Y(Vg) characteristics 
for various temperatures T(K)=4.2, 10, 20, 50, 100, 150, 200, 250 and 300 (µN=3000cm2/Vs, Vd=50mV, 

W=L=10µm, Nit=2-81012/eVcm2).  

At low carrier density, µeff increases with temperature due to Coulomb scattering predominance be-

fore to decrease at higher temperature due to enhanced phonon scattering. At high carrier density, 

µeff always decreases with temperature due to phonon diffusion supremacy. These features are also 

illustrated in Fig. 27, where the variations of µeff with carrier density are compared to the various mo-

bility law components. As expected, at very low temperature, Coulomb scattering is dominating, 

whereas, at high temperature, phonon scattering is prevailing.  
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Fig. 26: a) Variations of µeff with 2D carrier density 
n for various temperatures T(K)=4.2, 10, 20, 50, 
100, 150, 200, 250 and 300 and b) with tempera-
ture T for various 2D carrier densities as obtained 
from Kubo-Greenwood modeling (W=L=10µm). 

Fig. 27: Variations of µeff (red solid line) and  of various 
scattering mobility component with 2D carrier density n 
for T=4.2K and T=300K as obtained from Kubo-Green-
wood modeling (W=L=10µm). 

 

4.4.2 Short channel devices 

In Fig. 28 and Fig. 29 are displayed the experimental and Kubo-Greenwood-modeled Id(Vg), gm(Vg) and 

Y(Vg) characteristics for MOS devices with gate length ranging from 30nm up to 1µm and for various 

temperature, showing again very good agreement. In this case, the best Kubo-Greenwood model fits 

have been obtained by keeping the same mobility parameters as for long devices (Fig. 25), at the 

exception of the neutral mobility component µN, and of the reference potential V0, which were ad-

justed versus gate length for each temperature as shown in Fig. 29. It is found that V0 follows the same 

trend vs L as the threshold voltage exhibiting a slight roll-off due to short channel effect (not shown). 

However, as can be seen from Fig. 29b, µN is strongly degraded as the channel length is reduced, re-

gardless of temperature, due to the increased influence of neutral defects close to source and drain 

in agreement with the data of [24] (square symbols in Fig. 29b) and with the theoretical analysis of 

[23]. 

 

 

 

Fig. 28: Experimental (red solid lines) and modeled 
(blue dashed lines) IdVg), gm(Vg) and Y(Vg) characteris-
tics for various gate lengths L(nm)=30, 60, 90, 120, 
300 and 1000 and T=300K  (Vd=30mV, W=1µm).  

Fig. 29: Experimental (red solid lines) and modeled 
(blue dashed lines) IdVg) and gm(Vg) characteristics for 
various gate lengths L(nm)=30, 60, 90, 120, 300 and 
1000 and for T=77K and T=25K  (Vd=30mV, W=1µm).  

 

It should also be noted that, when fitting the transfer characteristics for short channel devices, the 

source/drain series resistance (Rsd) effects were taken care using the Y-function, which is independent 

of Rsd [33]. To this end, the mobility parameter µN was first tuned to adjust the experimental Y(Vg) 

curves. Then, Rsd was adjusted using Eq. (31) to fit the experimental Id(Vg) and gm(Vg) characteristics. 
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Typical values for Rsd were found in the range 230-250.µm for temperatures varying from 25K up to 

300K. 

 
Fig. 30: Variations of (a) parameter V0 and (b) neutral mobility component µN with gate length L  for various 
temperatures T(K)= 25, 77, 100, 150, 200, 250 and 300 as obtained from Kubo-Greenwood modeling (W=1µm). 
The square symbols are results taken from [24]. 
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5 Transistor models for HEMTs suitable for the design of ultra-low noise am-

plifiers at ambient temperatures of 300 K and 10 K (Fraunhofer IAF) 

Modern circuit design relies heavily on accurate circuit simulations since they enable circuit optimiza-

tions allowing for the best performance that can be achieved. Furthermore, design cycles can be short-

ened, which saves time and costs. The accuracy of such circuit simulations is mainly limited by the 

models of the active devices. Accurate models offer the potential to achieve optimal performance for 

a given technology by allowing the fine tuning of circuit parameters. The extraction of cryogenic tran-

sistor small-signal models is already challenging since raising accurate measurement data is a non-

trivial task. This task becomes even harder if an RF-noise model shall be extracted. Noise measure-

ments are already challenging at room temperature and underlie a significant measurement uncer-

tainty, which even worsens at cryogenic conditions due to unknown noise of connections into the 

cryostat. No off-the-shelf measurement systems are available for cryogenic noise temperature. There-

fore, the extraction of temperature dependent, cryogenic noise model is extremely challenging.  

In order to achieve the aforementioned benefits in cryogenic high performance circuit design, the 

small-signal and noise model needs to fulfill several requirements [34]. The model needs to be valid 

over a broad frequency range to allow the usage in arbitrary bands. Furthermore, all bias point that 

are usable under RF drive shall be covered by the model, which is especially important for temperature 

dependent noise models since the optimal noise bias point shifts to lower current and voltage bias 

points under cryogenic conditions. High scalability in terms of absolute gate width and gate finger 

numbers need to be achieved to allow for optimizations. The model needs to be valid at arbitrary 

ambient temperatures to allow for circuit designs dedicated to a special temperature level, which is 

of special importance for the integration of multiple readout functions into the cryostat as aimed by 

the SEQUENCE consortium.  

This section reports on a scalable small-signal and noise model of a 50 nm metamorphic high-electron-

mobility transistor (mHEMT) technology [35] dedicated to high performance cryogenic circuit design. 

The model is continuously valid down to cryogenic temperatures and up to high frequencies. All usable 

bias points of the modeled technology are covered by the model. In combination with the model’s 

high scalability, the highest flexibility in RF circuit design is provided to the designer by the model. 

The model uses the distributed small-signal equivalent circuit topology introduced in [36], [37]. The 

model is extracted for Fraunhofer IAF’s new cryogenic noise optimized 50 nm mHEMT technology [38]. 

5.1 Temperature-Dependent Small-Signal Model 

The model bases on the scalable equivalent circuit model topology described in detail in D2.2 and [36], 

[38]. 

The model is now extracted for the new 50 nm mHEMT technology, which is optimized for cryogenic 

ultra-low noise operation instead of the standard 50 nm mHEMT process. This mainly causes changes 

in the intrinsic, active part of the model, which is modeled bias and temperature dependent in addition 

to geometrical dependencies. Especially the intrinsic model core has a huge impact on the device noise 

performance. Therefore, it is important to correctly extract the intrinsic parameters and their depend-

encies on temperature and bias. 

