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22FDX Advantages for RF/Analog Design

» Confined electrons in an undoped
channel and total dielectric isolation
- ultra low leakage

* Fully depleted - lower power
« Tighter V; distribution
» Low parasitics - faster switching

 Ultra thin body - Reduced short
channel effect, DIBL

« Back gate used to recover threshold
shift at cryo - critical for low power
at cryo
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22FDX cryoChips at Fermilab
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» GF_test chip: (11/21) Various designs
* Michigan: (07/22) 10 GHz PLL, VCO, 4 x 1GSPS ADCs, SRAM
* Cryogenic lon trap controller: (01/23) 16 channel lon trap control chip;
» Si Photonic driver/receiver;
» cryoAl: ultrafast NN for anomaly detection;
* SQUIDDAC: SLUG_biasing; various level shifter test structures
+ Glebe: (with Microsoft) 10 GSPS ADC

* Sunrock: 32 channel SNSPD readout with ~ps time taggin .
999 3¢ Fermilab
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Overview of Fermilab’s 22FDX Cryo-CMOS modeling
activities
Fermilab is leading several activities for the cryogenic

n .
characterization of 22FDX transistors: !'. GlobalFoundries

With EPFL:
* Measurements of transistors at 4K E P F L
« Development of simplified EKV model for analog
design
* Low noise test structure measurements
SYNOPSYS
With Synopsys: _ / / )
. Extraction of PDK-compatible BSIM-IMG Silicon to Software
(independent multi-gate) for 4K
In-house: a5 FET -
* Measurement and modeling of high voltage e ®
devices at 4K (BOXFET, LDMOS)
« ML/AI for Cryo-modeling .
2& Fermilab
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22FDX Cryogenic modeling - EKV

Collaboration with EPFL (Han, Enz, Charbon) for simplified EKV (S-EKV)
modeling for inversion coefficient design methodology (for analog
design)

Only four parameters:

1. n =slope factor

2. lgpec = specific current

3. Vq, =threshold voltage without short-channel effects
4. \. =parameter for velocity saturation

Developed an open-source Python-based parameter extractor (SEKV-E)
for the simplified EKV (sEKV) model
https://gitlab.com/moscm/sekv-e
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FIGURE 5. Applying SEKV-E to a pMOS device of 22 nm FDSOI technology in
saturation with Vp 40, = 0V [14] from room temperature down to deep cryogenic
temperature. The legend in (b) shows the percent error.
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https://gitlab.com/moscm/sekv-e
https://doi.org/10.1016/j.sse.2023.108608
https://doi.org/10.1109/OJCAS.2022.3179046

Measurement data (300K and 3.8K, N/PFets):

EGLVT
Flavor:

Gate lengths:
0.07/0.2/2um

Gate widths for each
length: 0.16/0.5/2um

vd=0.01, 1.2, 1.5, 1.8V for
various Transfer
Characteristics

Vg=1.0, 1.4, 1.8V for
various Output
Characteristics

5/1/24

SLVT
Flavor:

Gate lengths: 20nm-500nm for
Gate Width=1um

Gate Widths: 120-500nm for
Gate Length=20nm

Vd=0.01/1.0/1.5/1.8V at Vb=0 for
various Transfer Characteristics

Vg=1.0/1.4/1.8V at Vb=0 for
various Output Characteristics

High and low Drain for
Vb=0.5/1/1.5/2 on nFet device of
L=0.5/W=1um

RVT
Flavor:

Gate lengths: 20nm-500nm for
Gate Width=1um

Vd=0.01/1.0/1.5/1.8V at Vb=0
for various Transfer
Characteristics

Vg=1.0/1.4/1.8V at Vb=0 for
various Output Characteristics

High and low Drain for
Vb=0.5/1/1.5/2 on nFet device of
L=0.5/W=1um

2= Fermilab
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Mystic Software

Synopsys SPICE model extraction tool for
creating automated parameter extraction
methodologies Integrated in the Synopsys
Sentaurus Workbench TCAD platform

Use Synopsys Primesim HSPICE as circuit
simulator

Features an interactive GUI, a custom Python
scripting environment, and an

extensive optimization library for finding the
best parameter set for the selected SPICE
model

5/1/24

Sentaurus Workbench

S
Initial
Metadata Modelcard

—
TCAD /
Measurement Target Data
Data
Extraction
Strategy

15V, simulator, Model, Erroriethod)
17 Extractiontils. Printerrors (mysticProjectiase,
sV,  simulator,

Console | ConsoleLog _ Syntax Checker * X=0.24, y=-2.381€.06, y=-5.173¢-07, y=-2.381¢-06, y=-2.388¢-06, y=-2.381e

Fitted Data

» Y2 Axis Parameters
» 14Vgld_initial-0-idrain Parameters
* 1dVgld_Initial-0-idrain-fit Parame...
» 14Vgld-0-idrain Parameters

> 1dVgld-0-idrain-fit Parameters.

