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ELECTRONIC NOISE:

Université

In France and at LAAS-CNRS

> LF Noise meas. in France | ®

HF noise
" . I[EMN
> HF Noise meas. in France
::-Uf o il * LAAS : referenced
crowaves .
From IEEE Mic‘rﬁ\!vg\ré{\ﬂ;‘ga‘z{;, b ST 5 R e oo forbl;FEe(;:

“European Microwaves”, Sept-Oct 201

Rob oSorrentinof : t‘* % f’
and Jan Grah ‘4‘"
) an Sy o

Cooperation with academic laboratories has often specialized in specific topics (for instance,
IEMN on device processing, simulation, and characterization; XLIM on microwave
components and systems modelling and simulation; LAAS on noise; IMS on silicon devices
and reliability; LabSTICC on filtering; and IETR on antenna design and characterization

XLIM
*

LA%CN RS ¢
.

HF noise param.
European Center for

> Electronic Noise exp. setups and
- ey LFN"ahd RTN t
related activities at LAAS-CNRS apel T et
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Oscillation Phase noise
LFN + RTN (+ residual phase noise)
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rin, 2004 State of the art
noise Ka band VCO

Measurements — models
- Mastering the noise from device/circuit/system
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ELECTRONIC NOISE:

Noise measurement facilities at LAAS-CNRS

LFN and RTN: the LAAS CNRS has been developing low
frequency noise (LFN) metrology means for more than
six decades, which allow it to claim very low levels of
detectivity performance (1028 A/Hz/2) and up to 1 MHz.
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Labeled as a European Platform for LFN and RTN by Keysight since 2017

HF NF50 and 4 noise parameters: different (evolving and automated)
worbenches for noise measurement from 10 MHz to 50 GHz. NFA and
PNA-X option 029 from Keysight

HF NF50 NL noise under pumping signal: evolution of NF50 under
aggressive EM signal (jamming, interferences)

Integration of LFN & HF noise measurements in situ - reliability
testbench : The 4-channel RF and thermal test bench allows Full-
DC characterization, [S] parameter characterization, NL P_ ,-P
AND LFN (output) spectra, and NF50 measurement without
removing connectors.

Université
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Electronic Noise at LAAS-CNRS

Université
de Toulouse
New devices : Pr. JG TARTARIN
= Modelling and noise sources identification - process improvement
Reliability :

= Reliability through noise measurement, at device and circuit level — process improvement

Linear & Nonlinear circuits and noise :
= Noise sources modelling under nonlinear conditions
= Low Noise Amplifier design — harshness vs jamming (+ nonlinear noise figure
= Phase noise modelling (oscillator, amplifier...)

Noise in complex systems :

= Noise in frequency synthesis,
= Noise in Tx/Rx RF links...

Noise metrology :
= [ow frequency noise (1/f— GR - RTN) =
= Microwave linear noise (NF50, 4 parameters) | |

——————————————————————————————————————

A ’_.." -l —
7[4 ,,noi’é?g_)ﬁaram eters ﬂeas.
" _0,01-50GHz




New devices :
Modelling and noise sources identification - process improvement I

Reliability :
Reliability through noise

Linear & Nonlinear circ
Noise sources modelling
Low Noise Amplifier des
Phase noise modelling (i

NOISE IN ELECTRONIC DEVICES / CIRCUITS / SYSTEMS since 1998

5 International or European Programs on LF noise

1 PEPR and 10 ANR French National projects

32 projects with Leading Industries in Europe and North America
6 Int. Patents and 3 Software Releases

98 Int. Publications in Journals & Symposiums

Noise in complex syst

Noise metrology :

e O o

Imrs .
Noise in frequency synthesis,
Noise in Tx/Rx RF links..

Pr. JG TARTARIN
1 Pr; 1 Research Engineer, 2-3 Ph.D. students / year

B
R

- ,"’;ffg ,F_;__J =
H 4JOWrameters

" 0.01-50 GHz

Université
de Toulouse




OUTLINE

Université
de Toulouse

= ELECTRONIC NOISE: in France and at LAAS-CNRS

= LOW FREQUENCY NOISE (LFN) : metrological niche ? Not only !

= LFN EXPERIMENTAL SETUPS: a large variety of solutions from home-made to

commercial solutions

= APPLICATIONS OF LFN MEASUREMENTS : defect detection, reliability analysis, non-

linear RF circuit design (VCOs, Mixers).

CONCLUSIONS and QUESTIONS

LAAS
e l—



LOW FREQUENCY NOISE (LFN):

metrological niche ? Not only !
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Models for Lov «S‘N\ 'se behavior
(high purit “0‘ po"‘.dse noise oscillators)

Still (and more than ever) in the race as far as there will be new techhologies
and signal-detection noise floor !

LAAS |
=T
Unvemis | ——="




LOW FREQUENCY NOISE (LFN):

metrological niche ? Not only !

Is LFN old fashioned?

- International Conference on Fluctuation and Noise, since 1968 and still alive
(Fluctuation And Noise, and other noise-dedicated conferences are out now)

Université
de Toulouse

International Conference on Fluctuation and Noise 2023, Grenoble, France:
-invited paper « Low frequency noise in qubits » by Mark Dykman - Theory
-quantum system and noise session - Theory

-quantum devices and noise — Electronic Devices & Material

-quantum transport and superconductivity session - Theory

Where to find noise (and LFN) in Conferences or Journals:

- IMS: International Microwave Symposium (USA) — every year, sessions dedicated to low noise devices (EuMW),
circuits (EuMiC) and systems (EURAD)

- EuUMW: European Microwave Week (Europe) — every year, almost the same format as for IMS

- ESREF: European Symposium on Reliability of Electron Devices — no dedicated session BUT LFN is used for
fialure dedection and degradation analysis in (active) devices

- RADECS: RADiations and its Effects on Components and Systems Conference (Europe)

and many other

- Journals: IEEE (MTT, EDL, SSE), AIP publishing, Cambridge Univ. Press, Elsevier... ponctual publ.

Université
de Toulouse




LOW FREQUENCY NOISE (LFN):

metrological niche ? Not only !
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Research on data base from IEEE EXPLORE over different periods: from (1912 to) 1952 to 2023
1912-1952 : 75 journals (i.e. average of 1.8 publications/year)

1952-2023 : large increase in the use of LFN (theory/metrology/applied physics or technological assessment)

Publi. i and dsiiialE relafad o Publi. in Conferences and Journals related to
LFN in all metadata" /yearor different time slots QFN in Title" /@r different time slots
3000
2000 60,0
4000 40,0 /\
O |
20,0
1952-1972 m
period 1972}19(192 1992-2012 0.0 !'
(publ./year) (puﬁjr/iear) period 2012-2023 1952-1972
. (publ./year) period year 205 period e 1992-2012
(publ./year) only (publ./year) Reria : 2012-2023
(publ./year) period .
{publ./year') period year 2023
(publ./year) only
More general purpose (tool?) Specific research in the field (expert skills)

N

Clearly, those who claimed the LFN was dead were geniuses — the new Nostradamus (=< ¢

Some of them however come back to LFN! (.“., Quantic or whatever the technology, LFN is still in the race

Université
de Toulouse




LOW FREQUENCY NOISE (LFN):

metrological niche ? Not only !

Université

= LFN within other frequency characterization. G

Discrimination between time constants / impact of the experimental setup ?

s Non invasive measurement techniques for failure analysis (LFN, pulsed electrical, DLTS, ...)
—> Investigation of technological defects at t,
— Evolution of the device’s perf. during stress

Time scale
10 ps 1ns 1 u,s 1ms 1 S 1mn 1h 1day 1year 10years

SN VPRSSRNON SVRS VRS SSSVR WSS S SN (0

rapid traps and transients slow traps and transients devic
- lifetime -

[ spectral/time S N
investigation Low Frequency Noise \
range Accelerated 1

Pulsed I-V and DLTS " stresses /
[S] parameters (pulsed ?)

100 GHz 1 GHz 1 MHz 1 kHz 1 Hz 1mHz  Slow events and/or device 9

structural/chemical evolution
Frequency scale LEN for analysis

towards DC

Université
de Toulouse
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CLASSIFICATION OF (UNCORRELATED) NOISE

DIFFERENT NOISE SOURCES

Internal noise in electronic devices:
Linear noise: _
-
» White Noise (thermal noise, shot noise, difff:;

Non-linear -Excess Noise (can be reducted):
» 1/f noise
» Generation-recombinaison (G-R)

» Random Telegraph Noise(RTS or RTN)

S/l (AHZ)

Université
e Toulouse
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Aged devices (HTRB stress)

1E-24

1E-10 1

1E-11 A

1E-12 1

1E-13 1

1E-14 1

1E-15 1

1E-16 A

1E-17 1

1E-18

\N_—’

10 100 1000 10000 100000
Frequency (Hz)

Aged devices (HTRB#1 stress)

Virgin device

10 100 1000 10000 100000
Frequency (Hz)




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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_ High input
lmpeFIance ultra low,
Noise amplifier

LAAS
=T
bkt

Toulo




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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Configuration for diode measurement ; current-voltage or voltage-voltage amplifier

Two possible arrangements for one-port LFN (S,;) measurements;

-Current-voltage amplifier (gain G, in V/A) o |
-Voltage amplifier (Gain G,)) Simplified S,, and S, expressions

D.U. _7_'___[_)_/_9_(Zl_e__c_)_r photodiode ‘

- 'y e Sya = G2 dut | S b B \.:‘-1 + SeiA
| [y 7, ™ FFT ‘ A LRaue+Rina)! [ A 7RI Raut
_ =’. : s -l_- Uy ¥ T analyzer
R, S g AN - b ‘ — ‘
= e Z YV mmr y As long as Rpyy>> RmputA »l Sva = G4 [Sia + Sial |
E ‘ o 1/2 :
= — and Rpyr>> (Sea/Sia)

llllllllllllllllll

[ [— - . 2 g 5 2 ) [
a0 : S — ,-7 . )2 G 7.1 P
l“— DUT l. Gy > anii.'lz_m =y Rz +Risiv ’ [RZutSia + Sev + RiueSiv + 2RautSeiv]
_:J-_._ ................ " .R:_ - (2 P - ,
‘ - &) L s, As long as Rpyr << Rjpputy »lxw. = GZ[R3%,,S;q + Sev]
o * T and Ry << (Se/Siy)"/?

Université
de Toulouse




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

Université
de Toulouse

\ 2/ home-made to commercial solutions

Configuration for diode measurement ; current-voltage amplifier

DUT impedance is elevated = transimpedance ampl. ! All the elements are measured prior to
LFN meas. Below is the full expression for S

v-meas

GZRCZl Sea[l + (RdCd(U)Z] +S 4 ZRe(Sea.ia*)
(Rd + Rin)2 + (Riande)Z . Rczi “ Rd

Sv—meas(f) — ( + Zlm(sea.ia*)- de + Si>

_—— o e — m— w— — — — — - e

! \
I

I biasing circuit (E,R)) and) ; signal analyzer %
! by-pass capacitor C, | : S - :
: : o 9 |
| ! i@\/\ > :
©
; | Y e i
I |
' Ry 5 : - v-meas|
. L L is a -
! I I S— : 1a :
| I
! C 1 ! 1
E T b | G| :
| | I
\
\ FEITIFITT 7 F s SFFIE TErFr ZiF A

b TR U —————— o o e o o o e e e e e e e e e e e e e e e e e e e e

Université
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Configuration for diode measurement ; voltage or current amplifier
Université

Experimental setups and measurement validation de Toulouse

After G(f), Z,0ii(f), Zgioge(f) @and S.,(f), S, (f) measurements > Sy(f)

(Rd + Rin)2 + (RianCd(‘))Z) . Sea[l + (Rdcdw)z] ZRe(Sea ia*)

Si(f) = Sv—meas(f) ( GZRCZi — Siag — . - Zlm(sea.ia*)- de

/ \
! biasing circuit (E,R,) and)
by-pass capacitor C,

_.___________-_______
— -
— e O O S S mme Em o W

Py
o

T —— — —

o o o o o e o = - o e e o e e e e e e e e e R e e e e e e e e e e e e e -

Université
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Configuration for diode measurement ; voltage or current amplifier
Université

Experimental setups and measurement validation de Toulouse

After G(f), Z,0ii(f), Zgioge(f) @and S.,(f), S, (f) measurements > Sy(f)

Ry + Rin)? + (RinRaCa®)?\  Seull + (RgCaw)? 2Re(Sop ia
(d Ln) ( intda%d ))_ ea[ (d d )] S, — (ea'la)—ZIm(Sea.ia*)-de