Each intrinsic equivalent circuit element’s dependency on the temperature and the bias voltage and 

current is modeled by a Taylor series up to third order. Furthermore, each intrinsic parameter is line-

arly dependent on the gate width it describes. The intrinsic model is extracted from on-chip S-param-

eter measurements of single HEMTs at various temperatures and bias points via a dedicated simplex 
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algorithm. Fig. 31 shows the most important intrinsic parameters at different bias points as a function 

of temperature. The extracted model functions are compared to direct extractions from S-parameter 

measurements from which the extrinsic circuit has been deembedded. These S-parameters are con-

verted to Y-parameters and conductance values are obtained from the corresponding real parts and 

the slope of the imaginary parts yields the capacitances. 

 

  
(a) Cgs (b) Cgd 

  
(c) Cds (d) gds 

 
(e) gm 

Fig. 31: Intrinsic model (lines) compared to direct extractions from S-parameter measurements (symbols) as a 
function of temperature. (a) Cgs, (b) Cgd, (c) Cds, (d) gds, and (e) gm are shown at various drain currents and a drain 
voltage of Vd = 0.5 V. 

An excellent agreement between model and direct extractions is observed at various drain currents 

over the full temperature range considered (10 – 297 K). This indicates the validity of the approach. 

The intrinsic Cgs shows a slight increase with temperature (less than 10%) at low drain currents but is 

generally quite robust against temperature changes. At drain currents above 200 mA/mm, the intrinsic 

gate–source capacitance decreases with temperature. A qualitatively similar dependence of Cgs has 

been found in [39] for a 100-nm InP HEMT and has been motivated by the different transport mecha-

nisms under the gate, which might cause this change of the gate–source capacitance. Both Cgd and Cds 

show a slight decrease with temperature, which is likely to originate from better carrier confinement 



SEQUENCE   Deliverable D2.6 
Horizon 2020 Grant Agreement 871764   Dissemination level: PU 
 

Page 31 of 46 Version: 1.0 Status: Draft 
  © SEQUENCE Consortium 2021 

at lower temperatures. The intrinsic gm increases continuously when the temperature is decreased 

and is approximately 300 mS/mm higher at 10 K compared to the room temperature value independ-

ent of the current bias, which fits the observed dc transfer characteristics well. gds increases at lower 

temperatures as well, just for high drain currents above 200 mA/mm, the trend reverses and a slight 

decrease of gds is found.  

For circuit optimizations and especially for noise modeling the dependencies of the various parame-

ters on the bias point is important. Most applications use deep cryogenic temperatures or room tem-

perature. Therefore, the bias dependency of the intrinsic parameters are compared to direct extrac-

tions from de-embedded S-parameters at room temperature (Fig. 32) and at 10 K (Fig. 33). 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

  
(i) (j) 

Fig. 32: Modeled intrinsic parameters (lines) and extractions from deembedded S-parameter measurements (sym-
bols) as a function of drain current (left column) and as a function of drain voltage (right column) at Ta = 297 K. 
(a) Cgs dependent on Id. (b) Cgs dependent on Vd. (c) Cgd dependent on Id. (d) Cgd dependent on Vd. (e) Cds dependent 
on Id. (f) Cds dependent on Vd. (g) gm dependent on Id. (h) gm dependent on Vd. (i) gds dependent on Id. (j) gds de-
pendent on Vd are shown. 

 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

  
(i) (j) 

Fig. 33: Modeled intrinsic parameters (lines) and extractions from deembedded S-parameter measurements (sym-
bols) as a function of drain current (left column) and as a function of drain voltage (right column) at Ta = 10 K. (a) 
Cgs dependent on Id. (b) Cgs dependent on Vd. (c) Cgd dependent on Id. (d) Cgd dependent on Vd. (e) Cds dependent 
on Id. (f) Cds dependent on Vd. (g) gm dependent on Id. (h) gm dependent on Vd. (i) gds dependent on Id. (j) gds de-
pendent on Vd are shown. 

 

A very good agreement at both extreme temperatures is observed at all bias points. Both very low 

currents and voltages, as well as high voltages and currents are modeled correctly, which results in 

the required ability to cover arbitrary temperatures and bias points.  

Regarding general trends, the intrinsic parameters show a qualitatively similar dependence on drain 

current and drain voltage at both temperatures. Cgs increases at a high rate with drain current, espe-

cially at low drain currents, but the increase settles above 200 mA/mm. At both temperatures, a linear 

increase of Cgs with drain voltage is observed. Cgd is quite robust against drain current changes, just at 

high drain voltages, a more pronounced decrease with drain current is extracted. Cgd decreases with 

increasing drain voltage as a consequence of the higher voltage applied to the gate–drain terminals. 

Cds increases almost linearly with drain current. A slight decrease of intrinsic drain–source capacitance 

with increasing drain voltage is observed at high currents, but the dependence on the drain voltage is 

low, especially at lower currents. gm increases at a high rate at low drain currents and the increase 
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flattens out above 200 mA/mm. gm is almost independent on the drain voltage in the bias range that 

is considered. However, the maximum gm is reached around 0.5 V and this maximum is more pro-

nounced at cryogenic conditions. gds increases with drain current at a high rate at first, especially for 

low drain voltages, and settles at higher drain currents. gds is almost independent of the drain voltage 

above 0.7 V and a slight increase toward lower drain voltages is observed. This fits the typical transistor 

output current–voltage characteristics.  

The exact extraction of the small-signal equivalent circuit parameters in all operating conditions is 

important to accurately determine the parameters for a temperature dependent, scalable RF-noise 

model. The next sub-section deals with the scalable and temperature dependent noise modeling. 

5.2 Temperature-Dependent Noise Model 

A noise model is included into the proposed small-signal model. The extraction relies on noise tem-

perature measurements of LNAs at room temperature and cryogenic conditions. Room temperature 

S-parameter and noise measurements have been performed in one probe contact using a Keysight 

PNA-X vector network analyzer (VNA) with an integrated receiver and input tuner dedicated to noise 

measurements. This setup allows for vector corrected noise measurements using the cold-source 

method [40]. Cryogenic noise has been measured using the Y-factor method with a cooled attenuator 

[41]. The room temperature cold and hot state is provided by a Keysight 346C noise diode and the 

noise powers are measured on an Agilent N8975A noise figure analyzer (NFA). The attenuator is im-

plemented as a 20 dB MMIC with integrated temperature sensor, which is wire-bonded directly to the 

device under test’s (DUT’s) input. This allows for on-chip reference plane noise measurements, which 

allows for precise de-embedding of passive circuit elements to obtain the noise of the active devices, 

namely the HEMTs. A measurement uncertainty of ±1.4 K (3σ) has been estimated for this procedure 

in the Ku-band. 

The extraction procedure of the noise model focusses on physical parameter, which can be deter-

mined with high certainty first, before parameters that are harder to access with high certainty are 

extracted. Doing so allows for highest parameter accuracies. Noise can be modeled by the connection 

of noise generators to the equivalent circuit [42] [43] [44]. The correct determination of the magnitude 

of these sources is the task of the extraction. 

