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22nm FDSOI cryoChips at Fermilab
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. GF_test chip: Submission Nov 21; Chips Received April 22: Various designs

. Michigan : Submission July 22; Chips Received Nov 22: 10 GHz PLL, VCO, 4 x 1GSPS ADCs, SRAM

. Cryogenic lon trap controller: Submited Jan 2023, received May 2023: 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 (Dec23)

*  Sunrock: 32 channel SNSPD () readout with ~ps time tagging (Dec23)
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Overview of Fermilab’s 22FDX Cryo-CMOS
modeling activities

Fermilab is leading several activities for the cryogenic

characterization of 22FDX transistors: .
": GlobalFoundries
9

In-house:
« Measurement and modeling of high voltage devices at 4K
(BOXFET, LDMOS)

With EPFL: E P F L

« Measurements of transistors at 4K
« Development of simplified EKV model for analog design
 Low noise test structure measurements

With Synopsys:

+ PDK-compatible BSIM-IMG for 4K 0 A TR N
Syn U Psys 22FDX Navigation/Test Documentation

Basic
RF Test Structure

Silicon to Software” MPWCS12

él_.l BALFOU
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FDSOI for RF/Analog Design

ID (A)

4

1074 4

10—6 -

10—8 -

10—10 -

10—12 -

* Threshold Voltage increases (due to
substrate freezing)

Transfer Characteristics

— Vd =0.01
—— Vd=1.5
vd = 1.2
vd =1.8
— Vd =0.01
— Vd=1.5
— Vd=1.2
— Vd =138

» Availability of a “back-gate” in FDSOI
technologies to lower the threshold and counter
cryogenic increase

» Confined electrons in an undoped channel =
less leakage, lower power, higher voltage,
faster switching

SLVT NMOS SLVT PMOS

0.00

IdVg for eglvt nfet 1=0.2 um w=2um

10/31/2023

0.25 0.50 0.75

1.00 1.25 1.50 1.75
VG (V)

(1]
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 Electron Mobility [2]
* Phonon scattering, coulomb scattering [3]
« Capacitance effects [4]

Behavior Changes at « Resistance due to self-heating [5]

Cryogenic Temperatures

10/31/2023

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

« Work function [7][9]

« Subthreshold slope [10]

* Drain induced barrier lowering [11]
...etc

JE 1
3¢ Fermilab
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* 300K, 3.8K for various front gate
and source/drain biases

 Gate lengths: 0.07um, 0.2 um, 2um

Measurement « Gate widths for each
data length: 0.16um, 0.5um, 2um

10/31/2023

 For each IdVg we have Vd=0.01, 1.2, 1.5,
1.8V

e Starting with eglvt flavor

2= Fermilab
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e Synopsys SPICE model extraction tool for creating
automated parameter extraction methodologies for
semiconductor applications

* Integrated in the Synopsys Sentaurus Workbench TCAD
platform

* Use Synopsys Primesim HSPICE as a simulation backend

M YSti C S Oftwa re Sentaurus Workbench

-
Initial
Metadata Modelcard
Fitted Data
— >
TCAD /

Measurement Target Data
Data

Extraction
Strategy

T 1
3¢ Fermilab
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* Features an interactive GUI for real time extraction analysis, a
custom Python scripting environment for flexible scripting and
an extensive optimization library for finding the best parameter
set for the selected SPICE model

nmos_ld.py []

IsVg, Simulator, Model, ErrorMethod) -
117 ExtractionUtils.PrintErrors(mysticProjectName,
Isvd, Simulator, Model, ErrorMethod)

u
118
M [ ftwar
120 mdb.StoreFitData(IsVg, Model, error=fit error)

121 mdb.StoreFitData(IsvVd, Model, error=fit error)

122

123 optimiser.write parameter csv(f"{mysticProjectNam
e}-1d-pars")

124 Model.WriteModel (f"{
125

1d')

126
127
128

Editor | DataUpload Log File
Console B®
Set Current Dir | /remote/gbl2tcadl/enigma_tmp/tmpg8x8gz3d
In [90]: mdb.StoreFitData(Isvd, Model, error=fit error) =
In [91]:
gzﬁy;illv‘l?ser.writs_parameter_csﬂf"(\yﬂticr’roj»ectrlaw.o}rldr

In [92]: Model .WriteModel(f"{mysticProjectName}-
1d.mod")

In [93]: Idvgld.WritePLTFile(f'{mysticProjectName}-
idvg-1d')

Out[93]: ['l4nm-FinFET-Mystic-nmos-idvg-1ld-
drain@.05_sourced.®_substrate®.o.plt']