» 1dVgld_Final-0-idrain Parameters

» 1dVgld_Final-o-idrain-fit Paramet...

Variable Explorer | Plot Parameters.
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Our Model Approach

 Start with foundry PDK provided by GF --> re-extract
the parameters we think will change at cryo

» Constrain the parameters to reasonable ranges based on
physics expectations and literature when applicable

* Isothermal model at 3.8K
« Change the input pdk:

— BSIM-IMG 102.8 doesn’t include effects
like subthreshold slope saturation [14][18] (but the
latest BSIM-IMG 102.9.6 does)

— We model that by setting temp to the value where
our subthreshold slope saturates

— Set temp = thom to remove temp dependent
params

» Extracted values back into the PDK

8 5/1/24

Subthreshold Swing, SS (mV/dec)
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Subthreshold Swing Saturation as a function of
Temperature for various devices [18]
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https://bsim.berkeley.edu/BSIMIMG/BSIM-IMG_102.9.6_08242022.tar.gz

Setting TNOM Value

Adjust temp=tnom and find where the subthreshold slope best fits:

Transfer Characteristics for Vd=1.8V Transfer Characteristics for Vd=1.8V |
0.001 0.001 g
1 1
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3 r
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0.5 1 1.5
Vg (V) Vg (V)
JE :
3¢ Fermilab
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Our Model Approach — PDK modification

» Typical PDK structure has both HSPICE and Spectre versions

— We have modified the PDK in both versions

+ PDK model parameter values usually have values defined in libraries hidden in layers in the PDK
— For example, the BSIM mobility parameter u0 could look something like (I made this up, not from actual PDK):
u0 = uO_ext(del_0*c_u0 + 0.003) + m_u0
Where every variable pulls from a web of various hidden libraries

(this applies different values for corners, mismatch, capacitance, etc)

+  We multiply the nominal parts of the target model params by a scaling factor "param_nom = 1"

« Adjust the "_nom" variables until a fit is found (and set boundaries based on physics still, but rather than the
whole parameter value, we calculate the allowed limits for the scaling factor)

2= Fermilab
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Subthreshold Current Jumps

Tripathi, S. Pati, et al. "Characterization and modeling of quantum dot behavior in

Some short channel lengths show this effect in our
measurement data

This is caused by resonant tunneling via the ionized
dopant [15] [16] [19]

These effects are not modeled for the time being, but can be
modeled via Verilog wrappers (see S. Tripathi paper)

FDSOI devices." IEEE Journal of the Electron Devices Society 10 (2022): 600-610.

11

5/1/24

Transfer Characteristics

1074

10°¢

10719 4

10-12 4

0.00 0.25 0.50 0.75 1.60 1.‘25 1.50 175
VG

L Saniin i |
W
o

e

2= Fermilab



12

Behavior Changes at
Cryogenic Temperatures

5/1/24

Electron Mobility [2]

Phonon scattering, coulomb scattering [3]
Capacitance effects [4]

Resistance due to self-heating [5]

* Source drain extension resistance [6]
* Velocity saturation [7][8]

Work function [7][9]

Subthreshold slope [10]

Drain induced barrier lowering [11]
...etc

2= Fermilab



Threshold Voltage Expectation at Cryogenic Temperatures

* Increase in Vt as temperature decreases seen in 28nm
FDSOI [12]