Si(f) = Sv—meas(f) ( C2R2 —
d

R2 la R,

R EREEREEELEEE “ 10° .
! biasing circuit (E,R,) and; z_(f) = B L TS el
' by-pass capacitor C, ! ampli Y ; :
I I ©
: : s 10%1
|
' R ! > = 10
b | S5
| - | - 1 J
| o - k=
| C, < o1 |
B T b | Co = =
| : 10-4 : : : :
N TTTTTTIT T 10 102 107 10* 10°  10f

o e e o e o o = -

Frequency (Hz)

Université
de Toulouse



LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université

Configuration to improve the noise floor for diode measurement ; by cross-correlation techniqué ™ulouse

SHOT NOISE SUPPRESSOR _ _ _ _ _ _ _
—@— Assuming paired amplifiers T1 and T2

Sep1 = Seps = S (average 10717 V/Hz)
Siar = S;p0 = Sip (average 1023 A%/Hz)
Sea1.iar* = Seaz.iaz* = Sea. ia*
Gl=G2=G

Rin1 = Rin2 = Rin

S S T 7 7
Input 1 Input 2
| | ’

FFT analyzer

— o — -

3_
1o &F
ﬁ% ca_:u
M

| [

-— 2
SVsl. Vs2* = G*. Si1 Li2*

1 Vsi'vsz l\
i1 = Z, 1 2.7, lear +eqn +ig1(Zg + Riy) +ig0.Ripy ‘|'|' i-?d]

. 1 . . .
Iy = Z,+ 2.5 lear +eqn +in1.Rin +is0.(Zg + Ryyy) ‘P‘\l/-’zd]

S,, hoise contributor is negligible if R, >>R. and R, C o<<1
Correlation looses of its interest for higher LFN measurement

rq—ow 1+ (ZRinCda))z

i T “Vsl. Vs2x Gz

— 2[Sex (de)z + Real(SeA. iA*)Rin (de)z + Imag (SeA.iA*) (Cqw)]




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

- Université
Configuration to improve the noise floor for diode measurement ; by cross-correlation techniqué ™ulouse

SHOT NOISE SUPPRESSOR  _
From this configuration, S_, (average 10''7 V¥/Hz)

A associated to each of the 2 amplifiers (even if

@ paired) will produce a current noise

Sia 2.5 A(14[ryCy0]%)/ry? (if neglecting C, and R,). This

noise contributor will be amplified by G1 and G2,

L 1 but will not be eliminated by correlation.
np_ultl ImlautZ

FFT analyzer Once R, high and R ,C,w<<1, then this current noise is negligible and

Sve1 ez correlation technique is strongly efficient

Case 1 : when DUT (diode) is forward biased (even at low level !), R, should reach 30 kC2 for example
(diode biased as low as Id=80 nA) and the parasitic noise becomes 2.1017/9.108=2.2 10%® A% Hz
— same as for a shot noise from a diode under 60 nA !

Case 2 : If such diode presents C,=30 pF, at 100 kHz (1+[r,C,®]?)/r % increases up to 109 :
the parasitic noise now corresponds to a diode biased under 90 nA
-> Higher than the current noise to be measured !!!

LAAS
] il

lo




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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Configuration for diode measurement ; voltage or current amplifier
Experimental setups and measurement validation

CALIBRATION STEP — resistors and diodes

1,5 7 parallel RCR=3,27MQ & C=52 pF 1,5 7 Pparallel RCR=68MQ & C=39 pF
(L)

-§ s - © Limit of
— U =
28 10 i, s 10 the req
=z 5 & bandwidth
Z 5 S

0,5 | | | | = - 0,5 | | T

1E+0 1E+1 1E+2 1E+3 1E+4 1E+0 1E+1 1E+2 1E+3 1E+4
Frequency (Hz) Frequency (Hz)

2,0 - Parallel RCR=100 kQ2 & C=7 pF
T ©
GJ + . . )
= Under specific R-C values, measurement is

a 1,0 ~ . P 2 . .

£ 2 tricky @ “elevated LF” but still around unity at
O LI- . .
= - higher frequencies

0,0 |

1E+4 1E+5 1E+6

Frequency (Hz)

Université
de Toulouse




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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Vv dscontrol
\/ e~ontrol — —O

LFN measurements in TWQ%-PORTS
, ‘{ _I\’o Jtout
T AT

Signal

S
LAAS
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
de Toulouse

Noiseless
device

Noisy
device

Multi-impedance setup
Usually between 12-16 resistances  (3]] noise sources at the input access)

PNl 1 1
WW“ “““‘7 NF = Fpin + Ry R <E -7 )

opt Post processing of noise parameters
e NF| forv, i, C..-
.« @) @f
et of Noiseless Y ia
resistance CL/V device
Also need Z, ;(bias) and Z,, vs frequency of Ampli for all bias of the DUT > R
Extraction of v, i and correlation is a quite complex process 0 oo

Unlve 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

*— ——e
Noisy Noiseless ;
device device b
*— ——eo

cCOf
In/Out access characterization

(I-V or V-V low noise amplifiers)

x

Partition of IN/OUT noise
sources

Easier to develop.

Our solution as presented in
the next slides

LAAS
e l—



LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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Noisy
device

Noiseless Noiseless ;
device device D

ccor
Multi-impedance setup  |n/Out access characterization

(all noise sourcesatthe  (J-V or V-V low noise amplifiers)
input access)

1E-16 1,E-10

~
. LE17 1 < 1,E-11
= Equwa!ence T
E . relations "g
o S — S \D 1,E-12
3 | IG v

— 2

vy LE19 SV = S|D/ gm oj> 1,E-13

1,E-20

I | I 1,E-14
1,E402 1,E+03 1,E+04

1,E+03 1,E+04 1,E+05

Frequency (Hz) Frequency (Hz)

Unlve 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
de Toulouse

._
Noisy Noiseless Noiseless ;
device device device b
._
. e CCOT
Multi-impedance setup  |n/Out access characterization
(all noise sources at the  (1-v or V-V low noise amplifiers)
input access)
Z Y -
S :( entrée) S Equivalence [ j S,
\% B IC .
relations entrée
S =S 4 Sic 49 R4S (s S, &S, =S + Sy 49 RSyt
I 1B 2 72
B B SV & SIC entrée Zentrée

Z S
q - _entrée IC g N B SV .
VI* ( B }( B IBIC*j H BT SIBIC*—£ Z J( Z .SVI*
entree entrce

Université




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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Still in a Faraday cage for

General Setup for LF noise measurement _ _
preventing EM signals

Analyseur FFT
i DUT  |j
1
'g (HBT or HEMT) |
Noiseless
device
e - 2 1E19 ¢
I L ______________________________ 5 : LE-20
77 Input Device Under Output 7 = ol
Transimpedance Test Transimpedance NE '
amplifier Zinput Zoutput amplifier $ LE-22
M
D LE23
For most _
1E-24
10 100 1000 10000

cases of V_y%o =. lJr

study Frequency (Hz)

Université
de Toulouse




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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LOW FREQUENCY NOISE MEASUREMENTS: In/Out + correlation

Non-Linear LF noise (1Hz-1MHz, 2 exp. Tools + Keysight LFNA) :
—2>Si. —Si_ . & correlation

in~ 2lout

: FFT Analyser
/| HP89410A
White noise

source

Gy

Gy

G

Faraday shielded room (LF noise)

Drain transimpedance

Gate transimpedance amplifier A set of switches is used for the calibration of
amplifier PO TR e the different elements (amplifiers) and for :
: Biasing System: - Sl
%’C' ........................ - ) SIOUT
6

- IN-OUT correlation

Université
de Toulouse




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
de Toulouse

Determination of DUT spectral density
for a Dipole — (2x for a Quadripole ?)

Signal Analyser |
HP89410A
FFT

I 'r_.‘r_.—k,"c = E=EE
I

ot ] = s

EE s =S

e I=e — o
. . -

7 8 |
=, CEE
=M’ o
& el

& @ (@

" G

ooooooo

rrrrrrrrr

vvvvvvv

Attention :
-measurement of input/output/correlation
all together is a tricky problem (output

€
/\A/ Current-
U . Voltage
In
Zout iput v
ouT
/7 77/ /7 7/ 7 7 7
2 2| 2 2 e} ZRe{eAlA}
Vour = a7\ ipyr + 14 + 72 + 7
DUT DUT
2 _ 2 2R {e L*}
2 Vit _ 7 ex €1€aly
DUT 2 A 2
GT ZDUT ZDUT

Université
de Toulouse

current is that of the input current,
amplified. Correlation is erroneous !

— Voltage amplifier at the input OR full
characterization of the Zin(freq)




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Université
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. . , Signal Analyser
Determination of the transimpedance HP89410A —
noise sources and correlation FFT B

& o |
=, CEEL
== . et i
=28 el

- %

=, =

ooooooo

rrrrrrrrr

vvvvvvv

Current-
Voltage

'4:;; amp.
= ain G,
<Q
g VOUT
-
" 20—
S - —
777 7777 777 777 EI jomL 10°VA (GTY
; S:, 4 \IL 1 1 }J"UM T=r—
8 = 107" = 100w (GTY)
\ > * S $ 10-25 N
> , — & 2Rejealy E= 5
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Determination of the transimpedance HP89410A smrz =
noise sources and correlation FFT SSEEC

Current-
Voltage
amp.
ain G;

Signal Analyser
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de Toulouse

|IHNEEEEES E
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. CECE
== . el i
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=, =

rrrrrrrrr

vvvvvvv

¢ >=10"7 V2/Hz

in{eti’:} =1,35.10-21 V.A/Hz

Set of R
ero VOUT
10-22
777 7777 777 777 -
I - _b N ‘\\
_ _ 2 2Rele,i’ 2=
Vi =Giliz+iZ+ 2+ = <
— l l n =
out T R A Rz R g (7)m )
. g @ 10
PP Knowing % = 4kT/R 2
53
—_ (@]
2 2 ;*
12 Vout —i_Z B eA B ZRe{eAlA} 10-24102
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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Switches configurations LOW FREQUENCY NOISE MEASUREMENTS:

In/Out + correlation

==t° .| Signal Analyser

HP89410A
FFT
Meas. config.
Switch #4
Chain noise & gain @) floating HPS18) g
SWitch 5 gl =
. ) @ : Switch #2 Y SUT-
Conversion gain of Input Switch #1 vy (I | AP
q o e e @ o Il - 1 Output amplifier
tran5|mpedance GT_IN f I[ FET ’i (drafn or CO”ECtOI’)
= o
Coth-ersmn gain of Output (O ® O O flating O &
transimpedance G; oy switch#6 ® T
) .: '.."""')ﬂf
SI-IN measurement o O O a 9 floating Bla.hg ‘ystem (on bat!ery)
\ ; " Analysewr vectoriel
SI-OUT measurement O 9 O O O 6 Source de . .| HP30410A
S.n.out-Cross-correlation @ @ O O O  floating

measurement

Nota : two more switches can be added to improve meas. on INPUT (between SW1 and
Input amplifier-mainly Transimpedance) : using a transformer and a buffer amplifier.