In [94]: -

Console | Console Log  Syntax Checker *

x=0.24, y=-2.381e-06, y=-5.173e-07, y=-2.381e-06, y=-2.388¢-06, y=-2.381¢-06, y=-2.388e-06

Idvgld | Model Parameters
Parameter Value

1dvgld Parameters

» Plot Parameters

X Axis Parameters

» Y1 Axis Parameters

Y2 Axis Parameters

Idvgld _Initial-0-idrain Parameters
» IdVgld_Initial-0-idrain-fit Parame...
Idvgld-0-idrain Parameters
IdVgld-0-idrain-fit Parameters
Idvgld_Final-0-idrain Parameters
Idvgld_Final-0-idrain-fit Paramet...

Variable Explorer = Plot Parameters

10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX
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Our Model Approach

Take the 22nm PDK provided by global foundries for these
devices and re-extract the parameters we think will change
at cryo

Keep a basis in physics by setting reasonable parameter
ranges based on literature when applicable

Change the input pdk:

— BSIM-IMG 102.8 doesn’t include effects
like subthreshold slope saturation [14], we need
to model that saturation by setting temp=tnom to the
value where our subthreshold slope saturates

Isothermal model

We will then place these extracted values back into the PDK

10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

70} Symbols: Experiment[32]
Lines: New Model

SS(mV/decade)
I
o

43 10 36 110 300
T(K)

Subthreshold Slope Saturation as a
function of Temperature [14]

2= Fermilab



Setting TNOM Value

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

Transfer Characteristics At Various tnom=temp Values (L:2e-6, W:2e-6, Vd=1.8V)

0.001 0.001
1e-03 1e-05
1e-07 1e-07
g 1e-09 g 1e-09
1e-11 1e-11
1e-13 1e-13

vg (V) Vg (V)

JE H
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BSIM-IMG
Recommended
Strategy as a Basis

1

10/31/2023

CPAD 2023: CryoCMOS mode

Preliminary Step:
SET: TNOM, LLONG, WWIDE

Caa vs. Vg
@ Vs=Vp=Vg=0 V
EOT1, EOT2, EOT1P,EOT2P
PHIGL,PHIG2, QMTCENCV,QMOD,
ETAQM,POM

Y

oy Bm V5. Vg

@ Vo=[Vo ], Ve=Va=0 V
CIT,CDSC,BPEACTOR, KBGONW, KBG INW

VNKEELNW,VNKEEZNW

U, ETAMOB, UA, EU, UD, uC
UCS, ROSW (or RSW/RDW)

@Vp=[ V] V), V=0

CBGCBGO,CBGCBG,CBGCBGOP, CBGCRGP
UDB

Caavs. Vs
@ VesVg=Vg=0 V

— - CGSL, CGDL, LOVS, LOVD

CKAPPAS, CKAPPAD, CFS, DLC

v

!

lp; Bm VS. Vg
@ van.ln]- Vi=Vy=0 V
AUABUA, BUD,ALD,AUC,BUCAEU,BEU
@Vp={Vy)] V0,V =0
AUDB,BUDB

PARAMETERS RELATED
TO TEMPERATURE

los Bm VS Vg
@ Vo=[Vp ], Vs=Vy=0V
> UALUDLKTL
@Vp=[Vyn] ViED, V=0
uC1,KT2

|

lo, Bm Vs- Vs

® Vo=[Vosarl, Vs=Va=0V
KT3,UTE,UCSTEAT,PTWGT

I5,8m V5. Vg
@Vo=[Vousar], Vs=V=0 V
ETAQ,DSUB,CDSCD,VSAT,PTWG,
KSATIV,DELTAVSAT MEXP
E@VD=[VD,SATLVB£0,VS=0
ETAB,CBGCBGD,
VSATH,PTWGB,PTWGREZ

.

|0Bm vS. Vg

@Vo=[Vosarl, Vs=Ve=0 V
AIGSL, AIGDL, AIGCL,

PIGCDLLETAD AVSAT BVSAT APTWG, BPTWG

@Vo=[Vosar] Ve, V=0l
LETAB,AVSATE,BVSATB
APTWGE BPTWGE

lsvs. Vg
& Vo=[Vo e Vo), Vo0 V, Ve=0 V
AGIDL,BGIDL, PGIDL,EGIDL
AGISL,BGISL, PGISLEGISL

Y

lg ¥s. Vs
@ various Vg, Ve=Vy=0 V
LAGIDLLBGIDLLPGIDL LEGIDL
LAGISLLBGISL,LPGISLLEGISL

loy Bas VS. Vip
@ various Vg, V=Vy=0 V
PCLM, PCLMG, PDIBL1, PDIBL2, PYAG

r

NO GOOoD YES

loy BasVS. Vo
(@ various Vg, Vi=Vy=0 V
AMEXP,BMEXF, ALPHAD,ALPHALBETAD

FITTING?