* Our 22nm FDSOI data reflects this trend, with an average

EGLVTPFET Vd=-1.8 Vt Roll off Temperature Dependence EGLVTPFET Vd=-0.01 Vt Roll off Temperature Dependence
0.9
09 /__4_,/{/’///
0.8
0.8
S s
2 = 071
go7 N
———
— 3.8K, W=2um 064 — 3.8K, W=2um
9.541 —— 300K, W=2um : —— 300K, W=2um
—— 3.8K, W=0.5um —— 3.8K, W=0.5um
—— 300K, W=0.5um —— 300K, W=0.5um
0.5 1 —— 3.8K, W=0.16um 0.5 —— 3.8K, W=0.16um
—— 300K, W=0.16um —— 300K, W=0.16um
000 025 050 075 100 125 150 175 2.00 000 025 050 075 100 125 150 175 2.00
Gate Length (M) le-6 Gate Length (M) le-6

Used fixed current criteria rather than GmMax to get a smoother roll off across geometries
(GmMax method in backup slides)

High drain roll-off usually shows a bigger difference in Vt because of DIBL, at cryo we want
Vt geometry dependence to be more linear, which is seen in the rightmost plot

13 5/1/24

0.8 b) 1
S (b)
0.7}

&
2.6 1pm
©0.08,.m
0 50 100 200 300
Temperature (K)

|Vt| vs temperature at Vds=50mV using
maximum transconductance method for a
28nm FDSOI pmos device at Vb=0, taken from
[12]
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Velocity Saturation Expectation at Cryogenic Temperatures

Decrease in impact
of velocity saturation
seen in 28nm
FDSOI [7][8]

14 5/1/24

b)

10 g
F W/L=3pum/28 nm
F Vpg=0.9V n =33
Bl lspects = 82 NA
1+ Lgat =3.1 nm
;
01 n=1.48300K
lspecs = 395 nA
i Lgat = 6 Nm
0.01 Ll Ll Ll Ll
0.01 0.1 1 10 100
IC

b) Normalized transconductance efficiency versus

the inversion coefficient for nMOS W/L=3 um / 28
nm, showing a decreased velocity saturation effect

at4.2 K. [7]

10 ¢
F —— Model n=1.7 n=22
A 42K
v 77K lspec = 175 NA lspecy = 75 NA
2+ ® 300K Lsat =8nm Lsat =5nm
1k . 77K 42K
= o
S5 4
:E 2} n=1.3
© 04 L lspec = 835 NA
f NMOS Loy =11 nm T(K)
T Vps=0.9V 300 K
2 W/L=1pm/28nm
0.01 vl ool ool L |
0.01 0.1 1 10 100

Figure 10: Modeling the normalized
transconductance efficiency at 300, 77, and 4.2Kin a

short 28-nm FDSOI nMOS in saturation. Model
parameters are given in the figure. [8]
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Source/Drain Resistance Expectation at Cryogenic Temperatures

15

In 22nm FDSOI a 11-15% decrease

seen in S/D resistance [13]

Improvement in gate resistance:

Prwg models gate dependence of S/D
resistance in BSIM 102.9.6, and as it
increases, overall resistance should
decrease (Our models reflect this)

(b) 907

RSW(T)

NMOS

~
(6]

70| PMOS

60 " "
0 100
Source/drain

200

series resistance (Rse, Rde) improve

by 15% at 5.5 K [13]

RDW(T)

1+ PRWG -V, ff) + Rageo

1
Rsource = W : (RSWMIN(T) E
1
rain — 3R AT DWMIN(T
Rarsn = w7 (R (@) +
5/1/24

1+ PRWG - Vyaoss

) + Rd,geo

300

e300 .
(o)’ NMOS
350 | PMOS B
300 ry
(@)] 250 It '_l-':_l:“' ‘__u,......-‘-‘-‘-.-".-'8:.:‘..
B0
200 8“8 Vs | o=28nm
150 “ . : )
0 100 200 300

Temperature (K)
Reduced resistivity of gate metal contact
(NiSi) and poly-Si cause gate resistance
(Rge) reduction at cryogenic
temperature. [13]
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Mobility Expectation at Cryogenic Temperatures

— 5
. e . . & V - 0 V =
- Effective mobility is made of three main 2 bapk WL =1 pm ; :wgrg
components: g 4
— Lattice vibration-induced scattering X
o 3 L
— Scattering on impurities (Coulomb and \=°-°
phonon scattering) é )
— Surface Roughness Scattering a-:’
=< 1 | | | | |
42 36 77 110 160 300
» At cryogenic temperatures Coulomb a) T [K]
_Scatterl_ng beco_r_nes more dommant Effective Mobility Temperature dependence in 28nm FDSOI
increasing mobility [2] [3]