The extrinsic part of the small-signal model describes the purely passive behavior of the transistor 

electrodes and their interactions. Therefore, only thermal noise at the device temperature is gener-

ated in the resistive equivalent circuit elements. The most important noise contributors of the extrin-

sic circuit are the gate-line resistance and the access resistances. The later ones consist of the semi-

conductor sheet resistance, the ohmic contact resistance, and the resistance of the ungated recess 

area. These resistances can be extracted via DC measurements of dedicated test structures as for ex-

ample gate-line meander structures or transfer length measurements (TLM) structures via four-wire 

measurements. Fig. 34 shows the measured and modeled gate-line resistance, contact resistance, and 

semiconductor sheet resistance as a function of temperature. 
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(a) (b) 

Fig. 34: Measured temperature dependence of the extrinsic resistances (symbols) and corresponding model fit 
(lines). (a) Gate-line resistance from a four-wire measurement of a gate-line meander structure. (b) Sheet re-
sistance (blue triangles) and contact resistance (red flipped triangles) from four-wire TLM structure measure-
ments are shown. 

 

The corresponding noise voltages reduce significantly upon cooling to 10 K since the temperature de-

creases by approximately factor 30 and the resistance values of gate-line and sheet resistance reduce 

as well. Only the contact resistance shows a slight increase upon cooling, but the overall noise voltage 

still drops due to the enormous temperature change. The gate-line resistance is mainly determined 

by a 450-nm-wide metal strip of the first metallization layer that is placed on top of the T-gate. There-

fore, the temperature dependence of the other electrode’s resistances is modeled according to the 

ratio of the desired temperature to the room temperature. However, the resistance of the other elec-

trodes is much lower compared to the extremely narrow gate electrode. 

The noise caused in the active device is modeled according to a widely used HEMT noise modeling 

approach originally introduced by Pospieszalski [45]. Pospieszalski’s approach is extended by an addi-

tional source of noise. Pospieszalksi models the noise of an intrinsic transistor with two weakly corre-

lated noise sources: One source related to the device input, which models thermal noise of Rgs at 

ambient temperature. The other source is related to the output conductance gds and is modeled as 

thermal noise, but at a temperature independent of the lattice temperature. This channel noise tem-

perature Td exceeds the ambient temperature significantly and has been motivated to be caused by 

the high electrical field placed across the short gate, which accelerates the channel electrons and puts 

them to a higher energy. Equation (32) gives the effective channel noise current with k being Boltz-

mann’s constant, Td the effective channel noise temperature, gds the small-signal output conductance, 

and Δf the absolute bandwidth considered.  

 ȁ𝑖𝑑̅𝑁ȁ = √4 𝑘 𝑇𝑑  𝑔𝑑𝑠𝛥𝑓. (32) 

Fig. 35 shows the equivalent circuit of the proposed intrinsic HEMT model including noise generators. 

Furthermore, the most important extrinsic elements causing noise are connected to the intrinsic cir-

cuit with their corresponding noise generators. 
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Fig. 35: Intrinsic equivalent circuit with access resistances (encapsulated by dashed line). Furthermore, a subpart 
of the gate-line resistance is shown. Different sources of noise are depicted by noise voltage and current genera-
tors. Blue: thermal noise at Ta. Green: shot noise due to gate current. Red: channel noise. 

 

Pospieszalski’s model is extended by an additional source of noise at the gate modeling shot noise 

caused by gate leakage. The magnitude of the effective shot noise current is given in (33), with the 

elementary electron charge q, the magnitude of the DC gate current |Ig|, and the absolute bandwidth 

considered Δf. 

 ȁ𝑖𝑠̅ℎ𝑜𝑡𝑁ȁ = √2 𝑞 |𝐼𝑔| 𝛥𝑓. (33) 

The magnitude of the effective shot noise current is directly given by the gate-leakage current, which 

can be determined with high certainty by DC measurements at various drain currents, drain voltages, 

and temperatures. The dependence of Ig on the model’s input parameters (drain voltage, drain cur-

rent, temperature) is modeled by a trivariate polynomial function. 

The thermal noise caused by Rgs is modeled directly at the ambient temperature. The value of Rgs is 

quite low for the given 50-nm gate length and decreases upon cooling. Therefore, it has only a small 

influence of the overall device noise temperature.  

Once all sources of noise that can be determined by physical means with a high certainty are deter-

mined the remaining source (the channel noise) needs to be extracted. Since a significant effort has 

been done in properly extracting the bias dependencies of the intrinsic parameters and especially gds 

the only unknown remaining is the effective channel noise temperature Td. The extraction of Td is done 

upon LNA noise temperature measurements at different temperatures and bias points. 

The corresponding LNA circuit simulations are set up with the proposed HEMT model in combination 

with a well-established passive grounded coplanar waveguide (GCPW) library [46] in which the circuits 

are built. The passive library’s attenuation is adapted for the cryogenic circuit simulation to correctly 

reproduce the reduced losses of the matching networks, which is especially important for the input 

matching network. The cryogenic loss of the GCPW is extracted from S-parameter measurements of a 

quarter wavelength resonator built of the GCPW. The channel noise temperature Td is chosen to min-

imize the root-mean-square distance between noise temperature measurement and circuit simulation 

at various bias points. The resulting dependence of Td at 10 K and 297 K on the drain current and the 

drain voltage is modeled by two bivariate Taylor series. Fig. 36 shows the modeled Td as a function of 

drain current at various drain voltages (left) at 297 K and (right) at 10 K.  
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(a) (b) 

Fig. 36: Modeled channel noise temperature Td as a function of drain current at various drain voltages. (a) 297 
K and (b) 10 K are shown. 

 

The dependence of Td on the device temperature has been extracted from W-band LNA measure-

ments at different temperature levels. Fig. 31 compares the extracted Td, the corresponding gds, and 

the resulting effective noise current. 

 
Fig. 37: Modeled channel noise temperature (red line), modeled gds (green line), and resulting magnitude of the 
effective channel noise current density (blue line) as a function of ambient temperature when the device is biased 
at Vd = 0.6 V and Id = 100 mA/mm. Symbols depict Td extractions from measurements. 

 

The channel noise power approximately halves upon cooling to 10 K, however, the magnitude of the 

effective channel noise current only decreases by approximately 25%. This is due to the increase of 

gds during cooling. Given that Pospieszalski’s assumption on gds modeling the physical output conduct-

ance directly holds true only a weak change in channel noise current is observed upon cooling. This 

fits the assumption on the high channel noise being caused by the high electrical field under the gate 

since the field does not change significantly upon cooling.  

The proposed small-signal and noise model has been verified at both room temperature and cryogenic 

temperature by setting up a circuit simulation of a Ku-band LNA MMIC consisting of three 4 × 40-µm 

stages in 50-nm mHEMT technology with the proposed HEMT model and comparing it with S-param-

eter and/or noise measurements at 297 K and 10 K. This ensures that the model can be used for high 

performance LNA design at both room temperature and cryogenic temperature. Fig. 38 shows the 

circuit simulation utilizing the proposed model with corresponding measurements at 297 K and 10 K. 
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(a) 297 K (b) 10 K 

Fig. 38: (a) On-wafer S-parameter and noise temperature measurements (symbols) of a three-stage Ku-band LNA 
MMIC compared to the circuit simulation utilizing the proposed mHEMT model (solid lines) at 297 K. (b) Cryogenic 
gain and noise temperature measurement (symbols) of the same three-stage Ku-band LNA MMIC compared to 
the circuit simulation utilizing the proposed mHEMT model (solid lines). 