}

lg vs. Vg
@ various Vg, Vs=Vs=0V
TGIDLTGISL

!

lo, Bas vS. Vip
@ various Vi, Vs=Vg=0V
nT

LSCALING
WIDE DEVICES

To: Bm vs- Vi
@ Vg=[Vo s Vosul, Vs=Vg=0 V
KT1L, UTELUTL, UAILL, UDIL
ATL, PTWGTL
V=] VaiineVissaa ], V=0,V
UC1LATBL
Igvs.Vg
@various Vg, Vi=Vy=0
LIGISLLTGIDL

GOOD

FITTING?

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

NO YES




Building an Extraction Strategy

— Find groups of isolated parameters that influence each
other but not the rest of the model and put in “stages”

— Within each group find subgroups or single parameters
that impact various target regions of the curves and
make a series of steps

— Loop until you get a good fit. If you never find a good fit,
something is wrong with the strategy or parameter set and
some changes need to be made

12 10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

Example:

uO,ua,ud,rdw, rsw -> IDVG

Low drain

u0,ua,ud --> elbow/threshold

voltage region

2= Fermilab



Extraction Strategy

Stage 1: Extract low drain parameters for long/wide device

Stage 2: Extract high drain parameters for long/wide device

Stage 3: Extract width dependent parameters for long device at various widths

Stage 4: Extract Low Drain length dependent parameters

Stage 5: Extract High Drain length dependent parameters

Stage 6: Extract Back gate parameters

Stage 7: Extract corner cases (short length/short width)

JE H
3¢ Fermilab
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Stage 1 Low Drain extraction PDK Model (with temp=tnom=350K) vs Extracted Model:

Gm Low Drain Fit

N s

IdVg Low Drain Fit

##—_

14 10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX
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Stage 2 High Drain extraction =~ PDK Model (with temp=tnom=50K) vs Extracted Model:

Gm High Drain Fit dVg High Drain Fit

L _,..-.-.—--—-"__-__ Ur -
4 ##
,f
7/
/ 2 1
_ /
/ ~
/
) 0.01 o
- b ! E T ;
: / & f
/
4+ I ? i
Ff “
0.0001
|
2+ j’ === PDK Model I === PDK Model AN
wiles [Measurement Data wille Measurement Data \\ ERL
w=e Fyiracted Model Lol w=s Fyiracted Model \\
i AN
| L !

Gate Voltage (V) 1ate Voltage (V)
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Stage 3 Width extraction PDK Model (with temp=tnom=50K) vs Extracted Model:

JE H
3¢ Fermilab
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PDK Model (with temp=tnom=50K) vs Extracted

Stage 4 Low Drain Length extraction
Model:

\
"

|

-
”

2= Fermilab
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Stage 5 High Drain Length extraction ~ PDK Model (with temp=tnom=50K) vs Extracted
Model:

JE H
3¢ Fermilab
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Errors across Figures of Merit for all Lengths and Widths

Found by taking the percentage error between data simulated using
the extracted model and the measurement data:

loff-errors

Vt-errors lon-errors

<

=

L

—
ON&G‘“’O

[\
(%) sJouig

JE H
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Stage 1:

10/31/2023

Stage 2:

Stage 3:

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX
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Future work

Complete 4K PDK-compatible models for thin oxide devices and HV devices
Cryogenic noise measurements

Develop 4K timing libraries for standard cell library

Cryogenic radiation testing at Fermilab

e Evaluate radiation hardness at cryo

* If sufficient, create 4K radiation compact models and timing libraries

Quantify cryogenic measurement error

Al/ML based PDK development

Work supported by the U.S. Department of Energy, Office of Science (Microelectronics Codesign) and Fermilab LDRD.
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Mystic Software
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* Interactive plotting environment allows for real-time visualization
of model fits against target data on single 1D plots or higher

dimensional spaces

I 1/user p /STDB/Fermilab/ prietary /2 Ol_EPFL_WithL tion-2/ ystic/22-foms — Mystic GUI (on ness) x) (&) (x
File E Run Reset Help
I A OICKS:

Editor B® Plot Area @ Variable Explorer B
E] 23905¢6d7f59664e [] K |Name: 'Model®, type: Netlist, size: 611 B
E] 46 [Toff lin = np.logl@(np.abs(IdVgld.Toff(col="al1 ) [0])) = lon Parameter Value e