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LAAS
o 3 R
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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i BEEREE - .
General White Bl===" .../ signal Analyser
configuration Noise : ?:".l-n- - | HP89410A
H- ,:i FFT
Rgain J 7
calibration _
for Gain w/o DUT Switch #4
O
HP5182
Switch #5
et iy Switch #2
=0y Switch #1 HBT I__Q_ [ -
, or Output amplifier
Input amplifier 7j>7 (drain or collector)
(gate or base) FET Transimpedance for
Transimpedance for HEMT HEMT & HBT
Transimpedance or Voltage for HBT
(according to Z,, vs bias) D.UT LOW FREQU E N CY N O |SE
Switch #6. <= MEASUREMENTS:
- & oﬁ% )
Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001 e 1 In/Out + correlation

Blasm system (on batter

LAAS
=T
Unlve 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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rrtru:n: =
BF-‘#:

et EEE

P Y |-'S )l=4-==

=S s —— -7
i - -

Gain calibration White
Input amplifier

Signal Analyser
= | HP89410A
SEEE| FFT

Home-made setup

O .
Switch #4

Switch #2

I_ Output amplifier
(drain or collector)

Transimpedance for

I HEMT & HBT

I3 &

.\ -
Input ampliffer ==
(gate or base)
Transimpedance for HEMT
Transimpedance or Voltage for HBT

\u i ASias ____fl
e o LOW FREQUENCY NOISE
R T MEASUREMENTS:
Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001 e '?/;;1 In/Out + correlation

Blasm system (on batter

LAAS
=T
Unlve 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Gain calibration
Output amplifier

Sa
1

Rgain
calibration

I‘I‘tl’l:l: =
e = 1=

et ey

P Y |-'S )l=4-==

=S s —— -7

= 5, = 6 .-«

L Frr

Université
de Toulouse

Signal Analyser
HP89410A

Home-made setup

Input amplifier

(gate or base)
Transimpedance for HEMT

Transimpedance or Voltage for HBT
= o 6E€ORCHN gt o=/ ¥S PigS) = = = = = ™

"-__-----_--—

Switch #

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LAAS
=T
Unlve 5|te

Switch #5

Switch #1

6

\-————__-

Output amplifier

(drain or collector)
Transimpedance for
HEMT & HBT

LOW FREQUENCY NOISE
MEASUREMENTS:

In/Out + correlation




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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GEER S =

Sl,, DUT Whi.te m: s Signal Analyser
measurement [  Noise === | HP89410A
S=A CFRT
7 Home-made setup

Rgain
calibration
for Gain w/o DUT

Switch #4
O

HP5182

Switch #5

Switch #2

HBT I— O —
or Output amplifier
drain or collector
FET ( )

=00 5 Switch #1

Input amplifier |
(gate or base) 7j>7 Transimpedance for
Transimpedance for HEMT HEMT & HBT
Transimpedance or Voltage for HBT
e e ° o LOW FREQUENCY NOISE
Floatlng Switch #6 E? : 'ﬁ"' MEASUREMENTS:
=3 '?/};I In/Out + correlation

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001 , —
pted f Biasing system (on batter

LAAS
=T
Unlve 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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rrtru:n: =
BF-‘#:

et EEE

P Y |-'S )l=4-==

=S s —— -7
i - -

= : B :

= § il

=5 o h f

= % e
A ®

Sloyr DUT | White
measurement

Signal Analyser
HP89410A
FFT

i
IHNENEEEN E

Home-made setup

Rgain
calibration O
for Gain w/o DUT Switch #4
HP5182
Switch #5
Switch #2
: Switch #1 HBT I__O_. -
or Output amplifier
Input amplifier 7j>7 (drain or collector)
(gate or base) FET Transimpedance for
Transimpedance for HEMT HEMT & HBT
Transimpedance or Voltage for HBT
(according to Z,, vs bias) S LOW FREQUENCY NOISE
Floating Switch #6 - : 'ﬁwf MEASUREMENTS:
/a & ]
Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001 . == ‘ 1 In/Out + correlation

Biasing system (on batter

LAAS
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LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions
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SW7 SW8

Dej p ndin, gon Depending on

=w=e | Switches configurations

Chain noise & gain floating (7] (8

.T:if Analyseur vectoriel
C . . £l t Source de . HP32410A

onversion gain of Inpu bruit
) g P o (@) 9 e e 6 e @) Riu blane | I ‘T
transimpedance G; | N
. . Trans1stnr étndie L
Conversion gain of Output o ® 6 O floating o) 0O 0O -
transimpedance G; o7 AWy ; ¢
SiinTa Measurement ® 6 o 0 6 ™t @ o =] imtme e peinen!
IﬂC

S,.out 1A Measurement e (2] o) (1) ') floating o) ')
Si.inouT* Cross-correlation @ (2) ') o) o) floating o o

measurement

Nota : two more switches can be added to improve meas. on INPUT

(between SW1 and Input amplifier-mainly Transimpedance) : LOW FREQUENCY NOISE
using a transformer and a buffer amplifier. Lower input impedance as | M EASUREMENTS:

seen by the device at its input | In/Out + correlation
THIS ALLOWS FOR S;,, and Correlation measurement

Adapted from Ph. D. Thesis L. BARY, LAAS-CNRS 2001

LAAS
Unlvcr5|te

oulouse




LFN EXPERIMENTAL SETUPS: many solutions to perform LFN

and Impedance Measurement for noise correction

Université
Also cf. to Integrated Method for Impedance and Low Frequency Noise Measurements, el
G. Giusi, G. Scandurra and C. Ciofi IEEE Instrumentation and Measurement Society Nota : correlation of
Integrated method for LFN and Impedance Measurements (IMs) Infout LFN sources are
: not accounted for here
IMs are performed by means of cross-correlation LFN measurements.

Three-channel measurement system for the automatic DC, Gate or Drain low frequency noise, and
impedance characterization of electron devices
LFN measurement

e . T]A h : Input connected to
nTIA 1 n nel A i
- { ) e - measurement on chane ground during LFN meas.
. ' \_/ . ndA . amplifier A
1 n,D[,.»I;__\ 7 (I >, ' Azl in N\ XA X e
() 1 7 \_/ A g nA 5
e i nIl P Ly pur [T P T4
o ’ Z Z
— €nB earemer As low as possible to improve
—— ’ v amplifier B _
N (> . D‘ t xB - enB T e”j"s detectivity for LFN meas.
Used to generate '\T)e,,_yg S =g “12
. . AB — “nyVs
a noise current NVS By taking the cross-spectrum S,z between Xa and xg, Z
accross ZDUT | and auto spectrum Sy, from channel B (Noise Voltage , B ] 3
e S..=e.+e ,..=e,
Source) BB nB n.Vs nVs
Correlation between the noise current from NVS (channel A) S NVS is selected to
. . . 7 = A BB be noisier than e, »
and the applied noise source (channel B) is used to calculate Z = Al g '
AR

Ref: Giusi, IEEE International Instrumentation and Measurement Technology Conference (I2MTC), 2017
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

NOISYS from Synergie-Concept

Université

. . g EEEEEEEEEEEEEEEN, SV_DUT 4‘k T S — — d dETOUIOU.SE
NOISYS description R Y S eal b- , JV-A-Car
. . r- . 5 P —cal 2 2
(simplified schematic) : feedback 3 R Ry R?
- Extraction
- - AC input ,
i : P ‘ algorithm |-S- , _Sv-pur
: Creedback | VEEE R}
DUT E - amplifier Acquisition Software
e : card and data
Vbias : analysis
base or gate | + Transistor . "
a - 1020 | Ref : From C. Wulles, Univ. Grenoble
I - - : DC - i Ph.D. graduate, 2023
’J7 " T- Vyias : ====} DCinput — 10% 1
. collector or drain = V=R;. | g
: = Acquisition |« 3
s Current to voltage = q < 102§
. converter ".~ car e 10-305 .= System (measured)
¢ Programmable Gain from 1 x 10°to 1 x 108 V/A ) o 32 r -e- Thermal noise R¢
« Bandwith DC / 1 Hz... 500 kHz Noise of the Acquisition card : 0T 4 Acquisition Card
° iasi - -34 '

Two Programmable Voltage Outputs for Biasing Sy—A-caraq = 2.10 16 \/2/Hz 10734 | 4 g L B __ - L - o - - - o = — )
Equ. Input Noise Voltage : 4 nV / Hz (@ 100 Hz ) 107 107 107 10™ 10™ 10™ 10™ 10
Input Bias Current : 1 pA typ. ( maximum 3 pA ) i.e. Vey :4’5nV/H21/2 Sensitivity (gain selector) A/V
Output Voltage: +10V (@ 10k Load)

Output Voltage for Biasing +5V (0.1% Precision )

Output Impedance :

Université
de Toulouse

Ref: http://www.synergie-concept.fr/index_fichiers/Page1212.htm




LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727B from Keysight

Université
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E4727B Advanced Low-Frequency Noise Analyzer What is said by Keysight
— LNA for better sensitivity in low

current biasing conditions
: — High power device noise
i wTe e ] b K measurement even in the high current
TR ° L B like 1A (wide bandgap technologies at
open channel operating modes)

BEVBEGT  BATTTS s o S S S e e S0

DCP-HTR Series Probe
DCP 100 Series Probe

- Grounded probes closer to the device (limit ground loops from EMI/FRI)
(GSG for RF devices for example, or dedicated probes with 1 contact)

- Shielded Environment Faraday or Probe station - FormFactor’s CM300xi-
ULN probe station to addresse these measurements with low noise floor
level (-190 dBVrms/Hz% spectral noise)

Ref: htts://www.keysight.com/us/en/product/E4727B/e4727b-advanced-low-frequency-noise-analyzer.html
Ref: https://www.formfactor.com/applications/semiconductor-r-d-test/low-frequency-noise/

Université
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A or B from Keysight
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E4727A or B Advanced Low-Frequency Noise Analyzer

Module de Drain (Output Module)

DC SMU2
n (IN)
% pu ‘-“ o I)
Module de Grille (Input Module) %
SMU1 DC DC - % Rioap Noise
™ ] L.
GRILLE DRAIN
- - e Analyzer
Noise Rsource  Noise ‘ Noree I (Digitizer)
|
I *’—'» ‘
RF
DUT : _
| -/’W;—.
- |
Test I
|
|

SMU3 set ’ CA
(IN) Substrat Module N (l gL

l_J
SOURCE

O
(=

-||—o
>

BG

- LFNA as it is | Commercialized version
- Development for Extended measurements — limits and confidence interval - studies by LAAS-CNRS

LAAS
Unlvc 5|te




LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS

With modified equations (consideration of all noise sources of the setup)
Calibration using a large set of Resistors and Diodes

Tes
set

I—

SOURCE

Drain module (Output Module)

Noise

Keysight Equation — V-AMP

Université
de Toulouse

Noise voltage
DUT

Université
de Toulouse

S,r[V?/Hz| = <

\

<NVMEAS[V/ VHz|

GVVAMP

2
) - 4kTRL0AD ¢

SMU2 Frequency (Hz)
(IN) 60
70 1 10 100 1000 10000 100000 1000000
T o,
. L4 — |=20mA
- % 90 e,
’l:l\ 'mcr"*{""» h ——|=10mA
T N [ I=1mA
| Analyzer 32 ¥ )
(Digitizer) >~ 1=500
5 i Svr-Th
A
= -
> i
(Vs
-190
Thermal noise of a R=200 €2 resistance
1 1 “) P S
T, T T, 1 ourt
rpyr 1M _ 4KkT - 1M - Tpur _ Rioap [ Rioap 1M
1 1 1
rpyr 1M Tpur  Rroap ) Rioap 1M

All the considered noise sources are thermal noise




LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration using a large set of Resistors and Diodes

Keysight equivalent model Our complete chain representation using VAMP with noise sources at the input,
and with Rpyy

+
£\
- —— = = - = ~
I :.' Noisy B — -
: '®) resistor ! Cvanp :
| | 1 1
! ! LOAD . Mo —— |
I I o '
| rput! Rioap 1MQ L e — — — — — ]
: : (VAMP) -=--- VAMP_IN
[
I Ei 1 ELoap Eima I ;
I I I Rour 1 '-
I | : : I
I I Ll
I I : °R : I I_|
: q ! I : Cier
- I B I
e e e e — - |
Noisy I
Noisy resistor resistor |
DUT DUT I
for calibrating For I
S,=4kT/Rpyr calibrating :_ LPF
£\
7

e; and i, : noise sources voltage/current for VAMP
eg ete;pqp : voltage noise sources for the noisy resistors Ry and R, gpp
e;pr : voltage noise source for the resistor of the LPF

Université
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes

Keysight equivalent model

‘

2)

1 1 1
2 1 1 1 1 Tpur +—7

\ N + 55 4+
\ S, [V?/Hz| = < (M]> — 4kTRyp p - rlDUT im _AKT - 1M - Tnulr Rioap RL10AD 1M
| GVVAMP +R 1M
| 1MQ 1 1 LOAD 1 1 1 e
H (VAMP) L 1
| B L rpyr 1M Tpur  Rioap ) Rioap tim

Noisy resistor
DUT
for calibrating
S=4kT/Rpur

Our complete chain representation using VAMP with noise sources at the input, and with Rpy

VZ
N 127meas (m)
i L7 <1 .

G;

2 2
1 Rigaa- | Zpurl > (62 +eZn) ( |Zpur| >
: - datesmuy) -
|Zin| Rioad + |Zpyrl ftkoa Rioaa + | Zpurl

C

Coun | V?

VAMP_IN

___________

2
RLoad * |ZDUT| . RLoad : |ZDUT|
— 2Rele, - iy -
Rioaa + | Zpuyrl Rioaa + |Zpyrl

Noisy f
resistor |
DuT

—el—iZ.