2= Fermilab
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BSIM-IMG
Recommended
Strategy as a Basis

17

5/1/24

Preliminary Step:
SET: TNOM, LLONG, WWIDE

LONG WIDE
DEVICES

Caa vs. Vg
@ Vi=V;=Vy=0V
EOT1, EOT2, EOT1P,E0T2P
PHIG1,PHIG2, QMTCENCV,QMO,

Cos vs. Vo
@ Vs=Vo=Vs=0 V
CGSL, CGDL, LOVS, LOVD

PARAMETERS RELATED
TO TEMPERATURE
LONG WIDE
DEVICES

ETAQM.POM CKAPPAS, CKAPPAD, CFS, DLC
Ip, 8m vS. Ve
1) @ Vo= [Vou), Vs=Va=0V
UALUD1KTL
Io, Bm V5. Ve @Vo=[Viial Vi#0,Vs=0
@ Vo=[Vou), Vs=Va=0 V UC1,KT2
CIT,CDSC,BPFACTOR, KBGONW,KBGINW 1o, 8m VS. Vg
VNKEEINW,VNKEE2NW T
U0, ETAMOB, UA, EU, UD, UC @ Vo-lVoul, VisVa=0V l
U'CS RDSW'(O' I;SW'/RD\VN) AUA,BUA,BUD,AUD,AUC,BUC,AEU, BEU
. Vo={Vaia) Ve#0,Vs=0
@Vo=[Visal Vo#0,Vs=0 @ "',{u‘l';g mﬁ * lo, 8m vs. Vo
CBGCBGO,CBGCBG,CBGCBGOP, CBGCBGP 4 @ Vo=[Vosarl, Vs=Vs=0 V
uDB KT3,UTE,UCSTEAT,PTWGT
10,8m vs. Vg 10.8m V5. Ve Tovs. Ve
@Vo=[Vp,sa1, Vs=Ve=0 V @Vo=[Vosar), Vs=Va=0 V @ various Vg, Vs=Vs=0 V
ETAO,DSUB,CDSCD,VSAT,PTWG, AIGSL, AIGDL, AIGCL, TGIDLTGISL
KSATIV,DELTAVSAT MEXP PIGCDLLETAD,AVSAT, BVSAT APTWG,BPTWG
@VD=[VD,SAT],VB#0,VS=0 @Vp=[Vosar] V0, Vs=0 l
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A
teveiVe by w
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lo, BasVs- Vo
@ various Vg, V¢=Vy=0 V
AMEXP,BMEXP,ALPHAQ,ALPHA1,BETAD

@ Vo=[Vos Vol Vs=Vs=0 V
KT1L, UTELUTL, UALL, UD1L
ATL, PTWGTL
@Vo=[Vaiin V], Vs=0,Vo#0
UCILATBL
15 vs.Vg
@various Vg, Vi=Vy=0

LIGISLLT!

NO

FITTING?

Figure 13: Parameters Extraction Procedure in BSIM-IMG Model.
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Building an Extraction Strategy

— Stages: Contain groups of
isolated parameters that
mainly influence each other

— Steps: Subgroups
of parameters that impa
ct various target
regions of the curves
within each stage

— Loop: Repeat
Steps until a good fit is
reached

18 5/1/24

Example: Stage 1

(u0,ua,ud,rdw, rsw, cit, phigl) impact Low Drain Bias curve

Step 1: (phigl, cit) fit to subthreshold region
Step 2: (u0,ua,ud) fit to lon region
Step 3: (rdw, rsw) fit to threshold voltage region

Loop steps 1-3 until a good fit requirement is met

Drain Current (log) (pA)

Drain Current (log) (pA)

Drain Current (log) (pA)

10

0.1

0.01F

0.001

0.0001

1o

0.1

001

0.001

0.0001

10

0.1

0.01F

0.001

0.0001 -

Transfer Characteristic for Vd=0.01V

Step 1

L
06 08 1 12 14 16 18

Gate Voltage (V)
Transfer Characteristic for Vd=0.01V

Step 2

06 08 1 12 14 16 18
Gate Voltage (V)
Transfer Characteristic for Vd=0.01V

Step 3
!