47 # vt _lin = Idvgld.Vt (col="all')[@] gend3 % 102.80
@ 48 Ton_lin = IdVgld.Ion(col="all')[0] previously now ...
2| eglvtnfet level 78
[& | 50 107t sat = np.log1o(np.abs(Idvghd. Toff (col="=11 1 [01))
51 # vt sat - Idvghd.vt(col="all")[0] version | 102.9.6
= | 52 Ion_sat - Tdvghd.Ton(col='511")[0]
53 lon Imin 1le-10
[E] | | 52 for fom in [Toff lin, Zon lin, Ioff sat, Ton satl:
55 name = fom.data_name wmin 1e-10
56
M fom. reset_index() . rename(columns={"instances.l':'Lg", Imax 1
M 'instances.w': 'W'}}
il 57 wmax 1
™ 58 fig = addFigure(name, plotType='mpl’,
projection="3d") aeu 1
. 59 multiplot param_across doe(
E 60 fom, agidl 7.206e-12
N 61 parameters=name, ;
ﬁ 62 1 agisl 7.206e-12
63 yaxi . w
64 figure=fig.fig, axes=Fig.axes aige 0.0123
65 )
o . . aigd 0.00768
67 fig = addFigure(f'{name}-fit', plotType="mpl’,
projection='3d'] aigs 0.00768
68 multiplot param across doe( |0n—1'5 9
89 om, amex| 0
70 parameters=f ' {nane}-fit', - P
aptwg 0
Console Log | Editor | File Browser | LogFfile  Wizards
ardw 1
Console a®
ardsw 1
Set Current Dir dtco0l/users/a. . t: des/22/Mystic/22-foms.
arsw 1
[-6.3994] [5.659] =
['Ion'] Lg W at 0.0009069
[-2.903e-05] [-4.504e-07]
R R TR aua 1
[-2.903e-85] [-4.504e-07]
['Ton-fit'] Lg W auc 1
[-2.143e-06] [-2.143e-06]
[ e ——-——— aud o
[-2.143e-06] [-2.143e-06]
['errors'] Lg audb. 1
[0.1369] [3.759]
R R beu 1e07
[0.1369] [3.759]
<class 'UserWarning'>: Plot 'Ioff' already exists. Using bgidl 367000000.0
‘Ioff-1' as key.
<class 'UserWarning's: Cannot rename plot 'Ioff-1' bagis| 367000000.0
['Toff'] Lg W
[-12.61] [-4.502] bigc 0.00171
bR SR bR
[-12.61] [-4.502] ae = bigd 0.001725
<class 'UserWarning'>: Plot 'Toff-fit' already exists. e Q=B 9
Using 'Toff-fit-1' as key. e PPTTER =
<class 'UserWarning'>: Cannot rename plot 'Ioff-fit-1°
D' Toff fit'l In b Doc Lookup  Plot Area Variable Explorer | Plot Parameters
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BSIM-IMG Version 102.8

Temperature range not made for deep-Cryo

Independent Multi-Gate (IMG) models the Back gate

We have shifted to 102.9.6 to use the most up to date version
Version 102.9.6:

* Includes cryogenic modeling, we tried running this version down to 4K
with our PDK Model but it broke

* If tnom=temp is kept at 50k and the cryomod function is disabled, the
PDK model stays the same

 Same underlying equations as 102.8 so nothing should change if the
new features are disabled

JE H
3¢ Fermilab
25 10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX



Threshold Voltage Expectation at Cryogenic Temperatures

vl (v)

26 10/31/2023

FDSOI [12]

Increase in Vt as temperature decreases seen in 28nm

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

250 mV difference in Vt across all lengths/widths:

EGLVTPFET Vd=-1.8 Vt Roll off Temperature Dependence

0.9 1

0.8

0.7 4

"

— 3.8K, W=2um

0.6 1 —— 300K, W=2um
—— 3.8K, W=0.5um
—— 300K, W=0.5um

0.5 —— 3.8K, W=0.16um
—— 300K, W=0.16um

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Gate Length (M) le—6

Used fixed current criteria rather than GmMax to get a smoother roll off across

0.9

0.8

vl (v)

0.6 1

0.5

0.7

EGLVTPFET Vd=-0.01 Vt Roll off Temperature Dependence

;

— 3.8K, W=2um

— 300K, W=2um

— 3.8K, W=0.5um
—— 300K, W=0.5um
—— 3.8K, W=0.16um
—— 300K, W=0.16um

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
Gate Length (M) le—-6

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
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FIGURE 4. |Vt| vs Temperature at |Vds|=50 mV using maximum
transconductance method for (a) nMOS and (b) pMOS, (c) AVt vs
temperature using maximum transconductance method. The back-gate

bias (Vbs) =0 V. [12]
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Velocity Saturation Expectation at Cryogenic Temperatures