2
' [RLoad + |Zpyr|
RLoad

For
calibrating ! LPF

VAMP noise sources should be determined for VAMP configuration (also with e, - i},)
Noise sources of SMU can be managed with Rload configuration in a certain limit (R; ,,4 >> |Zpyr|)

Université
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes

1 2 1 2 1 2
. 2 1 1 5 S Toort T T
Integrated formula : LFNA from Keysight s, [v2/nz] - (V";;—W"_J> — 4KTRypqq - | — 20t M —akt 1M .| —Tour_Rioa Rioea 1M
Vvamp ——+R + 1M
1 1 Load 1 1 1 1
Ypur * M Tpur + Rioap Rioaa + M
Ry J) [¢ }——Atee_  Correction for V-AMP
oad \ / N | —
N j \‘-\ ‘l\—, ‘7‘\\
“ L "/.J/_,-‘
@ ? B4 : N"""-‘il-‘ Nvmcus
‘_// /
2
N2 (V_) , ,
2 vmeas
Our full ; s (V > _ Hz (1+ 1  Risaa |ZDUT|) (€2 +eZ, ) ( |Zpyr] >
ur full equation : vr = 2 ) ) — \®RLoad sSMUJ °
Hz G; |Zin| Rioada + |Zpurl Rioaa + |Zpyr|

2
R -\ Z R V4
i 612, . i12, . ( Load | DUT| > — 2Re {ev it Load | DUTI }

2
_ _ [RLoad + | Zpyr|
Rioaa + | Zpyr| " Rioaa ¥+ |Zpyrl

RLoad
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration a large set of Resistors and Diodes
N%meas(VZ/Hz)

R}

Integrated formula : LFNA from Keysight S l-a(Az /H z) =

Correction for C-AMP

S\" requ

R ™
L} N
1 ) [] ~
4 ] = )
; N \mcal

N2 <—V2> 2

2 vmeas \ Hz ) 2 2

Our full equation : S. A — : 1 Zin| + |Zpur] ésmu__ ;2 __©4 __ 2Re o
iDUT RJZ‘

. %
A~ ly°
|Zpyr!? |Zpyrl

Hz |Zpyrl 1 Zpyrl?
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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With modified equations (consideration of all noise sources of the setup)
Calibration of noise sources of V-AMP and C-AMP (needed for the extraction of the DUT noise source)
Frequency (Hz)

Frequency (Hz
N 0,01 1 100 10000 1000000 100000000 9 y( )
L iro03 N E-08
R T 0,01 01 1 10 100 1000 10000 100000 1000000
> Z
1E-04 2
8 1E-09
b O} —— CAMP-LF
S 1E05 =il . ,i000 VAMP-ULF 8
o S
LE-10 T— -
N 1E06 VAMP-LF o) x\m«w.dﬂ%x CAMP-ULF
@ VAMP-HF n
D 1E07 O en NN
O R
Z  1E08 § *ffw\,
(O]
1E-12
% 1E-09 c \
= (O]
| -
g 1E-10 S e
O

Voltage noise source characterization for Current noise source characterization for
VAMP-ULF, VAMP-LF & VAMP-HF CAMP CAMP-LF, CAMP-ULF

(¥
Short-Circuit

v 1,

Open Circuit

* NOK * NOK
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LFN EXPERIMENTAL SETUPS: a large variety of solutions

E4727A from Keysight — with developments at LAAS
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Interval of confidence for LFN measurements with E4727A

Calibration for thermal noise versus R,bias for V-AMP configurations

. . ; - V-AMP-HF: thermal noise (R=1 kQ
w V-AMP-ULF: thermal noise (R=1 kQ) s V-AMP-LF: thermal noise (R=1 k() 10 ( )
110 10 110
120 . -120 ’,\T -120
:'E‘ 130 :Il\:l -130 E 130
3 s s
150 ‘ g gy T ey
% 160 { o % :Ei \-\L.k'____ —— ‘ S 48 \\1{'_ o s _
T an e —— e — ——— o -0 =
o — 180 2 18
> % > 0 -1
» 190 n = =190
200 0 10 100 1000 10000 100000 22
N 3 30 300 3000 30000 300000 ) ) 10 100 1000 10000 100000 1000000
Frequency (Hz) Frequency (Hz) Frequency (Hz)

w0 V-AMP-ULF: thermal noise for =140 pA
definition of a reliable data exploitation zone
with template(Af, noise floor) :
Detection limit and DUT biasing impact on

data post-processing

-120
Rpur=1kQ, 10kQ, 100k

-130 Rollroff:ﬂRDL‘T' Cm"‘com)
-140
-150
-160
__——:-\—4"‘- e o
-170 —-—

-180

Svr (dBVYHz)

-190

-200
3

30 300 3000 30000 300000

Frequency (Hz)
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LFN EXPERIMENTAL SETUPS: a large variety of solutions
E4727A from Keysight — with developments at LAAS
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N
o

Setup VAMP-ULF - R 1kQ and
VAMP-ULF b -40 . DUT
s e — | bias current variable
10 9878 10k 73,83 675 | 16792 | 04 ‘60
1004 9392 10k 3488 1666 | 6791 | 13 ~~
Ik | VAMPLF : - = T N
m 9903 10k 2971 1675 | -16791 | 041 _80
10m 9363 10k 5,640k 1663 | 6093 | e m
10p 990,7 10k 1355 -166,8 -16791 LI (\]\
: 100u 9928 10k 1195 1659 | 16790 [ 200 _
VAMEHE Im 6947 10k 213 -165 -167,89 -8 > 100
10m 9339 10k Y 2662 | 16781 | 171 m
e 9831E+03 | 100k 6,70 6229k 4576 | -15794 | 034 ,.c _ 1 2 0
vanpoipl_1% | osEes | oo 513 62,19k 1567 | e | ax ~
100s | 9.881E=03 [ 100k 12,07 1563 | 1w [ e o
m | 9830E+03 | 100k 1553 | ;s | 2 > -140
o | o80sE=03 [ 100k 10 a579 | -15785 | 005 N
. 10n 9 833E+03 100k 10 62,28k 1573 -157,94 0,64
gR| VL 100a | 9.885E+03 [ 100k 10 a57 | s [ om -160
m 9.867E+03 | 100k 1565 | 15783 | 143
o | o84E-03 [ 100k 19,70 A555 | w9 | 24
VAMPHF 10u 9,864E+03 100k 18,02 96,68k vl?T.L -157,93 083 - 180 - -~ -~
1000 | 9901E+03 | 100k 5750 1599 | 1o [ 199
m | 983E-03 | 100k 542 | asmes | s _
000 | o7ME+4 | 1M |3 6,750k 412 | e | am 200
i n | ososE=0a | M |3 6,740k a2 | e [ as
(AR 0 [osaEe]| M 1955 6720k 465 | 4104 | 4 0,01 1 100 10000
100s | os20E04 | 1M . 147,95 .
1000 | 98ME+4 | 1M 10 6,742k 2468 | -14795 | .15 Frequency (HZ)
o T T 10 6,730k Sl IEE B
: 10p 9 SS0E+04 IM 10 6,699k 1466 -141.92 132
00 || M R 14799 R . .
% il W - e 8 B AT -measurements made with 2 SMUs : HP4142 and HP4156C
| eswE<a| 1M 10 10,48k 468 | -a1es | s . .
| R 1 0k 708 Taoe [ am -Resistance ranging from 100€2, 470Q),..., 100kQ2, 470k, 1MQ
100u 9, 780E+04 IM = -147 86 -

- 2 Diodes : PH4148 & 1N 4007
Example for V-AMP LF configuration

Université
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Set the interpretable and reliable measurement limits




LFN EXPERIMENTAL SETUPS: a large variety of solutions
E4727A from Keysight — with developments at LAAS

10u 9859 10 658 1669 | -16793 | -103
100p 9875 10k 1B 601 | 16792 | 082
VAMP-ULF
Im 9879 10k 1,186k 1686 | -16792 | 068
10m 9833 10k 167 | 16704 | 004
10u 9878 10k 738 -1675 -167,92 042
1004 9892 10k 3488 1666 | -16791 | .13
Ik | VAMPLF .
Im 990,3 10k 971 1675 | -16791 | 041
10m 9863 10k 1663 | -16793 | 163
10 90,7 10k 1355 -166,8 -167.81 LI
100 9928 10k 1195 1659 | -16790 | 2,00
VAMPHF = s
Im 6947 10k 273 -165 -167,89 -8
10m 989.9 10k 1662 | -16791 | -171
m 9831E+03 | 100k 6,70 576 | 15704 | 034
10 9.849E+03 | 100k 513 1567 | 15793 | 123
VAMP-ULF|— - > -
100u | 9.881E<03 [ 100k 12,07 62,01k 1563 | 15782 | 182
Im 9.830E+03 | 100k 4553 | 15794 | 264
I 9.809E+03 | 100k 10 1579 | 15795 | 005
10 9 833E+03 100k 10 1573 -157,94 064
10k | VAMPLF - - -
100u | 9.885E+03 [ 100k 10 15 A7 | 0
Im 9 867E+03 100k 2,09k 1565 -157%3 -143
e 9.849E+03 | 100k 19,70 96,81k 4555 | 15793 | 243
10y 9,864E+03 100k 18,02 96,68k 1571 -157,93 083
VAMPHF| - E
1000 | 9901E+03 [ 100k 5750 1599 | 15791 | 198
Im | 9839E+03 [ 100k 4542 | 15794 | 34
100n | 9774E+04 | 1M 6,759k 442 | 197 | 077
n 9808E+04 | 1M 6,740k 1472 | -14795 | 075
VAMP-ULF -
10p | 9842E+04 | IM 1955 6,720k 465 | 14194 | 14
100 | 982E+04 | 1M - 147,95 -
100n | 9804E+4 | 1M 10 6,742k E XN IEGEH BERS
| osuE| M 10 6,730k 4472 | -4794 | 04
VAMP.LF
10p 9 SS0E+04 IM 10 6,699k 1466 -141.92 132
1000 | 9TER4 | 1M B 14799 B
1000 | 9798E+04 | 1M 10 10,50k 1478 | 14196 | 06
82 M ! 1468 | -14795 | 115
e I EEET] Y 10 10,48k 1468 3 15
10u 9.915E+04 IM 1739 10,40k 476 -14790 030
100u 9, 780E+04 IM -147 86

Example for V-AMP LF configuration

Université
de Toulouse
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00
S

1
=
N
o

4
’
4
4

Interval of
.. confidence for
20 R=1kC2 and
., I=10pA

A n
~
....IIIIIIIIIIIIIIIIII

S, (dBV¥/Hz)

=
o b
S o

L4

-180

-200
0,01 1 100 10000

Frequency (Hz)
-measurements made with 2 SMUs : HP4142 and HP4156C

-Resistance ranging from 100€2, 470Q),..., 100kQ2, 470k, 1MQ
- 2 Diodes : PH4148 & 1N 4007

Set the interpretable and reliable measurement limits




LFN EXPERIMENTAL SETUPS: a large variety of solutions from

home-made to commercial solutions

Measurement Hardware

E4727B A-LFNA
FET, BJT, Diode,

B1500A with B1530A WGFMU

Université
de Toulouse

X

Target Device ] . . FET FET, HBT (BJT), Diode, circuit (depending on RF-DC decoupling)
Resistor, Circuit
Device Terminal Number 3,4,5,6 3 3
. = According to - . :
Maximum Bias Voltage : +200 V +10 V Limited by batteries (60 V) - SMUs can be used with degraded perf.
the gain of
Maximum Bias Current each V or |l____i_10_0_r5&_____‘ +10 mA 250 mA
Noise Floor amplifier LSI lE-ES_AQ/HZ __: 1E-25 A2/Hz S,: typ 1E -24 A%Hz, down to 2E -28 A¥Hz SD\;mt/zfolellg\\//Zni
Analog Frequency Bandwidth (feedback) ™ 30 mAz — TUD MHz 1 mHz — 16 MHz 1 Hz — 100 MHz
Frequency Min Frequency 30 mHz 1 mHz 1 Hz
Domain
Measurement Max Frequency 100 MHz 16 MHz 100 MHz
Max Sampling Frequenc 500 MHz 200 MHz
. : e bl : FFT on with Signal Analyzer (Takeda
Time Domain . .
Min Sampling Interval 2ns 5ns

Measurement

Max Sampling Number 16,777,216(=224) 2,097,152(=221)

Controller PC M9037A Embedded Controller Windows PC Windows — C++

USB GP-IB Interface

(Keysight 823578, NI
GPIB-USB-HS)

SRS preamplifier SR570 gives S, as low as 25 103° A’/Hz (limited to 1-60 Hz bandwidth!)
Noise floor must be carefully interpreted ! This is without DUT / biasing systems

LAAS
Université _/

de Toulouse

M9037A Built-in GP-IB interface
(Micro-D 25pin)

GP-IB Interface GP-IB interface




OUTLINE
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ELECTRONIC NOISE: in France and at LAAS-CNRS

= LOW FREQUENCY NOISE (LFN) : metrological niche ? Not only !