L
06 08 1 12 14 16 18
Gate Voltage (V)
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Errors across Figures of Merit for all Lengths and Widths (EG
Devices)

Found by taking the percentage error between data simulated using the extracted model and the
measurement data (for transfer characteristics):

loff-errors

Vt-errors lon-errors

3 015 _ 10 4 m
o 3 8 3
= o o
= 6 =
2 3 0.10 £ 4 2 2
= X X
= = 2 =
0.05 0
0 0.0
J@\Go.s 5 o
. 1.0
W s 15 Lg
20 2.0
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Al/ML Modelling for Extreme Environmen

Fermilab has expertise with Al across a wide array of tasks and
methods

— Develop robust models, adaptable across domains (temperatures)

With are currently considering 3 scenarios:

1. PDK compatible SPICE models using Al/ML extracted parameter
values

— Use AI/ML to enhance specialized tools, ameliorate difficulties for
modelling engineers, rapidly develop models for extreme environments

2. Make a data driven model that bypasses compact models all
together

— This is where most of the work in AI/ML based transistor modeling has
been done

3. Collaborate with Synopsys to integrate Al/ML in their
tools. Expertise with Al across a wide array of tasks and methods

20 5/1/24

( N\ ([ )
Algorlthms for HEP science c°mputing hardware
Physics-inspired data & models; Robust & N H
generalizable learning; Fast and efficient algoﬁtf 4\ and infrastructure
J J
¥ T
l A
( ) Q )
- - .
Operations and Real-time Al
control systems systems at edge
" J 0 J
Model-Based Deep Learning
Model-Aided Networks DNN-Aided Inference
(Section IV) (Section V)
Deep B’:J?I:ri:I Structure- Structure- Neural
Unfolding Blucksg Agnostic Oriented Augmentation
Examples: Examples: Examples: Examples: Examples:
LISTA[8] DeepsIC [16] CSGM [10] ViterbiNet [15] ReMIMO [21]
DetNet 18] CausalGAN [74] Plug-and-play Learned factor Neural-
Networks [82] graphs [103] augmented
Kalman [108]
.
Model-Based Deep Learning
This article reviews leading strategies for designing systems whose operation combines

domain knowledge and data via model-based deep learning in a tutorial fashion.

By NIR SHLEZINGER™, Member IEEE, JXY WHANG, YONINA C. ELDAR, Fellow IEEE,
AND ALEXANDROS G. DIMAKIS®, Fellow IEEE
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In House ML Algorithm for Cryo-Modeling (In
Progress)

21

Goal: Find optimal value of parameters using machine Learning

Inputs: Drain current that is dependent on gate length (L), width
(W), gate voltage (Vg), drain voltage (Vd), and a 45
count parameter set (P)

« |d = f(L,W,Vg,Vd,P)

Outputs: Optimal values for all 45 parameters that can simulate
data using HSPICE as close as possible to the
actual measurement data values

Training the impact of changing a model parameter on drain current.
Cadence simulated data from PDK model at 50K

Starting algorithm that predicts one parameter to the accuracy needed

5/1/24
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In House ML Algorithm for Cryo-Modeling (In Progress)

Parameter: phigl

ML/AI for Accessible and Efficient PDK
development:

Current Status: Developing the algorithm on a 10 parameter
subset

0.0150
0.0125

0.0100

w
Id (drain current)

Best Result for Single Parameter Estimation: Achieved
a Mean Squared error of 0.00002, meeting the
accuracy required for our initial test parameter (shown on

the right)

0.0075

0.0050

0.0102
o

Goal: A fully Cadence integrable, open source, model s
extraction framework, to offer an easier/accessible route to " e 0_009%@@4
compact model extraction to the community Vg’gafem/,a;j P E
test_loss train_loss train_dropout_rate train_early_stop_patience train_batch_size train_val_split Ir_initial Ir_decay_step Ir_decay_rate Ir_stair_caseJ
0.000027 mean_squared_error 0.000000 50 16 0.200000 0.001000 100 0.960000 False
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Future work

* Develop 4K static timing libraries for standard cell library
* Cryogenic noise measurements
* Al/ML modeling and extraction for cryo-PDK development for extreme environment

* Develop cryo-PDK for GF 28HV, GF 55BCD, GF 45 SPCLO, GF 9HP, collaborate with DRD on cryo-PDK for TSMC 28

Work supported by the U.S. Department of Energy, Office of Science (Microelectronics Codesign), URA Visiting
Scholars Fellowship, HEP-IC Fellowship, and Fermilab LDRD.
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