27

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

10/31/2023

10
W/L=3 um /28 nm
4 V=09V | n_=833 .
2" nMOS n
o 1
<
=
=
S 01 n=148300 K
lspecy = 395 NA
Leat = 6 NM
0.01 ol L el Ll L 1l
0.01 0.1 1 10 100
b) IC

b) Normalized transconductance efficiency
versus the inversion coefficient for nMOS W/L =
3 um /28 nm, showing a decreased velocity
saturation effect at 4.2 K. [7]
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10 ¢
e —— Model n=17 n=22
A 42K
v 77K lspecn = 175 DA Igpeeq = 75 NA
2: ® 300K Lsat =8 nm Leat =5 nm
1 3 77K 42K
< o '
3
S n=1.3
o 01 L lspecs = 835 NA \
6f NMOS Lot =11 nm T(K)
T Vps=0.9V 300 K
' W/L=1pum/28 nm
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Figure 10: Modeling the normalized
transconductance efficiency at 300, 77, and 4.2 K
in 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

28

(b) 90
In 22nm FDSOI a 11-15% decrease ass, SR
. . = NMOS
seen in S/D resistance [13] < 80
S
9 i
x
Improvement in gate resistance: o 707 PMOS
'
65
— Prwg models gate dependence of S/D
resistance in BSIM 102.9.6, and as it 60 * ' : :
0 100 200 300

increases, overall resistance should

decrease (Our models reflect this) Source/drain

series resistance (Rse, Rde) improve
by 15% at 5.5 K [13]

From BSIM-IMG 102.9.6 Manual:
R
WWE. NF
1
WWE.NF

RSW(T) LR
1+ PRWG - V;:s,eff Hgeo
RDW (T)
1+ PRWG - V;rd,eff) + Bageo

: (RSWMIN(T) +

Rsource =

Rdr ain —

(RDWMIN(T) +

10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

e Yoo r :
ey NMQOS

350 | PMOS e
E 300} =
| %250 [ e

g8
200 8" R LG=28nm
150 . , |

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
« Effective mobility is made of three Ng Voerx =0 N WL =1 um a:\{]g’g
main components: £ 4
— Lattice vibration-induced scattering E
— Scattering on impurities (Coulomb and 3_3 3
phonon scattering) ~ \
— Surface Roughness Scattering ,E 2~
= 11 L |\
At cryogenic temperatures Coulomb 42 36 77 110 160 300
Scattering becomes more dominant a) T [K]

Increasing mObIIIty [2] Effective Mobility Temperature

dependence in 28nm FDSOI [3]

JE H
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Subthreshold Current Jumps

Transfer Characteristics

— Vd = 0.01

10-% 4

Most of our data doesn’t have
this effect, but a few curves 107
do, like the one seen here.

This is caused 1072 -
by source/drain tunneling .
[15] [16]

-“}—ltl .

We are not modeling this for

now —
l.u—:l?_ |'

0,00 0.25 0.50 0.75 1,00 1.25 1.50 1 75

JE H
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CV Temperature Dependence

le—11 SGLVT PFET CV at RT and Cryo for Vb=-6V
Frequency 10700 - RT
Frequency 10700 - Cryo
L1 Frequency 100000 - RT
Frequency 100000 - Cryo
Frequency 1000000 - RT
1.0 1 Frequency 1000000 - Cryo
Not a significant change g 997
with temperature, so we are g
not modeling this for now 5 0.8 1
0.7 -
0.6 - = i, "E
2.0 15 ~1.0 —0.5 0.0 0.5 1.0
Gate Voltage
2& Fermilab
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Deep Underground Neutrino Experiment (DUNE) e

Sanford Underground
Research Facility

Fermilab

18m

(h.nrlignv
Fermilab

Hiinoiss

$I'56 44" N 957104253
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Operation in liquid Argon

Req

Ben

33

uirements
Less than 0.7% channel failure in 30 years of operation

Total power consumption <50 mW/channel.
Fully functional at 89 Kelvin

efits of operating in liquid Argon:

"Warm” vs. "Cold” Electronics

Dag

WARM

Front-end | |Front-end | [Front-end | |Front-end
Cable: electronics| [elecuronicsl |electronics| | electronics
> charge
o ;og.‘.}f;m | signal

Wire:
10-20m
20pF/m

Cable lengths limited by high
capacitance—noise

coLD -

With electronics integral with
detector electrodes the noise
is independent of the fiducial
volume (signal cable
lengths), and much lower
than with warm electronics.