= LFN EXPERIMENTAL SETUPS: a large variety of solutions from home-made to

commercial solutions

= APPLICATIONS OF LFN MEASUREMENTS : defect detection, reliability analysis,

non-linear RF circuit design (VCOs, Mixers).

LAAS
e l—



\/ ,;*/FTG-
\ ¥/

Université

= Emerging Technologies / Defect detection & Reliability Analysis

#1 : Noise Theory, is there some new ‘hot’ topics ?

#2 :Defect Detection for Technological development (TRL 2-4)

#3 : Failure Analysis in RF Devices (TRL 3-7) g |

#4 : Failure Analysis in RF Devices (part 2)

1,4
frequency (1)

= LFN for non-linear RF circuit design (VCQOs, Mixers)
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Electrical improvement by frequency & power increase

—>various technologies (Il-V, SiGe, GaN, ...)
—>various active devices (HBT, LDMOS, MESFET, HEMT, m/pHEMT, FinFET, nanoFET...)

NOISE REVEALS EVENTS (DEFECTS) THAT :

-SET THE LIMIT OF ELECTRICAL PERF.

: @ tion -REVEAL WEAKNESSES OF A DEVICE
gnlllu . o O
Eili MEASUREMENTS TOOLS
\=do(\1/f
“‘w NON-INVASIVE DETECTION TOOLS OF

S

MICROSCOPIC DEFECTS

g

STARTING POINT OF OUR STUDIES !

GaN Buffer ... and opportunities to play with the
latest technologies !
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Electrical improvement by frequency & power increase

—>various technologies (l1l-V, SiGe, GaN, ...)
—>various active devices (HBT, LDMOS, MESFET, HEMT, m/pHEMT, FinFET, nanoFET...)

NOISE REVEALS EVENTS (DEFECTS) THAT :

-SET THE LIMIT OF ELECTRICAL PERF.
-REVEAL WEAKNESSES OF A DEVICE

MEASUREMENTS TOOLS

NON-INVASIVE DETECTION TOOLS OF
MICROSCOPIC DEFECTS

g

STARTING POINT OF OUR STUDIES !
... and opportunities to play with the
latest technologies |



#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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Shot noise is massively used for noise design in (complex) solid state
devices, and very easy to formulate if frequency is not very high

= 1p17 | SOy,
I fny S
d G 1E-18 \‘\/z‘/o/7
2L 1E-19 )
© 1E-20 t
) ~ .
+Id gg 1E-21 |y increases
2 1E-22 ~ from
o 10pA to 10mA
1 O 1E-23 H
o 1E-24
1E+0 1E+2 1E+4 1E+6

frequency (Hz)

Nota: graphics are not extracted from measurements in this slide

= Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory

and once 1/f contributor is corrected, the plateau matches with theory

45 R
i T1E-17

8 TIE-18 Stshor™ 20l

[ related freq. band

£ & 5
i olE-19 _- N
11 = -’
] olE-20 e
- -7 i |y increases

+ 1 [ S1E-21 .
W] £ — R ~
'.".' ;15_22 7 from

1J SlE23 . 10uA to 10mA

_81E-24
v 1E+0 1E+2 1E+4 1E+6
frequency (Hz)

Nota: graphics are not extracted from measurements in this slide

‘ G=1/R, 77

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019




#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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...and once 1/f contributor is corrected, the plateau matches with theory

Siq(f
— 2:11(1) - Z.Ut.Glld— 1=1@LF
2N2222 R,=1,61MQ 1,=0,67 pA Here 1/f has
go) 01,4 7 no impact
Id E 0 over 200 Hz
c 5 and
S %1 L0 disappears at
| =
+ ‘ i = Before 1/f removal lower
-OO 6 After 1/f correction current (as in
CaTm > Ra g Sw2al ’ | | | | our study
1 10 100 1000 10000 case)
‘ Frequency (Hz)
G=1/R, 77

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019




#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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But under specific very low biasing conditions, an enhancement occurs

vs frequency ! Using the normalized form

9 - : rn :
o | 2N2222 transistor - EB junction y— Si(f)
o7 |y increases 2.q(I4 + 2I)
T wn 65 d.c current of 0.18 nA,
S 1.2 nA, 6 nA, 12 nA,
© 5 4  27nA, 100 nA Nota: saturation current
S _5 4 - is considered as in
e 53 . Van der Ziel’ expression
> E
T 2 -
1
O [ [ [ |
10 100 1000 10000 100000

Frequency (Hz)

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019




#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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Measurement of various diodes; model of the noise floor enhancement phenomenon

Evolution of the plateau magnitude and corner frequency with I

o 90 2N2222 transistor - EB junction @ 3,0 | J2N2905 transistor - EB junction ] 3,0 - | BC557 transistor - EB junction
§ 8,0 2 g
c 7,0 g 2,5 c 25
5 = S
2 60 I increases § @ - ‘
£ 50 d.c current of = 2.0 lincreases .. % g l'increases
= 0.18nA, 1.2 - d.c current of ‘ - d.c current of 0.46 nA;
o 40 nA,6nA, 12 [t @ 4¢ 0.54nd, 2.6 nA, fm Q15 0634120462
= 30 nA, g = ' 9 i M 4 | S
© ’ 27 nA, 100 nAyE ’ ‘ ©
E 50 L g 1,0 fuluh bt ks C‘ M’tﬁ"!l”' ‘| ‘l"‘mml Tl E 1,0
O / 11 -._Al | | oy cadjee i . o
, o 1’0 i ki “ - R .. P Ha o = | c
- 0,0 B | 05 - - 0,5 T T w
10 100 1000 10000 100000 10 100 1000 10000 100000 1d 100 1000 10000
Frequency (Hz) Frequency (Hz) - Frequency (Hz)
|
_Si(f) >
2.q.1, ISNTTTN e e
, l Radd. l 51 add = 4KT/Raqq | |
A noise model can be developed e ] R | !
i ‘ ‘ 1S .44 | !
to satisfy the LFN measurements | = P90 S,aaa = 4KTRagq)
| T “add, ~===-=---- -
\ — — — —
with noisy R_44 in parallel with C_

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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#1 : Noise Theory (part 1)
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Measurement of various diodes; model of the noise floor enhancement phenomenon

Evidence of the noise floor enhancement: deviation from the Schottky theory

Expression of S,

e = === _ Q
oo b (Cagd- ©)Siadd for w—=>0 S5i(f) = Siq
Si(f) =|Sjq1+ 2 |
< -/ l(l + (Raddcaddw) ), for @ = oo Sl(f) = Sid + Si add = Sid + 4kT/Radd

R.4q4 IS NOiSy and associated in a serial representation with C_g
So R, C.q44CONNOL be attributed to a (deep) trap phenomenon (Veddel 1997, Jensen 2006)

>

/ T TN ro 0 s \
_ I Radd. I Siadd = 4KT/Raqq |
A noise model can be developed C,T iy Ry, | !
. e !
to satisfy the LFN measurements | Cadd: | S..qq = 4KTR g1
i ) ) i I T “add, ~=—=-=—-=---—-- -

with noisy R_44 in parallel with C_ ~t---7

7777

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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This model is fully compatible with the Van Der Ziel expression

S(f)= 4.k.T/R(f) - 24,

l
l
g

R(f) stands for the frequency behavior of the R, C,, R, 44, C,4q N€tWork
But is not used neither in the CAD soft. (noise models of diodes), nor in the usual
models (-it was not necessary to use it till then-) where S,,=2ql, applies

|4 Van der Ziel This study [

I \ B L=

! e \ : R
Cf) = IéRf s(f) ! L o | addy
i ”é i TP D e
-z A | T “adg,

v, Glf)=1/R(f) 1 -

This model allowed interpretation about such signature:

consistent with impedance(freq) spectroscopy with temperature
Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019




#1 : Noise Theory (part 1)

Evidence of the noise floor enhancement: deviation from the Schottky theory
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Experimental setups and measurement validation

3,0 4 3,0
% Correlation technique @ Correlation technique
S 25 (350 .04) E 35 (350 nA)
'8 Voltage amplifier -8,
£ 2,0 (340 nA) £ 2,0
5 = Voltage amplifier
o - (340 nA)
® 15 @ 15
© ©
% 1 __Cﬂrent-Voltageamplifier ?_ 1 sk
O .4-;.“““ . -; Adw 5
= (330 nA) = Curent-Voltage amplifier
- 0,5 = 0,5 (330 nA)
0 20000 40000 60000 80000 100000 1000 10000 100000
Frequency (Hz) Frequency (Hz)
L5 7 parallel RCR=3,27MQ & C=52 pF 1,5 7 Pparallel RC R=68MQ & C=39 pF
- © .
Q & - © Limit of
g3 10- Vi 2 L0 the freq.
s Z £ o bandwidth
L 5 2
Z 4 O
Z 4
0,5 | | | | 0,5 | | |
1E+0 1E+1 1E+2 1E+3 1E+4 1E+0 1E+1 1E+2 1E+3 1E+4

Frequency (Hz) Frequency (Hz)

Ref: Graffeuil, Escotte, Tartarin, IEEE ICNF 2019
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#1 : Noise Theory (part 2)

GR centers for traps spectroscopy: energy and location of traps

Université
de Toulouse

LFN on gate terminal: the command of the HEMT GaN high frequency transistors

* Qate access : charges distribution under the gated zone affects I, (and I ;)
* Transient and harmonic evaluation of charges , GR centers and RTN (not discussed here).

g L-.IJIM

J”n‘ .k% Ak "N\‘i’lk ',,\Ilr w\’h rl‘ %‘ 'fmf}‘ﬂfi"ﬁ\FJj ?ﬂ

aq\w 1 “ W !

1E-16

1,E-17

—
g\l -
$ @ 1E-18
o0 T
— )
N 1,E-18 <
= ~ 1E-20
O
8 [—
[ N
1E-22
1,E-19
1 100 10000 Ve=0.5V
Frequency (Hz
9 y (Hz) 1E-24 . ' ' ' '
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

Frequency (Hz)
= Ref: Tartarin, IEEE ICNF 2015
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#1 : Noise Theory (part 2)

GR centers for traps spectroscopy: energy and location of traps

Université
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LFN on gate terminal : the command of the HEMT GaN high frequency transistors

GR centers tracking : identification of bias dependant time constants ranging between 10 us
and 10 ms (also using C-V measurements to extract E-field)

1E-18
LE-01 +
1E-19 :
1E-02 +
3GR centers i
= 18-20 Tmodel ... . @103 )
= ”
$ 1E-21 Eis?rigu?ed— R Vi 1,E-04 _
L;,E 1/f model #2 :
1E-22 |(800HzZ-1kHz)
1,E-05 i : : : : : : :
. *\ 1 1,2 1,4 1,6 1,8 2
distributed ~_ P, 12 12
1E-23 1 1/f model #1 % \ EV2(MV/ecm)
(1-10Hz) AN Y
1E-24 - - N , N 1 - VE
1 10 100 1000 10000 100000 T(E) = Toexp _ﬁ Va*/meoes * VE
frequency (Hz)
n m
Ay B;|Arctg( 2mtfty; ) — Arctg(2mft;p) , ,
Sic = Ll - +z ’[ ( ) ) ) | Here evidencing Poole-Frenkel effect
L 1+ (2nfTy) = fLn(Tj1/Tjo)

with VE dependency

Université
de Toulouse




#1 : Noise Theory (part 2)

GR centers for traps spectroscopy: energy and location of traps
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LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?

* S;p Vs Vg and V¢ also reveals the presence of distributed GR centers : which impact ?

1E-10
1,E-12
1E-11
§ 1E-12 ’E
~ S~
< 1E-13 <
— o LE13 ¢
Z 1E-14 <
(a) _D
N 1E-15 9
1E-16
1,E-14 1 1 1 J
1E-17 ' ' ' ' 0 002 004 0,06 0,08
1E+1 1E+2 1E+3 1E+4 1E+5
Ip (A)
Frequency (Hz)
Sip/Ip decreases when g increases
Neither a 1/f trend, nor 1/f' frequency dependency - monotoneous behavior
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#1 : Noise Theory (part 2)

GR centers for traps spectroscopy: energy and location of traps
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LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?