 

At both temperatures an excellent agreement between model and simulation is found. All resonances 

of S11 and S22 are correctly reproduced. Furthermore, both gain and noise temperature are correctly 

predicted at both temperatures. This indicates that the model is capable to be used in high perfor-

mance cryogenic and room temperature circuit design. 

5.3 State-of-the-Art Comparison 

In this section, the proposed temperature-dependent small-signal and noise model is compared to the 

state of the art. A quantitative measure for the scalability of the model is needed to benchmark the 

scaling performance of the models. An effective measure for scalability is the ratio of the largest ab-

solute gate width (Wg) to the lowest absolute gate width transistor that is correctly described by the 

model. Another useful measure is the ratio of the highest gate width finger (unit gate width, WF) to 

the shortest gate width finger that is correctly modeled. The finger numbers that can be predicted are 

another useful measure. The combination of the three mentioned parameters is useful for a first quan-

titative insight into the model properties. However, no statement about the frequency regime of the 

model can be made from this alone. This limits the informative value of the proposed parameters on 

their own since it is much easier to achieve a wide scaling ratio when only low frequencies are consid-

ered. Especially, when only the lower gigahertz regime is covered by a model, it is significantly easier 

to obtain high scalability with a comparably simple model. This is because some parasitic effects are 

not as pronounced in the low-frequency S-parameters (e.g. the effect of series inductances). There-

fore, it makes sense to additionally account for the absolute bandwidth in which the model is valid. A 

figure-of-merit (FOM) that accounts for scalability and frequency range coverage in a single number 

is proposed in (34). fmax and fmin are the maximal and minimal frequency that is accurately predicted 

by the model, respectively, and Wg,max and Wg,min are the maximal and minimal absolute gate width 

that is described by the model, respectively.  

 𝐹𝑂𝑀 = (𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛)
𝑊𝑔,𝑚𝑎𝑥

𝑊𝑔,𝑚𝑖𝑛
. (34) 

 

In Table 2, state-of-the-art scalable room temperature small-signal models published in the literature 

are compared to the proposed model based on the metrics aforementioned. 
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Table 2: State-of-the-Art Scalable Small-Signal Models at Room Temperature 

Ref. Freq. 
 

(GHz) 

Wg (min. – 
max.)  
(µm) 

WF (min. – 
max.)  
(µm) 

nF (min. – 
max.) 
(a.u.) 

Wg,max / 
Wg, min 

(a.u.) 

WF,max / 
WF,min 

(a.u.) 

FOM 
 

(GHz) 

[47] 0.5 – 50 48 – 240 24 – 48 2 – 7 5 2 248 

[47] 0.5 – 75 40 – 120 20 – 60 2 3 3 224 

[48] 0.5 – 20 1000 – 4000 125 – 250 8, 16 4 2 78 

[49] 0.05 – 40 64 – 96 2 – 18 4, 8, 32 1.5 9 60 

[50] 0.05 – 450 10 – 120 5 – 30 2 – 4 12 6 5399 

[51] 0.05 – 330 20 – 120 5 – 30 2 – 8 6 6 1980 

[52] 0.25 – 110 60 – 200 15 – 100 2 – 8 3.33 6.66 366 

[53] 1 – 15 120, 3600 60, 300 2, 12 30 5 420 

[34] 10 – 100 180 – 200 50 – 60 4 – 6 1.11 1.2 100 

[34] 2. – 48 100 – 1920 25 – 240 4 – 8 19.2 9.6 883 

[34] 10 – 100 300 – 600 30 – 75 6 – 10 2 2.5 180 

This 
Work 
[37] 

0.1 – 150 10 – 480 5 – 100 2 – 8 48 20 7200 

 

To the best of the authors’ knowledge, the highest scaling ratio among room temperature small-signal 

models is achieved by the proposed model. A very wide frequency range is covered by the model as 

well. A few models demonstrated higher frequency range coverage, but with much narrower scalabil-

ity. 

Besides the room temperature performance, the temperature dependent description is compared in 

Table 3 using the same metrics. Only a few models demonstrated scalability at cryogenic conditions. 

To the best of the authors’ knowledge, this is the first fully scalable model that is able to describe the 

small-signal and noise performance at arbitrary temperatures between 5 – 297 K. 

Table 3: State-of-the-Art Temperature Dependent Small-Signal Models 

Ref. Freq. 
 

(GHz) 

Wg 
(min. – 
max.) 
(µm) 

WF 
(min. – 
max.) 
(µm) 

nF (min. 
– max.) 
(a.u.) 

Wg,max / 
Wg, min 

(a.u.) 

FOM 
 

(GHz) 

Ta 
 

(K) 

Noise 

[39] 0.2 – 50 100 50 2 1 50 5 – 350 no 

[54] 0.2 – 50 80 - - 1 50 18 – 300 yes 

[55] 0.2 – 67 200 100 2 1 67 10, 300 yes 

[56] 0.2 – 50 30 – 240 15 – 60 2, 4 8 200 15, 297 yes 

This 
Work 
[37] 

0.1 – 50 10 – 480 5 – 100 2 – 8 48 2400 5 – 297 yes 
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6 Temperature-dependent device modelling and compact model 

development for III-V nanowire MOSFETs (ULUND) 

6.1 Introduction 

For quantum well MOSFETs, the charge carrier density (ns) needs to be modeled including perturba-

tions such as band tails, nonparabolicity and interface traps in high and low density limit. The expo-

nential band tails around the band edge with a characteristic energy (Urbach parameter) E0 that ex-

tend inside the bandgap are demonstrated in [57]. In [1], the exponential band tails were introduced 

into the density of states (DOS) to explain the subthreshold swing (SS) saturation at cryogenic temper-

atures, in turn giving a good estimate of interface trap density (Dit) at these temperatures. 

In order to include band tails, we use an empirical extension of the density of states utilizing general-

ized Fermi-Dirac integrals, which induce a smooth transition between the exponentially decaying DOS 

below the mobility edge and linearly increasing DOS above. The empirical formula of modified 2D DOS 

accounting for exponential band tails and nonparabolicity considering only one conduction subband 

is given by Eq. (35). 