Multiplexing = less cables (less
outgassing) and less cryostat
penetrations.

Cryostat design and readout
design are decoupled.

No limit to cable .
(or fiber ) lengths -
after multiplexing

Increased charge carrier mobility --> higher gain and lower noise (by about a factor of two) at 89 Kelvin
Mounting the front-end electronics on the anode plane array (APA) frames also minimizes the input capacitance.
Placing the digitizing and multiplexing electronics inside of the cryostat allows for a reduction in the total number of

feed-throughs into the cryostat

10/31/2023

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

2L Fermilab

Veljko Radeka (BNL) 2009



- | Element | Quaniit
DUNE cryogenic ASICs By

TPC wires (channels) 384K
* 16-channel front-end ASICs for amplification and ATloge planeidmayiiaRa) 150
pulse shaping (LArASIC - BNL); Front End Mother Board (FEMB) 3000
FE ASIC 24000
* 16-channel 12-bit ADC ASICs operating at 2 MHz e — o —
(ColdADC — LBNL+FNAL+BNL);
COLDATAASIC 6000
*  64-channel control and communications ASICs
(COLDATA — FNAL+SMU) To Slow Control A ATo DAQ nTa SSP
.. . . . local _ [ CII D
« Large number of components requiring testing and qualification at Dot - e 1,
both roomT and LAr SR |l Y i
» Future proposed pixelated readout schemes with >100M channels Blas I ——{ —— im
(<100pW/channel), SiPh for readout and power delivery, chiplet-
based or monolithic chips with integrated sensing, computing and A . N . ; - " Copper Cold Cables
communication > ofRRE R R SRR AR R S R R AT d
La rge scientific expe riments challenges and requirements: iLw'.-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:—:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-.l'-:': i
« Performance (low noise, low power) > = N <
« Thermal and system constraints (e.g feedthroughs) T I D> [ ﬁ S j—% O
° Re“ab'“ty (I|fet|me, SEE) 5 %:[ 16-ch FE ASIC (x 8) 16-ch ADC ASIC (x 8) Ei :.i q
Analog Mother Board COLDATA Mezzanine : ; !
° Large # Channels = 128-ch Front End Mother Board Assembly (x 20) .:-"I EEE
° Radiopurity, etc. ’ l__-55;55555::5555:;5:5::5;5::555'r-‘::::i';i i
... hot too dissimilar to the challenges of scalable quantum | | g % ey |
computers " . " & i " " A 2
Membrane Cryostat




Lifetime studies, modeling, and custom library development

Hot carrier induced lifetime degradation can be
avoided by limiting Vds and/or increasing L

- We derated the nominal supply by 10% and created
a custom digital library with increased L (90nm)

The custom library (~230 cells) was characterized for
static timing analysis (timing and power across corners)
for digital synthesis and place and route.

X Icplot: Library Comparisen 15.1.5.070 by Cadence Design Systems, Inc. - O X

ic/projects/C/TOLDATA/ sandeep / run_char.

400 LEO0 LB00 1.000 1.2
COLDATA/ dbraga /LIPennl ibertyF i 1es/29Tul 16/ tanc90mm_—1860_tt_ecsn, 1ib
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10 Al REARE RN BALAE RAALE RAEAS RARAD LALED LAALE RERES RILELE RARE
10 f_ _20Vears_ ____ _________ Vol e .
'.; ————————————————————— /-,4‘————-—-:
8 10 Years y
107 F .
1075 1 Year // % :% :
O ws:r NMOS 10um/0.06um s / Tf, T, ;
3 ™ =\/ 1 a2
E E Stress V=V / > 15>
£ 0| @K x s
é 45 7 / - gr-“(.s\:»}
- 10 E / * L, (Ve=Vy =
103: A / ‘ VTH(‘(,s ‘nsl :
E 1
100k /lf/ TSMC 65 nm ]
CMOS process
1L N PETYE FTETE FTTTE PPET FEETE FEETE FETTE FPUTE FETTE PETTE FrTr

10 == +
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

. (v

DS

The predicted lifetime for 130 nm
nMOS devices reaches 20 years
provided the drain voltages are
reduced from the nominal, room
temperature value of 1.5 Vtoa
cryogenic temperature value of
149 V.