* S;p Vs Vg and V¢ also reveals the presence of distributed GR centers : which impact ?

case #1
1,E-12 - 4E-15
InAIN GaN  v__‘near pinch-off’

Ec s =0 _ g ~> - 3E-15
I =
_____________________________ < 3
j E . LE13 | - 2E-15
Fl ~ S o
o P “»

2DEG " e - 1Es

&
»
1,E-14 L 0OE+00
0,04 0,06 0,08

b (A)
Sp increases when I increases

But S/l decreases (effects of ‘defects’ on carriers in the 2DEG are less effective !)

WHY ?

Université
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#1 : Noise Theory (part 2)

GR centers for traps spectroscopy: energy and location of traps
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LFN on drain terminal: defects in the 2DEG, but is this detrimental to proper functioning?

* S;p Vs Vg and V¢ also reveals the presence of distributed GR centers : which impact ?

case #1
1,E-12 - 4E-15
InAIN GaN  v__‘near pinch-off’
‘g Ec Ips =0 . - 3E-15
% T =
H < T
"""" :'qc_;"' '“““““““““““'EI'; o LEB - 2E-15 ;_t.
- |
) 3
case #2 >

- 1E-15

Vs ‘open channel’

1,E-14

9

| ‘ 2DEG
InAIN ‘ Ves: V20V Gal\_l__
S e E-C

< IDS ~ IDSS 0 0,02 0,04 0,06 0,08

5 1o (A)

f Traps are less sensitive when n,

:1‘ ~==<y distribution is more in the ‘bulk’ of GaN
Large number of traps at the under open channel conditions (case #2)

interlayer interface (distributed GR)

Université
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Y #2 : Defect Detection
4 Index factor 1/f' and anomalies in conduction path
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First generation of GaN HEMTs: Thales Research Technologies

1 Ohmic operating mode

appears Also strongly N @1 kHz

for different Vg, )
but same Vp, noticeable by LFN

(i.e. electric field) measurements

A

2,00E-12 -
Low V|4 zone

1O 1 Whatever V ;¢

1,00E-12

5,00E-13 - @ g

Ohmic (Saturated)

/

Sid/d? (1/Hz)

&
*

P

o g

0,00E+00 \ \ \ \ \
0 500 1000 1500 2000 2500

apparent ohmic resistance R (Ohm)

Quantum well
Source Gate

Ohmic operating mode appears The carriers SCR what is
for different V¢ but can’t go through l their
same V- (i.e. electric field) this thin layer... _ path?

Techn. anomaly ?

European funding ESA AO/1-3916/01/NL/CK Independent of V
Ref: Tartarin, Fluctuation And Noise 2004 SERRITE SUEBIEE

5 cnes . BIPR (;]f—
Université _/

de Toulouse




ARFTS)

#2 . Defect Detection
Index factor 1/f and anomalies in conduction path
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Index factor y (1/f') lower than 1 (noticed for the first time)
Study on mechanisms of conduction in parallel layers

European funding ESA AO/1-3916/01/NL/CK
Ref: Tartarin, Fluctuation And Noise 2004

: cNes . PR (;] ~
e ——




#2 . Defect Detection
Index factor 1/f and anomalies in conduction path
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(**) s F (F*%) o

between i) near the drain
gate and drain .

(*)

near the gate

Energy (V)

GaN

R R R R R RS R R T

Depth in the AlGaN/GaN vicinity (pm)

28— =] 4
T e e N RN R R EEEEEEEEE R BRI R R RN ER RN RR R RREERERERRES R
062 004 OOG OOB O 017 014 616 6 03

Substrate (Sapphire)

7 Models developped with TCAD software

Interface Layer Ohmic Contact - Process correction
highly resistive Ga*
(+ TiN formation)

Example for LFN for defect detection and technological development
Also used for HBT (GalnP/GaAs, GaAlAs/GaAs, SiGe, CMOS...), and FET (GaN HEMT)

European funding ESA AO/1-3916/01/NL/CK 3 European Programs and 10 National Programs
Cooperations with foundries from the United States, Canada and Taiwan

Ref: Tartarin, Fluctuation And Noise 2004

LAAS
o 3 R
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#2 : Defect Detection

Index factor 1/f and anomalies in conduction path
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Devices on SiC substrate
LFN 1/f' feat.

Y= 1 SRR 00 8. gegrrgeree®rrrrgernsTeeningerneernnns

Whatever V,, conduction , v is independent of Vg
between gate and drain in
the 2DEG GaN

(no parasitic MESFET)

VDS (V)

GaN

I\|I\\|\\\I\\I|\J\

[ eth

SiliconSUbstrate * EUEUEN BN U L L L U L U
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> GaN HEMT structure
—~>Process during development phase (Now qualified & commercially available)

gate lag degrades by A(GL.,)=3%

drain lag degrades by A(DL.,)=5% (4% to 12%)

SOURCE
GaN cap <« 0,25 um N
< > 1 1

(3 nm) 0,8 um 1,7 um Black—: Vpsq=0  (T=10-50ms) Black—: Vseo0  (7=10:50ms)
e Y Red - - - : Vpeq=12V (T=10-50ms

Al 535Gy 76N (22nm) ' :Vosa ( )

_____________________ 2DEG (fewnm) _ _ __ ________________] =
GaN (1.7 pm)

Nucleation layers

SiC substrate

0 5 10 0
Vos (V) Vos (V)
b) HTOL stressed device

> The devices feature 8 gate fingers of a) Virgin device
AIBU(_VG_S‘_QC:V“, & V.DS—Q:DV} _‘&“I‘ﬁU(VGs_Q:OV & VD5_0=OV]

125 uym width (gate length 0.25 um) grown GLog = 100 X
. AlAUw gs_g=0V &V g_g=0V)
on SiC substrate, and with 25% of Al content. e ‘

AI&U(VGS—Q{VHI & VDShoqu}ﬁﬂfﬁU(VGS*Q=DV & VDS“—Q=DV)

DLy, = 100 X
Yo ﬁIAU(VGS_CJ:{]V& VDS_Q={]V]

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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— 5 > .tmps.
Vo=constant  V .=constant ®, before HTOL: I decreases by 6% over 0,5s
— 3 0,8 15t meas.
gotRch smYW SLN, (50 nm) (It [ P it
LGom) o oo .:5:' ‘. S s : 0,6
Al 235G 765N (22nm) 2 7 15t meas.
___________________ 2DEG (fewnm)____________________] e TN wemeees
° 10™ meas.
GaN(1.7um).. o o © .. o © o .. s
Nucleation layers after HTOL: |, decreases by 3% over 0,5s
SiC substrate
0 0,002 0,004 0,006 0,008 0,01
I g current constant (Vg constant) vs variable electrical field time (s)

Drain-source electrical field constant vs variable electron density (V4 variable)
Mixed biasing : constant V¢ (variable V; and V ;¢ — thus I¢)

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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#3 : Failure Analysis in RF Devices
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Thermal characterization: V,,, drift (increasing and decreasing V., sweeps)

e V, also depends on the sweeping conditions for V55 (increasing/decreasing Vg)

1 —— Vgsincrease

- -- Vs decrease 105h HTOL stressed device

-2,1 o i .
0,8 - increasing Vg sweep
Temperature 175K a o decreasing Vgs sweep
— 'O S 26 ° Virgin device
< - HTOL ° o X incr. Vg sweep
v e}
£ 04 > o s + decr. Vg sweep
O
-3,1 - "
0,2 Vlrgln MeeaX,,, S ® 3
AV / + TRTrea. % N
Eh’ j...} X FreeX e
0 - -3,6 T %
4 -3 -2 -1 0 50 100 150 200 250 300 350

temperature (K)
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

e LFN & RTN characterizations on Drain and Gate ports

1E-08 -
1E-08
VIRGIN DEVICE STRESSED DEVICE
1E-10 1E-10 - 3E-02 1
Y 2E-02 -
1 E'1 2 1E‘1 2 | '\ d _8 2E-02
§ T:E 1E-02 -
3 1E-14 < 1E-14 - 5E-03 1
= o
n ) 0E+00 A e
1E-16 - 1E-16 | 0 2 4 6 8 10 12 14 16 18 20 22 24
Vos(V)
1E-18 - 1E-18
1E-20 - : - : : 9 1E-20 - - - : .
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
frequency (Hz) frequency (Hz)

Presence of traps in the 2DEG but no major influence of the HTOL stress on their evolution

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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#3 : Failure Analysis in RF Devices
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

e LFN & RTN characterizations on Drain and Gate ports

1E13 s e VIRGIN DEVICE =====se=e: 1E-18 Fr=e= HTIOL STRESSED DEVICE -=--:
Vic=constant 021
~ @Vs=constant, =y @Ves ; ’
= R T variable V A2
< variable Vpg = B
2E-02 -
T XY I PO ———— o - TR I R —— _ PO -
E A E ® A E 2E-02
ﬁ ‘J_'ﬂ A 1E-02 -
& A Ao @Vps=constant, e @Vps=constant, r
. . 5E-03 4
B GBS s g s variable Vesad Vs ™5 4pa5 Lo variable Vs and Vg g
\ S O OE+00 {
a a A 0 2 4 6 8 1012 14 16 18 20 22 24
7] Vye=constant v Vos(V)
< @Vos _ ; < @Vps=constant, =
variable V. L
. variable V.
1E-16 T | 1 1 1E-16 A— . ; )
0 1 2 3 4 0 1 2 3 4
A voltage (V) A voltage (V)

Activation of traps (normalized spectral density) in the 2DEG with electrical field distribution G-D (& G-S)
BUT no major difference between VIRGIN & STRESSED devices

IHs current constant (Vg constant) vs variable electrical field

Drain-source electrical field constant vs variable electron density (Vg variable)
ANR Funding, French DoD funding Mixed biasing : constant V¢ (variable V; and Vg — thus Ig)

= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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#3 : Failure Analysis in RF Devices
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices).

e LFN & RTN characterizations on Drain and Gate ports

1E-11
1E-13
1E-15
1E-17

1E-19

Sic (A/Hz)

1E-21
1E-23

1E-25

VIRGIN DEVICE 1E-10 -

1E-12 -

1E-14 -

Sie/le (A/HZ)

1E-16 -

10

VIRGIN DEVICE

V=1V
V=12V

Ve =0,8V
Ve =9V
Vg =-3V

1E-18

100 1000 10000 100000 1

Frequency (Hz)

T

10 100 1000 10000 100000
Frequency (Hz)

Normalized S,; LFN spectral density features almost stable signature on VIRGIN devices vs V.

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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#3 : Failure Analysis in RF Devices
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

e LFN & RTN characterizations on Drain and Gate ports

1E-10 - VIRGIN DEVICE 1E-10 HTOL STRESSED DEVICE
VGS - 1 V ‘, — .

1E-12 - Vgs=1.2V o -- Transistor @ VGS=—5V
N N 1E-12 - (Vps=4, 8, 12 V)
T T
< V=08V Z
~ 1E-14 - Vgs=-9V s
:('D Vgs=-3V =
@ U()—D 1E-14 -

1E-16 ~

-
(Vgs=-5,-7,-9 V) @
1E'18 | I I I | 1E—16 T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000
Frequency (Hz) Frequency (Hz)

Normalized S,; LFN spectral density features scattered signature on STRESSED devices vs V¢
Evidence of new traps activated on the G-S path, with various act. mode (diode/transistor)

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.

e LFN & RTN characterizations on Drain and Gate ports Trap energy

A
Ll NI &
2 Wit | = g exp ( o j
= Virgin 8 HTOL kT
. . /
o 15 device ,/  stressed
s o, dJovi Corner frequency
, .
g ; . ;s YIS (time constant)
'c o/ m B 1 1 1
2 . e
/ LA % : T T T
£ 05 5 - s ¥ I". o - P w,v:n:w‘,‘*ﬂ-,:'?rw.*.‘%@w’-";”"‘».‘ﬁﬂi*"-‘:*zw*'v “!W'f'\f.},ﬂl;‘ﬁ,-‘ﬂag i) 4 Te T,
P AR B : =12m |
- " A b- ~ :-ﬁ e : P s ‘
r o , & “m = A time=50 us 5
1E+1 1E+3 1E+5 (f)= 2(A1)'7
Frequency (Hz) 4+ 2nfT)>

RTN time constants (noise corner frequency) delimitation between VIRGIN and STRESSED devices

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020
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Evidence of traps with LFN & RTN characterization (study on PBTI drifts in HEMT GaN devices.)