 𝐷2𝐷(𝐸) =  
𝑚1

∗

𝜋ℏ2 (𝐹−1 (
𝐸−𝐸1

𝐸0
) + 2𝛼1𝐸0𝐹0 (

𝐸−𝐸1

𝐸0
)). (35) 

The 𝐹−1 and 𝐹0 are generalized Fermi-Dirac integrals of the order -1 and 0 and are given in [58]. The 

𝐸1, 𝑚1
∗, and 𝛼1 are first subband energy level, effective mass and nonparabolicity respectively. In the 

limit, 𝐸 ≪ 𝐸1, both 𝐹−1 and 𝐹0 equals 𝑒
(
𝐸−𝐸1

𝐸0
)
, which reproduces the decaying DOS and for 𝐸 ≫ 𝐸1, 

the standard nonparabolic DOS prevails. The fist subband energy level, 𝐸1differs from its equilibrium 

value (𝐸1
0) due to perturbations such as, the first order variation due to carriers present in QW and 

second order variation stems from the charge centroid movement towards the surface at higher VGS 

which is obtained from Schrödinger – Poisson solver. The modified first subband energy level account-

ing for these effects is given in Eq.(36). 

 𝐸1(𝑛𝑠) =  𝐸1
0 + 

𝑛𝑠

𝐶𝑐
− 𝑘2𝑛𝑠

2, Where, 𝑘2 = 0.35𝐻0.35 (𝐻 𝑖𝑛 𝑛𝑚). (36) 

The charge centroid capacitance, 𝐶𝑐 =
𝜀𝑠𝜀0

0.397𝐻
  is calculated using the first perturbation theory assum-

ing sinusoidal charge distribution in quantum well. The carrier density is calculated from the DOS and 

Fermi-Dirac distribution 𝑓(𝐸, 𝐸𝑓) given in Eq. (37). From the simple 1D electrostatics, the relation be-

tween gate voltage (VGS) and surface potential (𝜙𝑠) is given Eq. (38). The carrier density with respect 

to VGS,  𝑛𝑠(𝑉𝐺𝑆) is obtained by self-consistently solving the Eqs. (37)(38) 

 𝑛𝑠(𝐸𝑓) = ∫ 𝐷2𝐷(𝐸)
∞

−∞
𝑓(𝐸, 𝐸𝑓) 𝑑𝐸. (37) 

 (𝑉𝐺𝑆 − 𝜙𝑠)𝐶𝑜𝑥 = 𝑞𝑛𝑠(𝐸𝑓) + ∫ 𝐷𝑖𝑡(𝜙𝑠) 𝑑𝜙𝑠
0

−∞
. (38) 

The oxide capacitance, 𝐶𝑜𝑥 =
𝜀𝑜𝑥𝜀0

𝑡𝑜𝑥
, q is the unit charge and Ef is fermi-energy level. The interface trap 

density is given by 𝐷𝑖𝑡(𝜙𝑠) anda gaussian trap distribution is realized here [59]. 
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6.2 Experimental Results & Model Verification 

 

 
a) b) 

  
c) d) 

Fig. 39: (a) Top view of the fabricated long channel MOSFET with Lg = 6 μm and Wg = 70 μm, (b) Measured 
(dash line) and modeled (solid line) drain current vs VGS (c) measured (dash line) and modeled (solid line) low 
frequency capacitance vs gate voltage at T = 300 K (magenta) and T=13 K (blue), (d) the measured gated hall 
and modeled carrier density against VGS. 

 

A 13 nm unintentionally doped and strained In0.71Ga0.29As/InP quantum well MOSFET with a gate 

length, Lg = 6 μm, gate width of Wg = 70 μm and Al2O3/HfO2 (𝜀𝑜𝑥 = 14.5, 𝑡𝑜𝑥 = 1/10 𝑛𝑚) as gate ox-

ide are fabricated. The measurements were performed post annealing of the device at 350°C for 5 min 

in N2/H2 ambience. The SEM image of the fabricated device is shown in Fig. 39(a). The measured and 

modeled transfer characteristics of the device at T = 300 K & 13 K and VDS = 50 mV are plotted in Fig. 

39(b). In the model, the considered subband parameters are 𝑚1
∗ = 0.0396𝑚0, 0.0379𝑚0 and 𝛼1 =

1.75, 1.25 𝑒𝑉−1 at T= 300 K, 13 K respectively and are calculated from 8 band k∙p method. The Urbach 

parameter E0, threshold voltage shift, mobility and Dit are the fitting parameters in the model. In a 

long channel MOSFET at small VDS, the approximate drain current is given by 𝐼𝐷𝑆 (
𝐴

𝜇𝑚
) =  𝑛𝑠𝜇(𝑛𝑠) 𝑉𝐷𝑆. 

The QW design is similar to the sample C demonstrated in [60] and mobility is limited by charge inter-

face scattering (CIS) and expected to be independent of temperature. The CIS is similar to remote 
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impurity scattering, hence 𝜇 ∝  √𝑛𝑠 dependency is considered here. The 𝜇(𝑛𝑠) = 3.3 √𝑛𝑠 (13 K) and 

2.9 √𝑛𝑠 (300 K), E0 = 8 meV and a Gaussian distribution used for interface traps with 𝜇1 = 0.1 𝑒𝑉, 𝜎1 =

0.15 𝑒𝑉 and Npeak of 1.6×1015 (m-2eV-1) at 300 K and 1.6×1012 (m-2eV-1) at 13 K are used to fit the meas-

ured data. It is noticed that the effect of interface traps is negligible at 13 K compared to RT, which 

can be due to multi-phonon activated interface traps. The device has SS of 78 mV/dec and 19 mV/dec 

at 300 K and 13 K respectively.  The expected SS (13 K) with the given E0 and Dit = 0 is 18 mV/dec, close 

to the measured value. The measured current at 300 K exhibits ambipolar nature at higher negative 

gate voltages. 

The low frequency (1 kHz) measured and modeled C-V data at two different temperatures are plotted 

in Fig. 39(c). For the C-V data, the band tails mainly affect the transition between above and below 

threshold, as well as the sharpness of the subthreshold. At 13 K, the increase in capacitance is captured 

through the inclusion of second order shift in E1 in the model. Nonparabolicity yields an increasing 

capacitance with VGS, but for a single gate QW FET this effect is actually smaller as compared with 

second order shift of the subband as from Eq. (36). The sharp increase in measured capacitance in the 

on state is possibly due to the electron accumulation in InP under the gate pad. Gated hall measure-

ments (B ≈ -1 T to 1 T) were performed to observe the channel carrier density variation with the ap-

plied gate voltage. The measured and modeled sheet carrier density is plotted in Fig. 39(d). The sheet 

carrier concentration increases with VGS and modeled data agrees with the measured data. 
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7 Summary and conclusions 

This report presented the progress made in WP2 on the modelling of various devices at room and at 

cryogenic temperatures. 