As noteworthy as this prediction
1s. the 65 nm nMOS device 1s
even more resistant to cryogenic
hot carrier degradation. Its
nominal, room temperature
voltage of 1.2 V 1s already lower
than the maximum allowable
cryogenic temperature voltage of
1.3V

FERMILAB/SMU: J. R. Hoff, et al., IEEE TRANS. ON NUCLEAR SCIENCE, VOL.59, NO.4, AUGUST 2012
BNL: Shaorui Li, et al., IEEE TRANS. ON NUCLEAR SCIENCE, VOL.60, NO.6, DECEMBER 2013
FERMILAB/SMU: Guoying Wu, et al., IEEE TRANS. ON DEV. AND MATERIALS RELIABILITY, VOL.14, NO.1, MARCH 2014

FERMILAB/SMU: J.R.Hoff, et al., ,Cryogenic Lifetime Studies of 130nm and 65nm CMOS Technologies for High-Energy
Physics Experiments, in publishing in IEEE TRANS. ON NUCLEAR SCIENCE
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22FDX Cryogenic modeling - EKV

Collaboration with EPFL (Han, Enz, Charbon) for simplified EKV (sEKV) modeling for inversion

coefficient design methodology (for analog design)

Data from GF's Basic FET Test Structures, measured at 3.8K at EPFL

zn
!

@ W=0.16 pm
e W=05pm
& W=32pum
— sERV model
==+ A, =027 (L= 70 nm)
= A =020 (L =02 pm)
..... A = 0{L=2um)

—.

9,../1C= G, nUl, [-]

—h
CII

107 107 107

1ﬂ°
IC =1l e [-]

10

Gyl [-]

-
o
(=]

o W=015 pm

e W=05pm

& W=2um

— sERV model
==-A, =027 {L="70nm)
= A, =013 {L=02 pm)

..... 'ﬂ'-.‘.'= D{L =?ym]

et a— 1“4%-‘_.‘\

= B

10 107

The normalized transconductance efficiency with the application of simplified EKV model on
EG FDSOI devices at room temperature; (left) nMOS, (right) pMOS.
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Oxide|Device|Type| # devices
N 9
o lvt P 9
slvt N 9
P 9
vt N 7
SG P 5
P 4
slvt ,
N |in progress
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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)

Data from GF's Basic FET Test Structures, measured with cryogenic probe station (3.8K) at
EPFL

Length Scaling at Cryogenic Temperatures:
» effective mobility in terms of channel length and the temperature
e source-to-drain tunneling in subthreshold region

(Cryogenic RF characterization)
Open-source Python-based parameter extractor (SEKV-E) for the simplified EKV (sEKV) model E P F I

https://gitlab.com/moscm/sekv-e

* Han, Hung-Chi, Antonio D'Amico, and Christian Enz. "Comprehensive Design-oriented FDSOI EKV Model." 2022 29th International Conference on Mixed Design of Integrated Circuits

and System (MIXDES). |EEE, 2022.

 H.-C. Han, F. Jazaeri, Z. Zhao, S. Lehmann, C. Enz, "An improved subthreshold swing expression accounting for back-gate bias in FDSOI FETs", in Solid-state
Electronics, vol. 202, 108608, April 2023. Doi: 10.1016/j.ss€.2023.108608

* Han, Hung-Chi, et al. "In-depth cryogenic characterization of 22 nm FDSOI technology for quantum computation." 2021 Joint International EUROSOI Workshop and International
Conference on Ultimate Integration on Silicon (EuroSOI-ULIS). |EEE, 2021.

* Han, Hung-Chi, et al. "Cryogenic RF Characterization and Simple Modeling of a 22 nm FDSOI Technology." ESSDERC 2022-IEEE 52nd European Solid-State Device Research
Conference (ESSDERC). IEEE, 2022.

 H.-C. Han, A. D’Amico and C. Enz, "SEKV-E: Parameter Extractor of Simplified EKV |-V Model for Low-Power Analog Circuits," in IEEE Open Journal of Circuits and

Systems, vol. 3, pp. 162-167, 2022, doi: 10.1109/0JCAS.2022.3179046. e
=¢ Fermilab
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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

PDK Validation at room temp

HSPICE Simulated vs EPFL Data Vd=1.8v

—— EPFL Data
—— Simulated Data
lD—S _
lﬂ—'.l' n
<
=
1077
lﬂ—ll _

T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Vg(v)
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Vt Rolloff using GmMax method

EGLVTPFET Vt Roll off Temperature Dependence

0.90 % —

0.85 -
— 3.8K, W=2um
0.80 - —— 300K, W=2um
> —— 3.8K, W=0.5um
T —— 300K, W=0.5um
— 0.757 —— 3.8K, W=0.16um
—— 300K, W=0.16um
0.70 1

0.65 - % —

| 1 I 1 1 I I 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Gate Length (M) le—6

Temperature impact on Vt Roll Off for Vd=0.01V using
maximum transconductance method from EPFL data
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Extra pfet plots

Gm Low Drain Fit at Various Lengths

2= Fermilab
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Idvd Fit

I1dVg High Drain Fit Gm High Drain Fit
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Stage °
3

-20

Drain Current {uA)

PDK Model with

t=thom=50K and
rdw/rsw=130).