} @ y : s o AV4=0,1V @ 200 K
1 - V.. decroase donor-traps are passivated at positive V5o AV, =05 @ 100 K
0,8 - — Vggincrease . .
o :Srature e Decreasing Vs from *3V to -6V: AlGaN GaN
20,6 i’ Donor remain passivated till the 2DEG is passhated
~ fully depleted Interface ©
204 1 . . :
= > Vipdeo:. is N0t modified during Vs sweep v / 32?122"‘19"‘
> AV, (SO Ni.gecr. in the 2DEG) Decreasing VGS@l Gs Ee
0 —— . Donor becomes ionized under reverse Vg ! EF Z! :I: o E.
-4 "" -3 2 T 1 0 F * --------- . i
¥ e : @ reverse V % T = E
; Vgs (V Vy,-increase - ~GS1- —F v
V,,-decrease as (V) th donors are ionized Increasing V5@

@ donor-traps are ionized at very negative Vg o.

Increasing Vs from -6V to +3V:

Donor are ionized (N,*) at very low V. These positive charges act as an internal generator which field is
opposite to the applied voltage Vs, and Vi, iner. > Vingeor (thUS Noivor < Nigoor ), till Vi . When the 2DEG starts
to conduct electrons, ionized donor-traps recombine with electrons from the 2DEG (few electrons that do not
change ni), and become passivated. The internal generator disappears and V,, changes to a lower value as for
the decreasing sweep)

ANR Funding, French DoD funding
= Ref: Tartarin, Elsevier Microelectronics Reliability Volume 114, November 2020




-diode alone
-transistor mode

noise spectroscopy
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Ref : Tartarin et al. IEEE ICNF 2017

I lgs & lgp leakage paths |

| lps evelution vs stress |

Frequency (Hz)

Sc (A*/Hz)

1E-22

1E-08

Ref: Int. Conference on Noise and Fluctuation (ICNF) 2011, Toronto, invited paper

1E-15 -

1E-16 -

1E-17 -

1E-18 -

1E-19 -

1E-20 -

1E-21 -

HTRB stress @
V=7V
V=50V

HTRB #1
stress (150°C) HTRB #2

stress (25°C)

virgin

virgin

1E-07 1E-06 1E-05 1E-04 1E-03

I (A)

Leakage current as marker of failure events ! S,; also gives a finest signature of carrier’s path/interactions
in the control zone and lateral/vertical leakage zones

ANR Funding, French DoD funding
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TUDY: AlGaN/GaN GH50 & GH25-10 (UMS) under HTRB stresses

-diode alone
-transistor mode

noise spectroscopy

} Ref : Tartarin et al. IEEE ICNF 2017

1E-07

1E-08
__ 1E-09
E 1E-10
> LEN X~ 1E-11
< 1E-12
(#Leaky and #NonLeaky) :; 1E-13
dim. 0,5x4x400um? < 1E-14
O
-diode alone v»vi 1E-15
transistor (saturated) mode 1£-16 | | | | |
1 10 100 1000 10000 100000
Frequency (Hz)
ANR Funding, French DoD funding i.e. same leakage mechanisms, same defects in
Ref: Tartarin, invited paper IEEE ICNF 2010 Transistor and Diode biasing mode
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P The magnitude of S;; x frequency is constant
P Extraction of GR; and GR, from each GR ‘bulge’ (T°)

» Extraction of E, from Arrhenius plots

3E23

2E:23 -

1E23

ke.In(T2/7)

OE+00 -

-1E23 |

GRi1
E=0.38£0.05eV

/-;
E=0.21+0.05eV

-2E23

2,6

2,8 3,0 3,2 34}

1000/T (K™

ANR Funding, French DoD funding
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Ref: Int. Conference on Noise and Fluctuation (ICNF) 2011, Toronto, invited paper

1,00E-10 -

1,00E-11

Sio/Ip*frequency (A)

T° increases from

35°Cto 114°C
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de Toulouse

noise spectroscopy GR centers evolution vs temperature (saturated zone)

1,00E-12
1E+1

E,,=0.38 + 0.05 eV

E,,=0.21 £ 0.05 eV

1E+3 1E+4

frequency (Hz)

Ref : Soubercaze IEEE MTTS 2006




aa APPLICATIONS OF LFN MEASUREMENTS
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= Emerging Technologies / Defect detection & Reliability Analysis

i |

= LFN for non-linear RF circuit design (VCOs, Mixers)

- LFN for Sampling Phase Detectors

- LFN conversion for Low Phase Noise Frequency Synthetizers (VCOs)

LAAS
i ite p Q (h F
e —



Low phase noise systems

Heterogen systems, with embedded RF and Optic carriers,
and/or digital / analog functions,

and/or high number of harmonics or non-linearities

and/or new generation/high performances (reliable ?) devices

-110
. . . SRD Simulated Additive Noise 1.7GHz
Example : Noise simulation 115 7 i i
around harmonic 17t N 120 . / Measurement 1.7 GHz
of a sampling phase detector 8 125 O / 7 | |
3 / | GlobalNoise Simulated 1.7GHz
-130
Q
% 135 \\ g / I
r /|
§ -140 e l \
o -145 =
. , . -150
Ref: Cyclostationary shot noise measurements in RF Schottky _
barrier diode detectors, IEEE Electron Devices Letters, Vol.31, -155 OCXO.M.easured Noise, /‘7\\“‘
N°1, pp.74-76, Janvier 2010. 160 then Multiplied up to 1.7 GHz
Ref: Proc. of the 2009 European Microwave Conf,, Rome, 1E+2 1E+3 1E+4 1E+5 1E+6
oct. 2009, pp. 480-483, J. Graffeuil. Offset Frequency (Hz)
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AR@ LFN conversion for Low Phase Noise Freq. Synth.

(BiCMOS and GaN HEMT VCOs)
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. AGaN/GaN HEMT |

10GHz Hybrid GaN oscillators
Soubercaze-Tartarin

|
/ / .
| .
I ¥

Nay

/
S [CAans -
Université __/ Z

de Toulouse




LFN conversion for Low Phase Noise Freq. Synth.

(BiCMOS and GaN HEMT VCOs)
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Ref: Tartarin, invited talk, Univ. Of Chalmers, 2014

Kurokawa : A .
L(fm) Lres(fm)
0X, OR, 6R oX,
o -30dB/dec
oA 6V o4 aVO 3 1/f noise conversion A
 “jergexyg ox, ok | 2 8
04 ofy. 04 of, i =2
e o =
! \ . -20dB/dec =T
S thermal noise 8 8
oX .(=E conversion ) @
- o -10dB/dec, | Oscillation noise floor: S o
Af = aaTIt/OAVO O : Additive HF noise 2FKT/P;, @
i I HF additive phase noise
: . " | Converted LF noise (negligible) |
Leeson : Fc_osc f. fo/2Q fn
/e = high
L =201Io g +20log(AD dBc/ H: Pin-ampli
() g{ ZﬁQLfm g(ad) g (highly non-linear regime)




LFN conversion for Low Phase Noise Freq. Synth.

(BiCMOS and GaN HEMT VCOs)
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Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)
Kurokawa :

L) | T sl
0X, OR, | OR, 0X,
- (]
2]
Af = gg g)’?’ (96;(4 gg" AV, S -30dB/dec >
t t_ t t o 1/f noise conversion O, g_
04 of, o4 of, o =l
e Do =
ol =+ O
J L 5 =i
ox = 20dB/d 5 ©
. t = - ecC =+ 3
oV, g 10dB/dec ' thermal noise  Oscillation noise floor: S %
Af:a—XtAVo : / conversion Multiplicative LF noise ®
5f0 : : Converted LF noise
Leeson : Fe osc= fo fo/2Q fon
L(f.)=20log fo |, 2010g(AD ,) dBc | Hz Pin-ampii 1OW
" Z\EQLJ[ (weak non-linear regime)

= Ref: Tartarin, invited talk, Univ. Of Chalmers, 2014




LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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A
«— Carrier (ideal / noisy)

Loop transferfunction W h e re tO O pti m i Ze

induced nofse peaking Phase noise (in-band)

| / (phase) noise in RF

‘L ) ) /\ USO phase noise .
/u \‘/ VCO phase noise free OSClI | Iato r?
/ Freq.BW‘\
Frequency

Where to focus on
model accuracy ?

. Gy Synthesized source
. D
- o
s
. ¢
. 2
‘e o/
“ %
“
*
*

»
»

Noise spectral density (dBc/Hz)

u
|
.I
n
ol noise floor of the RF free oscillator
| | »
:IIIIIIIIIIIIIIII Ith I gl
some 10" Hz 1 kHz to 1 MHz Log (f,,)

. 1 [ I | |l
:’ !E: .: . u “ H H i . Distance f_ to the carrier (Hz) (SSB)
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)

C

o i _— f
) {f 1 in ‘% | ; L é - Device LFN mOdeIing
= - 50 Ohrms £ E =
= Load 5 [ = 50 Ohms . . .
"""""""""""""" (Gucltion s 3 " wd - Analysis of noise conversion.
H—— "4
% el T T
a) L b) - Topology selection prior to design:
Vee % according to which metrics or FoM?
Llé %Lz ‘s
ctune

| e Design of the resonator (Q) and of the
SOOH}% amplifier (LFN) : reflection or transmission

Out 2
B e e —5— — — Oscillation axis
|,
_[—/ s 50 Ohms
c, _LC Load
out 2 z out1
- LE]
50 Ohms 50 Chms
Load Load
c (o
II I 2 = Lea

c) d) 1
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-  Measurement and refinement of the
model (if necessary)




LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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All noise models were developed from our LFN measurement campaigns

HBTs i o
S, =2ql_+B B S, =4kT/r
; Tbe T ™ Pur AL T b
c Collecteur
i i S, =4kT/r
Bi ke Si = ZqIC ir, e
[ - S =4KT/r
ir EE r, c
SPICE model . . .
Fmelier SS model with associated LF noise sources
R{S
& R -2 Oud
I'b3 ibc . SI1
1 —© S =S +§.s
"be lce
Iy I g C&D g ( ) ( )
SVI* ={r, +r1 Sibe +lr, +r o+ —S1ce
LAAS model : . 1
evolutive according to parallel partition (rb 1 )si + (rb +r o+ rn)z.si
of Ibc —imapct on correlation between % . R = be 1 P> e
In-Out noise sources) S. +—S

BZ
LAAS
=T
Université _/

de Toulouse




LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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&
I, Iy Sy = (Srb +Sre)+ (rbl +re)2'sibe1 " (rb +re)2'sibe2
O 2
i S 7
i 1ce entree
iy r, P G’) i +(rb+re+rn>2' B2 +( B +rb1+rb2} Sibe
e S =S +S__+ 1+128 +siﬁ
I Tibel " ibe2 B “ibe B2
LAAS model 3
&y
Noise partition, according to specific 3 :(r ir )s +(r ir )S +(r b4 )i
. IvV* bl e’ ibel b e/ ibe2 b e I1 BZ
technological developments

erb ere 1be2 1ce 1bel 1bc

) A A N B o2 05 by o, i e

cor € 1C€ entree

I.bl +re Sibel + I'b +re Sibe2 t I'b +re +rH 2 + +rb1 +rb2 'Sibc

Rcor:(re+rb) \v \v \v O 0) 0 R —
Rttt cor 1 2 S

cor>(fefTo) | ¥ v v v S. +S._ 4|1+ | S 4 e

ibel ibe2 B ibc BZ

Université
de Toulouse




LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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|ﬁ R y
§ 1o Droite d‘équation f(1,7)=6.10""*-4.10¢ ‘ / 10720
N\ -20 < v
—'- 10 \\\ i 3 mj‘ = By
\._,.J. \\ 32000 7 E 02 =
I'b3 le \\ _—-/""0w — ;e s
. { ~N 221 N 1,7 (A) 102
; g0 = .
D ey 21, | !
i r Bl (‘) 1 \5 "Ald 10 10 l 103 104 10°
bel b ce 23] Fréquence (Hz)
2 10—22
rE.'
10-23 2als
LAASr model e 102 103 104 109
I
i ol Frequency (Hz)
1 10-18
1
| |
|
\
0,75 \
S \
5 \
¢ 0,5 E:/ 10-19 \
O o \\
/5]
0,25 \‘\-~_~ \VA‘_\NM
--\“
0 2 3 4 5 10-20
10 10 10 10 102 103 104 105
Frequency (Hz)
Frequency (Hz)

Ref: Ph. D. Thesis L. Bary, University of Toulouse, France, 2001
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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10-21 ‘% 10.10
—~ 5 <
N
= 2 \ MAPPING OF THE:
<1022 <1020 .. .o
- = -biasing conditions
m'_‘ m L] . L] L]
-sizing conditions
1023 107!
102 103 104 10° 102 103 104 10°
B3102.35.1023
Frequency (Hz) Frequency (Hz) 8251053 102
. B 41078-1,6.10718 ;?‘;01_:72'32’25'1100;22;
10! 8121015 1,410 011025 15102
18 \\ O10-18-1,2.1078 1.10%-1,5.10
w10 \ —V_.=15V 5 10-19-10-18 B5.10-2- 107
T 1018 \ CE 7 B61019-8101° 80-5.102
Iy N
< 1020 i — V. =1V 1,6.1018 3,5.1022
-~ A CE e 23
L 102! N 1 3.10
V.=0,5V G <2,5.1023
w1 1022 CE =
T 1,2.1018 T 2102
- 2 2 1,5.102%
10 ' | > 107® 7)) ‘ -23
1024 | 2 20 10 20
102 103 104 105 8.107% 15 510% 15
6.10-1 ~ -
0,13
Frequency (Hz) 013,251 S 02505 ;| :Q
115, & 2 55 N
2,5 A% R%
Ver (V) ce (V)

Ref: Ph. D. Thesis L. Bary, University of Toulouse, France, 2001
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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Design of low phase noise VCOs on BiCMOS technology (ST microelectronics)

<, L ?} - Device LFN modeling
SR @

= - Analysis of noise conversion.