EFPL has reported the enhancements made on the python-based fully automatic tool for the extrac-
tion of the simplified EKV model parameters. A simple model of the output conductance is proposed 
that is valid from weak to strong inversion and from room temperature down to cryogenic tempera-
ture. The new output conductance model and the automatic parameter extraction tool have been 
validated on FDSOI 22 nm and FinFET 16 nm technologies for nMOS and pMOS and for many different 
geometries at various temperatures. The results demonstrate that, despite its simplicity, the simplified 
EKV model gives excellent fits over a large range of bias, geometries and temperatures. The effect of 
the backgate has been illustrated and it was shown that the I-V characteristics can be well captured 
by the sEKV model for various backgate voltages. Finally, the first RF measurements made on a 22 nm 
FDSOI at 3.3 K are presented. The next step is to develop a simple small-signal model that can capture 
the device behavior at RF and at cryogenic temperature including the substrate effect. 

INPG/LETI has first demonstrated the applicability of the Lambert-W function-based MOSFET param-
eter extraction methodology on 28 nm FDSOI MOSFETs down to deep cryogenic temperatures, from 
long to short channel lengths. Thanks to the accurate Lambert-W function modelling of the inversion 
charge and drain current MOSFET characteristics from weak to strong inversion, the main parameters 
were extracted versus temperature and gate length, showing the temperature independence of short-
channel effects and the strong mobility degradation at short channel lengths due to increased defec-
tive scattering. It should also be mentioned that this Lambert-W function modelling of the drain cur-
rent has been extended to nonlinear operation region, and, therefore, could next constitute a MOSFET 
compact model to be used in circuit simulation at deep cryogenic conditions. INPG/LETI has also per-
formed a comprehensive Kubo-Greenwood modelling of FDSOI MOS devices down to deep cryogenic 
temperatures. Interestingly, a single set of mobility parameters was only needed to fit the data versus 
temperature for long channel devices. Instead, in short channel MOSFETs, the neutral scattering mo-
bility component µN was found to be nearly temperature independent and to significantly decrease at 
small gate length due to the enhanced influence of neutral defects close to source/drain ends. There-
fore, such a Kubo-Greenwood modelling can provide a physical insight into the scattering processes 
limiting the transport in FDSOI MOSFETs down to very low temperatures and could serve as a good 
basis for developing compact models. 

Fraunhofer IAF presented a temperature-dependent small-signal and noise model for their new cryo-
noise optimized 50 nm mHEMT technology. The model is continuously scalable in terms of gate width 
and finger number at any temperature between 5 and 297 K. A very wide range of bias points is cor-
rectly described by the model at any temperature between 5 and 297 K. The model covers a very 
broad frequency range up to at least 150 GHz. This broadband performance in combination with the 
high model scalability set the state of the art among small-signal and noise models reported in the 
literature. To the best of the authors’ knowledge, this is the first time that a transistor small-signal and 
noise model demonstrated full scalability at arbitrary temperatures between room temperature and 
deep cryogenic temperatures as low as 5 K. The model has been verified using measurements of a 
three stage Ku-band LNA MMIC at 10 K and room temperature. The corresponding circuit simulations 
utilizing the proposed HEMT model are in very good agreement with the measurements indicating the 
validity of the approach. Further verification data of the proposed model can be found in [37]. 

Effects due to band tails, band nonparabolicity and charge centroid movement have been imple-
mented by ULUND for modeling of III-V narrow bandgap QW transistors, and show excellent agree-
ment between measured and model data, and has been verified by Hall, CV and IV measurements. 



SEQUENCE   Deliverable D2.6 
Horizon 2020 Grant Agreement 871764   Dissemination level: PU 
 

Page 44 of 46 Version: 1.0 Status: Draft 
  © SEQUENCE Consortium 2021 

8 References 

 

[1]  H. Bohuslavskyi, A. G. M. Jansen, S. Barraud, V. Barral, M. Cassé, L. Le Guevel, X. Jehl, L. Hutin, B. Bertrand, G. Billiot, 

G. Pillonnet, F. Arnaud, P. Galy, S. De Franceschi, M. Vinet and M. Sanquer, "Cryogenic Subthreshold Swing Saturation 

in FD-SOI MOSFETs Described With Band Broadening," IEEE Electron Device Letters, vol. 40, no. 5, pp. 784-787, May 

2019.  

[2]  A. Beckers, F. Jazaeri and C. Enz, "Theoretical Limit of Low Temperature Subthreshold Swing in Field-Effect Transistors," 

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

[3]  G. Ghibaudo, M. Aouad, M. Cassé, S. Martinie, T. Poiroux and F. Balestra, "On the Modelling of Temperature 

Dependence of Subthreshold Swing in MOSFETs down to Cryogenic Temperature," Solid-State Electronics, vol. 170, p. 

107820, 2020.  

[4]  "GitLab," [Online]. Available: https://about.gitlab.com/. 

[5]  M. A. Chalkiadaki, Characterization and modeling of nanoscale MOSFET for ultra-low power RF IC design, Lausanne: 

EPFL, 2016.  

[6]  C. Enz, F. Chicco and A. Pezzotta, "Nanoscale MOSFET Modeling: Part 1: The Simplified EKV Model for the Design of 

Low-Power Analog Circuits," IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, 2017.  

[7]  H.-C. Han, F. Jazaeri, A. D'Amico, A. Baschirotto, E. Charbon and C. Enz, "Cryogenic Characterization of 16 nm FinFET 

Technology for Quantum Computing," in ESSCIRC 2021 - IEEE 47th European Solid State Circuits Conference (ESSCIRC), 

Grenoble, 2021.  

[8]  H.-C. Han, F. Jazaeri, A. D'Amico, Z. Zhao, S. Lehmann, C. Kretzschmar, E. Charbon and C. Enz, "In-depth Cryogenic 

Characterization of 22 nm FDSOI Technology for Quantum Computation," in 2021 Joint International EUROSOI 

Workshop and International Conference on Ultimate Integration on Silicon (EuroSOI-ULIS), Caen, 2021.  

[9]  H. Mizuta and T. Tanoue, The Physics and Applications of Resonant Tunnelling Diodes, Cambridge University Press, 

1995.  

[10]  R. Wacquez, M. Vinet, M. Pierre, B. Roche, X. Jehl, O. Cueto, J. Verduijn, G. Tettamanzi and S. Rogge, "Single dopant 

impact on electrical characteristics of SOI NMOSFETs with effective length down to 10nm," in 2010 Symposium on VLSI 

Technology, 2010.  

[11]  P. Kushwaha, S. Khandelwal, J. P. Duarte, C. Hu and Y. S. Chauhan, "RF Modeling of FDSOI Transistors Using Industry 

Standard BSIM-IMG Model," IEEE Transactions on Microwave Theory and Techniques, vol. 64, pp. 1745-1751, 2016.  

[12]  J. M. Hornibrook, J. I. Colless, I. D. Conway Lamb, S. J. Pauka, H. Lu, A. C. Gossard, J. D. Watson, G. C. Gardner, S. Fallahi, 

M. J. Manfra and D. J. Reilly, "Cryogenic Control Architecture for Large-Scale Quantum Computing," Physical Review 

(A), vol. 3, no. 2, p. 024010, 2015.  