-50

LN
=

Crain Current {pA)

Our Model:

-14 |

-16 |

-18 |

10/31/2023

@

IdVg Low Drain Fit at Various Widths

Gm Low Drain Fit at Various Width
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Stage 1: Low Drain extraction

Step 1 Cit, phig1 |dVVg Below threshold
N voltage
A 2
Step2  u0, ua |[dVg Mobility region
Step 3 uO,ua,eu,ud,rdw,rsw,u 1dVg Above Vth
CS,prwg
w Step 4 phig1,ua,eu,ud,rdw,rs  1dVg Below Vth, resistance
W,ucCs,prwg region
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Work function and
Subthreshold slope

Mobility

Source/drain extension
resistance, front gate bias
dependence on s/d resistance,
coulomb

scattering, phonon/surface
roughness scattering

All of the above
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Stage 2: High Drain extraction

Step 1 Eta0, cdscd IdVg Below Vt

Step2 Mexp, vsat |dVg strong inversion

Step 3  vsat, vsat1, ptwg, ldVg AboveVt, IdVd sat
pvag, ksativ

Step4 Mexp, vsat |IdVg strong inversion

10/31/2023 CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

Drain induced barrier lowering,
drain bias sensitivity of cdsc
(subthreshold slope)

Smoothing for Vd saturation,
Velocity saturation

Velocity saturation, Strong
inversion Vd saturation, Vg
dependence on early voltage

Smoothing
for Vd saturation, Velocity
saturation
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Stage 3: Width extraction

Step 2

Step 3

10/31/2023

wphig1 Below Vt on all 3 low drain
widths for our longest
device

wuO Above Vt on all 3 low drain
widths for our longest
device

wvsat IdVg strong inversion
region for high drain curves

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

Width dependent work
function

Width dependent mobility

Width dependent velocity

saturation
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Stage 4:

Step 1

Step 2

Step 3

Step 4

Step 5
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lphig1
LuO

leu,
lua, lua1,lucs,lprwg,
Irdw, Irsw

LuO,
leu, lua, lua1,lucs,lp
rwg, Irdw, Irsw

LuO, leu, lua, lua1i,l
ucs,lprwg, lud

Below Vt on all 3 low drain lengths for
longest width device

All 3 low drain lengths for longest width
device

Mobility/resistance region on all 3 low
drain lengths for medium width device

All 3 low drain lengths above Vt and
transconductance for longest width device

All 3 low drain lengths, Above Vt and Strong
inversion region for our longest
width device

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

Low Drain Length extraction

Work function length dependence

Length dependent mobility

Length dependent Source/drain

extension resistance, front gate

bias dependence on s/d

resistance, coulomb scattering, phonon/su
rface roughness scattering

Length dependent source/drain resistance,
and length dependent series resistance
coefficient

All of the above

2= Fermilab



Stage 5: High Drain Length extraction

Step 1
AN

Step 2

Step 3

Step 4

47

10/31/2023

leta0

lvsat,Imexp

lvsat,Imexp, Ipvag,
Iptwg, Iksativ

lvsat,Imexp, Ipvag,
Iptwg, lksativ, leta0

|ldVg for all 3 High drain
lengths for longest width
device below Vt

|IdVg for all 3 High drain
lengths for longest width
device strong inversion

|ldVg for all 3 High drain
lengths for longest width
device above Vt and IdVd
saturation region

All 3 High drain
lengths for longest width
device and transconductance

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX

Length scaling for drain
induced barrier lowering

Length scaling for velocity
saturation and Smoothing
for Vd saturation

Above, and length scaling

for Strong inversion Vd saturat
ilon, Vg dependence on early
voltage

All of the above
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u0 Mobility
Extracted
Parameter % sletellliyy
Change at 3.8K phig1 Work function
from PDK |

cit Subthreshold slope
values at T =

50K (eglvtnfet) rdw/rsw  S/D resistance

48

10/31/2023

prwg Gate bias
S/D resistance Dependence

vsat Saturation velocity

CPAD 2023: CryoCMOS modelling and PDK development for GF 22 FDX
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1.4
32279

-11.4

128.8

2.9

0.002 MA2)/V —s
24.8 (cm/MV)M(EU)

0.13 mV
0.003228 F /m”(2)

21 Q-pMWR)
0.58 1/v
830 m/s
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