3 50 Ohms

= Load é i
-------------------------- -O-s;illation axis EE E L, Load
< N‘:l'r“ "1 s d - Topology selection prior to design:
a) = b) according to which metrics or FOM?
ng Cone %Lz % - Design of the resonator (Q) and of the
R LI T e amplifier (LFN) : reflection or
L — . ﬁ:ms | Sﬁgd}:% transmission
gi’&ms F ﬂ 5‘1@% 5 - Measurement and refinement of the
T “1;[ L I o te model (if necessary)
YT fo\? (R, FkT
- = _ 0 L
L(fm) — 1OXIOQ <—> <_2F>
c) d) 1 fm QL V5

Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies
Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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C
1 2.5 r-76 ~
- y g
s ? - -80 S
1 L N - -
: ' T 15 | |
| = Zero ‘pushing’ I -
2 . -84 7
x | — 11 conversion T
(4] | ' X
s ! = 50 Ohms . 88 o
® Load X 0.5 ®
5 | L =
g ! 0 . -92
" 2.5 2.9 3.3 3.7
| = = 10 GHz VCOs
C, - VCC (V) 56 :'__,\T
I . 3
C, 1l 6 1 @
[ I/ S =
] L, N NO 62 |
) 5 S Zero ‘pushing’ !
1 = : Conversion N
- - 50 Ohms 4 ~ -68 S
— Load G ~{Jigher values @
__________________________ -C;s;illation axis 3 -4 =
s
ctune LR l LR 2 _80
CRI 2,9 3 3,1 3,2 3,3 3,4 3,5
= Vee (V)

= Ref: Ph. D. Thesis W. Wong, University o Toulouse, France, 2003 Ref: IEEE MTT-S, 2003
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS
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60 r
wl T Simulation Ibe?
N 0} Slb = K e 2que
% ol LN Measurement © f p e
A | 1/f3 : :
2 Ll Phase noise computed with
;E ol | ADS software (Keysight, prev. Agilent)
— 80 f |
_ e _ _
100 | fe ,1 3KHz 1/f2 e At the time, pnfm did not account for the
120 TR K Tk 1k i noise floor far from the carrier
offset f from the carrier (Hz) —> pnmx was also considered (matrix

conversion, account for the noise floor)

4
N
1

~ © Mesure @ 100 kHz 1 24 §
N% 76 - e — Simulation @ 100 kHz E
Eg 78 L & Mesure @ 10 Hz 122 gg
38 5 — Simulation @ 10 Hz -5
g E 80 . 120 ®c
g %S
$o e * 3t L (T " |®gg Less than 2dB error @10Hz
c* U —— P
L 116 v £
35 -0 . . £g Less than 4.5dB error @100kHz
3::;: 86 R
& £
o g8 12 °
2,8 3 3,2 34 3,6 3,8

Vee (V)

Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003 Ref: IEEE MTT-S, 2003
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BiCMOS

o 11! | 1 _ o Université
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State of the Art of BICMOS MMIC VCOs Tie

year of publication since 1996 (beginning of BICMOS MMIC) 100 SiGe HBT (0 and # &) or CMOS on Si (0), CMOS on SOI (+)

N 1995 2000 2005 2010 2015 2020 N g, | Ccommercial GaAs InGaP HBT MMIC® o1
1 e

E E commercial SiGe HBT MMIC ¢ 3[31],[38]
Q [30] 5
@ e (25] 5 % 60 o O g ‘1z
o ~.oo o" e(s [24] 2 8 20
o S R N O m ooo o by
o T [20] (26] o
s O“\[f’] © © 9% 8 N 5 40 0 221 +
= O, 7 ~~‘~ = 23
o 01 o5\ (212231 5 © 171 2 - 0D oo 02
© W o N 0 o] O o) 0o
b Gg <~ S 0 a O [36] &
c S + + [28] T 20 a] 333 g O [37]
= S Q m] (16] o B 34
S Tl + 1 “ [30] o e o® 1o B
O N - + [35] o 118] o7y 28
% ~~~~~~ [29] 0 2710 O © [26)0[24]
% SiGe HBT (mand # A)or CMOSon Si(o) \ ™. A 1995 2010 2015 2020
= 0,01 CMOS on 5Ol (+) lication since 1995 (beginning of BICMOS MMIC)

Freq. of oscillation:
evolution over time

Technological node :
evolution over time

Our work

Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies
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BiCMOS

State of the Art of BICMOS MMIC VCOs

-60
SiGe HBT (o0 and ¢ A) or CMOS on Si (0), CMOS on SOI (+)
commercial SiGe HBT MMIC &
commercial GaAs InGaP HBT MMIC e
-80 | [29]
| o oy + o
T O O 211 B
S (30] 0 [31]
= -100 | O = S .0 5 + ¢37
® .= 25] (23] 0 5% 0 4 4 g
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LFN conversion for Low Phase Noise Freq. Synth.

BiCMOS

State of the Art of BICMOS MMIC VCOs :
HOW TO DEFINE IT ? -> Figure of Merit
ACCORDING TO WHICH METRICS ? - real use conditions AND easy to figure it out

fo\* (R, FkT

2
L(f,,,) = 10xlog (E) (Q_fV_OZ) Leeson: the fundamental !

Université
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of buffer amplifier = residual phase noise)

fo)” 1 R, FkT Adding Po.. Not enough realistic
FOM = L(fm) — 10xl0g — —10xl0g — xPDC (lower P, will lead to low output power, need
fm) Ppc Qr V.

L "0
2 ° . .
FOMonr = L(f,)) — 10 fo\ Pout Adding Pg. Not enough realistic (does not account for
PRF — f‘m xXtog f PDC controlled oscillator = Q factor largely impacts Leeson formula !
m

2 2
fo\ (TR%)\ Pour \ Adding Atune & P
FOM = L(f,,) — 10xI s o
PRF&T (fm) X109 ( 10 Ppc | It seems quite realistic and not too elaborate

fm

Ref: Tartarin et al. Journal of MDPI, 2022, Evolution Trends and Paradigms of Low Noise Frequency Synthesis and Signal Conversion Using Silicon Technologies
Ref: Ph. D. Thesis W. Wong, University of Toulouse, France, 2003




State of the Art of BICMOS MMIC VCOs
Proposed FOM with tuning range and RF output power
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LFN conversion for Low Phase Noise Freq. Synth.
GaN HEMT (VC)Os
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Fixed Oscillator (10 GHz ) Voltage Controlled Oscillator (9.2 GHz )
(Soubercaze 2006) (Tartarin 2008)

P,,~20dBm P, ,=23dBm

out out

L(100kHz)= -115dBc/Hz L(100kHz)= -92dBc/Hz
2.5% tuning around f;

Based on the same GaN HEMT chip:2x75um gate width devices from Thales - TRT

v LAAS
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LFN conversion for Low Phase Noise Freq. Synth.

GaN HEMT (VC)Os
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The LS, SS and Noise model was developed from our LFN measurement campaigns
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Specific LS & SS model (multi-bias)
developed at LAAS-CNRS

Also with integrated LFN
S,c» S;p and correlation
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LFN conversion for Low Phase Noise Freq. Synth.

GaN HEMT (VC)Os

Université
de Toulouse

- High output power(19 dBm), no buffer amplifier (Radar)
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LFN conversion for Low Phase Noise Freq. Synth.

GaN HEMT (VC)Os

E éJn_Ii_veIrsité
GaN oscillators @ 10 GHz (till 2016) e Toulouse
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LFN conversion for Low Phase Noise Freq. Synth.

GaN HEMT (VC)Os
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CONCLUSIONS & PERSPECTIVES

LFN, Phase Noise, long term instabilities...
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Frequency instabilities can be represented in harmonic domain or time domain

4
Solf) | \/f
1/F Phase noise spectrum in harmonic
\ domain representation
1/f2
Ranging from some Hz to MHz
__1/f
1/
Random Flicker White | Flicker | White f (a.U)
walk freq. freq. noise freq. noise phase noise phase noise
noise U
o, (t S
1) 1/t Phase noise, jitter
1/t Root-Allan variance plot in time
ﬁ domain representation
1/2 1/2
1/t tY/ Short-long term stability : more than 1s
t0 (1Hz and under), to days-months...
White Flicker : White Flicker : Random t (a.U)
phase phase noise  freq. noise freq. noise walk freq.

= noise noise
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CONCLUSIONS & PERSPECTIVES

Lets ask Chap GPT !

This was my first question for Chat GPT !!!
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@ Q1 JGT : How has low-frequency noise metrology been an

accelerator in microelectronics research?
ChatGPT

Low-frequency noise metrology has p'ayed a crucial role in microelectronics
research by providing insigh?s, 0\ the behavior of electronic devices at a
fundamental level. It has helped re \o%\ SV derstand the origin and mechanisms of
low-frequency noise in semirc (\0 QCles, leading to improvements in device
performance, reliability, an ,&c er -naracterizing and quantifying low-frequency
noise, researchers hav o( Q‘ ) _identify and address issues related to device
186, researchiers Mavigor | & . . =
miniaturization, procgs and material defects, ultimately driving advancements

in__microelectrc \,%' \O‘\\\‘; . Additionally, low-frequency noise metrology has
contributed to w® \'\6 ument of new materials, device structures, and fabrication
techniques, furt 9‘ >elerating progress in microelectronics research. For more in-depth
information on this topic, | recommend consulting specialized sources or experts in the field.




CONCLUSIONS & PERSPECTIVES

Lets ask Chap GPT !

This was my second question for Chat GPT !!!
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@ Q2 JGT : Tell me about Low Frequency electronic noise, for what use in
ChatGPT applied research in the decades to come?

Low-frequency electronic noise has many potential applications in applied research
for the coming decades. It is used in fields such as spectroscopy, wireless
communication, weak signal detection, environmental monitoring and fundamental physics
research. Additionally, it could be leveraged for emerging applications such as quantum
technology, biotechnology and quantum communications. However, for more detailed
information on this topic, | recommend consulting specialized sources or experts in the field.

For sure, if Chat GPT exists, and when it evolves in the future — it will
be partly thanks to LFN studies on quantum electronics.
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LFN still in the race from low to high TRL contexts

(2/3-5) (6-8)
- Case of study - Industry quality o
- Physics and Theory - Device selection T

- Technology exploration

Time for questions

LAAS soft.
for LFN spectra extraction
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Reliability studies; example of an academic methodology

and tools for non destructive defect analysis

Low Freq. Noise spectroscopy for the detection and tracking of defects —
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degradation mechanisms T
-SiGe HBT technologies Stmicro / IBM / SiGeMicrosystems &=
-GaN HEMT UMS GH50-GH25, TRT IlI-V Lab, IEMN, Ommic

A/(Ohmic zone)

@, 2 -

Echeile ordonnées

Tracking 1/f and GR centers (RTN ?) | = —u=

113
versus biasing and geometry with :
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LAAS soft.
for LFN
spectra extraction

LAAS : labelled by KEYSIGHT as European platform for LF Noise and RT Noise measurement
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