[13]  R. Maurand, X. Jehl, D. Kotekar-Patil, A. Corna, H. Bohuslavskyi, R. Laviéville, L. Hutin, S. Barraud, M. Vinet, M. Sanquer 

and S. De Franceschi, "A CMOS silicon spin qubit," Nature Communication, vol. 7, no. 13575, 2016.  

[14]  E. Gutierrez-D, J. Deen and C. Claeys, Low Temperature Electronics, Academic Press, 2000.  

[15]  F. Balestra and G. Ghibaudo, Device and circuit cryogenic operation for low temperature electronics, Kluwer, 2001.  

[16]  G. Ghibaudo and F. Balestra, "A method for MOSFET parameter extraction at very low temperature," Solid-State 

Electronics, vol. 32, no. 3, pp. 221-223, 1989.  

[17]  A. Emrani, F. Balestra and G. Ghibaudo, "Generalized mobility law for drain current modeling in Si MOS transistors 

from liquid helium to room temperatures," IEEE Transactions on Electron Devices, vol. 40, no. 3, pp. 564-569, 1993.  

[18]  T. Karatsori, C. Theodorou, E. Ioannidis, S. Haendler, E. Josse, C. Dimitriadis and G. Ghibaudo, " Full gate voltage range 

Lambert-function based methodology for FDSOI MOSFET parameter extraction," Solid-State Electronics, vol. 111, no. 

123, pp. 123-128, 2015.  

[19]  N. Planes, O. Weber, V. Barral, S. Haendler, D. Noblet, D. Croain, M. Bocat, P.-O. Sassoulas, X. Federspiel, A. Cros, A. 

Bajolet, E. Richard, B. Dumont, P. Perreau, D. Petit, D. Golanski, C. Fenouillet-Béranger, N. Guillot and M. Rafik, "28nm 

FDSOI technology platform for high-speed low-voltage digital applications," in 2012 Symposium on VLSI Technology 

(VLSIT), 2012.  

[20]  B. Mohamad, G. Ghibaudo, C. Leroux, E. Josse and G. Reimbold, "Full front and back split C-V characterization of CMOS 

devices from 14nm node FDSOI technology," in 2015 IEEE SOI-3D-Subthreshold Microelectronics Technology Unified 

Conference (S3S), Rohnert Park, CA, USA, 2015.  



SEQUENCE   Deliverable D2.6 
Horizon 2020 Grant Agreement 871764   Dissemination level: PU 
 

Page 45 of 46 Version: 1.0 Status: Draft 
  © SEQUENCE Consortium 2021 

[21]  G. Ghibaudo, "Electrical characterization of advanced FDSOI CMOS devices," Nano-electronic Devices ISTE 

OpenScience, vol. 2, pp. 1-18, 2018.  

[22]  G. Ghibaudo, "Transport in the inversion layer of a MOS transistor. Use of Kubo-Greenwood formalism," Journal of 

Physics C: Solid State Physics, vol. 19, no. 5, p. 767, 1986.  

[23]  G. Ghibaudo, "Mobility characterization in advanced FD-SOI CMOS devices," in Semiconductor-On-Insulator Materials 

for Nanoelectronics Applications, Berlin, Springer, 2010, p. 307. 

[24]  M. Shin, M. Shi, M. Mouis, A. Cros, E. Josse, G. T. Kim and G. Ghibaudo, "Low temperature characterization of 14nm 

FDSOI CMOS devices," Solid-State Electronics, vol. 108, no. 30, 2015.  

[25]  T. Wada, H. Nagata, H. Ikeda, Y. Arai, M. Ohno and K. Nagase, "Development of Low Power Cryogenic Readout 

Integrated Circuits Using Fully-Depleted-Silicon-on-Insulator CMOS Technology for Far-Infrared Image Sensors," 

Journal of Low Temperature Physics, vol. 167, no. 5-6, pp. 608-608, 2012.  

[26]  R. M. Incandela, L. Song, H. Homulle, E. Charbon, A. Vladimirescu and F. Sebastiano, "Characterization and compact 

modeling of nanometer CMOS transistors at deep-cryogenic temperatures," IEEE Journal of the Electron Devices 

Society, vol. 6, pp. 996-1006, 2018.  

[27]  A. Beckers, F. Jazaeri and C. Enz, "Characterization and Modeling of 28-nm Bulk CMOS Technology Down to 4.2 K," IEEE 

Journal of the Electron Devices Society, vol. 6, pp. 1007-1018, 2018.  

[28]  J. Dura, F. Triozon, S. Barraud, D. Munteanu, S. Martinie and J.-L. Autran, " Kubo-Greenwood approach for the 

calculation of mobility in gate-all-around nanowire metal-oxide-semiconductor field-effect transistors including 

screened remote Coulomb scattering-Comparison with experiment," Journal of Applied Physics, vol. 111, no. 10, 2012.  

[29]  O. Bonno, S. Barraud, D. Mariolle and F. Andrieu, "Effect of strain on the electron effective mobility in biaxially strained 

silicon inversion layers: An experimental and theoretical analysis via atomic force microscopy measurements and Kubo-

Greenwood mobility calculations," Journal of Applied Physics, vol. 103, no. 6, p. 063715, 2008.  

[30]  F. Gámiz and J. A. López-Villanueva, " A comparison of models for phonon scattering in silicon inversion layers," Journal 

of Applied Physics, vol. 77, no. 8, pp. 4128-4129, 1995.  

[31]  S. Villa, A. Lacaita, L. Perron and R. Bez, "A physically-based model of the effective mobility in heavily-doped n-

MOSFETs," IEEE Transactions on Electron Devices, vol. 45, no. 1, pp. 110-115, 1988.  

[32]  C. Erginsoy, "Neutral Impurity Scattering in Semiconductors," Phys. Rev., vol. 79, no. 6, pp. 1013-1014, 1950.  

[33]  G. Ghibaudo, "A new method for the extraction of MOSFET parameters," Electronics Letters, vol. 24, no. 9, pp. 543-

545, 1988.  

[34]  J. &. R. D. E. Wood, "Bias-dependent linear scalable millimeter-wave FET model," IEEE Transactions on Microwave 

Theory and Techniques, pp. 2352-2360, 2000.  

[35]  A. Leuther, A. Tessmann, H. Massler, R. Aidam and M. &. A. O. Schlechtweg, "450 GHz amplifier MMIC in 50 nm 

metamorphic HEMT technology," in 2012 International Conference on Indium Phosphide and Related Materials, Santa 

Barbara, 2012.  

[36]  F. Heinz, D. Schwantuschke, A. Leuther and O. Ambacher, "Highly Scalable Distributed High Electron Mobility Transistor 

Model," in 2019 IEEE Asia-Pacific Microwave Conference (APMC), Singapore, 2019.  

[37]  F. Heinz, F. Thome, D. Schwantuschke and A. A. O. Leuther, "A Scalable Small-Signal and Noise Model for High-Electron-

Mobility Transistors Working Down to Cryogenic Temperatures," IEEE Transactions on Microwave Theory and 

Techniques, 2021.  

[38]  F. Heinz, F. Thome, A. Leuther and O. Ambacher, "A 50-nm Gate-Length Metamorphic HEMT Technology Optimized 

for Cryogenic Ultra-Low-Noise Operation," IEEE Transactions on Microwave Theory and Techniques, 2021.  

[39]  A. R. Alt and C. R. Bolognesi, "(InP) HEMT Small-Signal Equivalent-Circuit Extraction as a Function of Temperature," IEEE 

Transactions on Microwave Theory and Techniques, pp. 2751-2755, 2015.  

[40]  Agilent Technologies Inc., "High-Accuracy Noise Figure Measurements Using the PNA-X Series Network Analyzer, 

Application Note 1408-20," 2013. 

[41]  J. E. Fernández, "A Noise-Temperature Measurement System Using a Cryogenic Attenuator," The Telecommunications 

and Mission Operations Progress Report, TMO Progress Report 42-135, pp. 1-9, 1998.  

[42]  R. Q. Twiss, "Nyquist's and Thevenin's Theorems Generalized for Nonreciprocal Linear Networks," Journal of Applied 

Physics, pp. 599-622, 1955.  

[43]  H. Hillbrand and P. Russer, "An efficient method for computer aided noise analysis of linear amplifier networks," IEEE 

Transactions on Circuits and Systems, pp. 235-238, 1976.  

[44]  H. Rothe and W. Dahlke, "Theory of Noisy Fourpoles," Proceedings of the IRE, pp. 811-818, 1956.  



SEQUENCE   Deliverable D2.6 
Horizon 2020 Grant Agreement 871764   Dissemination level: PU 
 

Page 46 of 46 Version: 1.0 Status: Draft 
  © SEQUENCE Consortium 2021 

[45]  M. Pospieszalski, "Modeling of noise parameters of MESFETs and MODFETs and their frequency and temperature 

dependence," IEEE Transactions on Microwave Theory and Techniques, pp. 1340-1350, 1989.  

[46]  S. Diebold, R. Weber, M. Seelmann-Eggebert, H. Maßler, A. Tessmann, A. Leuther and I. Kallfass, "A fully-scalable 

coplanar waveguide passive library for millimeter-wave monolithic integrated circuit design," in 2011 41st European 

Microwave Conference, 2011.  

[47]  W. Choi, G. Jung, J. Kim and Y. Kwon, "Scalable Small-Signal Modeling of RF CMOS FET Based on 3-D EM-Based 

Extraction of Parasitic Effects and Its Application to Millimeter-Wave Amplifier Design," IEEE Transactions on 

Microwave Theory and Techniques, pp. 3345-3353, 2009.  

[48]  J. Gao and A. Werthof, "Scalable Small-Signal and Noise Modeling for Deep-Submicrometer MOSFETs," IEEE 

Transactions on Microwave Theory and Techniques, pp. 737-744, 2009.  

[49]  A. Jarndal and G. Kompa, "An Accurate Small-Signal Model for AlGaN-GaN HEMT Suitable for Scalable Large-Signal 

Model Construction," IEEE Microwave and Wireless Components Letters, pp. 333-335, 2006.  

[50]  M. Ohlrogge, M. Seelmann-Eggebert, A. Leuther, H. Maßler, A. Tessmann, R. Weber, D. Schwantuschke, M. 

Schlechtweg and O. Ambacher, "A scalable compact small-signal mHEMT model accounting for distributed effects in 

sub-millimeter wave and terahertz applications," in 2014 IEEE MTT-S International Microwave Symposium (IMS2014), 

2014.  

[51]  M. Ohlrogge, A. Tessmann, A. Leuther, R. Weber, H. Maß ler, M. Seelmann-Eggebert, M. Schlechtweg and O. Ambacher, 

"Small signal modelling approach for submillimeter wave III-V HEMTs with analysation and optimization possibilities," 

in 2016 IEEE MTT-S International Microwave Symposium (IMS), 2016.  

[52]  D. Schwantuschke, M. Seelmann-Eggebert, P. Brückner, R. Quay, M. Mikulla, O. Ambacher and I. Kallfass, "A fully 

scalable compact small-signal modeling approach for 100 nm AlGaN/GaN HEMTs," in 2013 European Microwave 

Integrated Circuit Conference, 2013.  

[53]  G. Van Der Bent, A. P. De Hek and F. E. Van Vliet, "EM - Based GaN Transistor Small-Signal Model Scaling," in 2018 13th 

European Microwave Integrated Circuits Conference (EuMIC), 2018.  

[54]  M. R. Murti, J. Laskar, S. Nuttinck, S. Yoo, A. Raghavan, J. I. Bergman, J. Bautista, R. Lai, R. Grundbacher, M. Barsky, P. 

Chin and P. H. Liu, "Temperature-dependent small-signal and noise parameter measurements and modeling on InP 

HEMTs," IEEE Transactions on Microwave Theory and Techniques, pp. 2579-2587, 2000.  

[55]  J. Schleeh, H. Rodilla, N. Wadefalk, P. Nilsson and J. Grahn, "Characterization and Modeling of Cryogenic Ultralow-

Noise InP HEMTs," IEEE Transactions on Electron Devices, pp. 206-212, 2013.  

[56]  M. Seelmann-Eggebert, F. Schäfer, A. Leuther and H. Maßler, "A versatile and cryogenic mHEMT-model including 

noise," in 2010 IEEE MTT-S International Microwave Symposium, 2010.  

[57]  F. Urbach, "The Long-Wavelength Edge of Photographic Sensitivity and of the Electronic Absorption of Solids," Phys. 

Rev., vol. 92, no. 5, pp. 1324-1324, 1953.  

[58]  P. Rhodes, "Fermi-Dirac functions of integral order," Proceedings of the Royal Society of London. Series A. Mathematical 

and Physical Sciences, vol. 204, no. 1078, pp. 396-405, 1950.  

[59]  S. Netsu, M. Hellenbrand, C. B. Zota, Y. Miyamoto and E. Lind, "A Method for Determining Trap Distributions of Specific 

Channel Surfaces in InGaAs Tri-Gate MOSFETs," IEEE Journal of the Electron Devices Society, vol. 6, pp. 408-412, 2018.  

[60]  L. Södergren, N. S. Garigapati, M. Borg and E. Lind, "Mobility of near surface MOVPE grown InGaAs/InP quantum wells," 

Applied Physics Letters, vol. 117, no. 1, p. 013102, 2020.  

[61]  W. Sansen, "Analog Design Procedures for Channel Lengths Down to 20 nm," in International Conference on Electronics, 

Circuits, and Systems (ICECS),, 2013.  

[62]  W. Sansen, "Analog CMOS from 5 micrometer to 5 nanometer," in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers 

(ISSCC), 2015.  

[63]  C. Enz and E. Vittoz, Charge-Based MOS Transistor Modeling - The EKV Model for Low-Power and RF IC Design, New-

York: John Wiley, 2006.  

 

 


