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Abstract

Nowadays, analog and RFIC applications are exclusively been designed by CMOS
technology because of many advantages such as the high level of integration, the low
cost and low consumption that it offers. The achievement of integration on a single
chip (SoC) both for analog and digital systems triggered a great boost in the dom-
ination of CMOS especially with the downscaling of MOSFET dimensions. Apart
from conventional CMOS, HV-MOS process is also widely used in specific applica-
tions such as automotive industry, scientific and medical applications and consumer
electronics. The latter kind of power applications created the need of the usage of
power devices such as HV-MOSFETs and nowadays in circuit design, high-voltage
parts are integrated together with low-voltage modules. Nevertheless, the perfor-
mance of both CMOS and HV-MOS design can be limited by low frequency noise
(LFN) which becomes really significant in state of the art technologies because it is
inversely proportional to channel area. Despite the fact that is dominant for lower
frequencies below the corner frequency, it can prove to be a significant hurdle even
for high-frequency (RF) applications due to its up conversion in phase noise in VCO
design for example. Furthermore, in advanced ultradeep nano-scaled transistors,
corner frequencies of several MHz can be noticed and thus analog designers can not
ignore LFN. As far as HV-MOSFETs are concerned, circuits such as oscillators, ana-
log baseband and bandgap reference can be limited by LFN. In general, it affects any
kind of MOS device but it can also be used as an effective way to evaluate the quality
and reliability of a MOS transistor.

LFN is distinguished into two kinds; random telegraph signal (RTS) noise and
flicker or 1/f noise. RTS noise is created by the generation-recombination process
or trapping/detrapping mechanism at the silicon oxide interface. Each such trap can
create an RTS in time domain or a Lorentzian-like spectrum in frequency domain.
RTS noise prevails in smaller area transistors where the traps are only few. In larger
devices, on the other hand, the number of traps is quite large and the superposition
of Lorentzian spectra can lead to 1/f behavior and thus it creates 1/f noise. This
connection of RTS with 1/f noise is fully described by carrier number fluctuation
effect which constitutes one of the main 1/f noise generators in MOS devices. Two
other phenomena create 1/f noise and these are mobility fluctuation and series resis-
tance effects. It is experimentally shown that each of these effects is dominant under
different operating conditions.

Mean value and variability of LEN are both area- and bias-dependent. Variability
increases as device dimensions shrink bearing similarity with the behavior of mean
value noise. The same trend can be observed in the bias-dependence of 1/f noise
variability. Carrier number fluctuation effect has been proven to increase normalized
flicker noise WL * Sjp /112) at 1 Hz, in moderate and strong inversion and the same is



confirmed for its variability while mobility fluctuation effect is considered responsi-
ble for the increase of normalized 1/f noise in weak inversion and its variability also
increases there. This bias-dependence of flicker noise variability is of great concern
especially since the downscaling of advanced nanotechnologies has led to circuit
operation in moderate or even in weak inversion.

Flicker noise in HV-MOSFETs is expected to be generated by the same causes
as in conventional MOSFETS since the same operating principles rule both kind of
these MOS devices due to the existence of the oxide interface. Thus, it is experi-
mentally shown that in the LV or channel part of the HV-MOSFET, carrier number
fluctuation, mobility fluctuation and series resistance effects are the main contribu-
tors to 1/f noise. This was already known and the main question was if any similar
effect is observed in drift region. Our analysis showed that the extension of gate
oxide in the surface of drift region, causes a similar carrier number fluctuation ef-
fect which can give rise to 1/f noise. This noise becomes significant under linear
region and strong inversion regime of long channel transistors since only under these
conditions it reaches a similar level as the noise generated in the channel.

Because of the significant impact of LFN in advanced analog and RF circuit de-
sign, the usage of correct, physics-based, compact models both for mean value and
statistical behavior of LFN has become essential for noise simulation. Within the
context of this Thesis, a charge-based compact model both for the mean-value and
the variability of 1/f noise was implemented, validated at an experimental 180 nm
CMOS process with measurements in our lab and appended in the charge-based
EKV3 compact MOSFET model. The mean value model was also tested at an 90 nm
CMOS process provided by the industry while the variability model was also tested
at an 140 nm CMOS process. The analytical, charge-based approach for 1/f noise
statistics is directly related to the physical effects that generate 1/f noise in MOS
devices and this is something proposed for the first time. A similar charge-based 1/f
noise compact model is proposed for the first time for HV-MOSFETs after exploring
and locating new noise sources that arise from the drift region of the device. An
expression for the variability of 1/f noise arising from the channel of HV-MOSFETSs
is also proposed but is not validated since sufficient statistical data were not avail-
able. The mean value model was validated with data from an 350 nm HV-MOS
process provided by ams AG. Measurements were performed by us in a new 1/f
noise measurement set-up specialized for HV-MOSFETs and provided by AdMOS.
Characterization of 1/f noise data in all the above cases confirms the existing theory
while the developed 1/f noise models both for CMOS and HV-MOS technologies
give qualitively good results over a wide range of area and operating conditions.
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[Mepirndn

3T HEPES LOC, OL EQUPUOYES AVAAOYIXV X0l ONOXANEWUEVLY XUXAWOUATOY TOAD LT
AoV ouyvothtwy (RFIC) oyedidlovton anoxhetotxd ye teyvohoyiot CMOS e€autioc twv
TOAGDY TAEOVEXTNUETWY TOL TEOCPEREL OTWE TO LYNAS eTiNEDO OANOXMPWONG, TO YUUNA
*OGTOC o 1) YouNAN xatavdAwon. H eniteudn tng ohoxifpwone oe éva uovo chip (SoC)
1660 avahoYX®Y 660 xat YNPLaxddy cuoTAUATLY, TUPodGTNoE Ula oToudala INoTN Yo
™y xuptapyio Twv CMOS TeXVOAOYLOY EWBIXOTERN UE TNV KELWDON TWV SLUCTACEWY TWV
MOSFET SwotédZewy. Extoc and tn ovuPoatiey CMOS teyvohoyio, n HV-MOS teyvohoyia
xenoruonoteltan enione eLpéwe oe CUYXEXPWEVES EQapUOYES dTwe ot Brounyovia ow-
TOXWNATWY, OE EMOTNUOVIXES XOU LATPIXES EQUPUOYES XAl OE NAEXTEOVIXA EIBY) evpeloc
xatovdhwons. Autol Ttou eldoug ol e@apuoyés oy o dnuolpynoay TNy avayxrn e
xenone dtdEewv woybog 6mwe to HV-MOSFETS xou étol otic pépeg pog ot oyedlaon
HUNADPLTOY, TO TUARATA UPNAAS TAoNE EVOS XUXADUATOS OhoxhnedvovTon pall ue autd
Youniic tdong. Iapd\’ avtd, n anédoon 1660 g CMOS 660 xo e HVMOS oyedlaong
uropel va teploptotel and 1o VopuPo yaunidyv cuyvothitwy (LFN) nou yiveton Wbiadtepa
ONUOVTIXOE OE GUYYPOVES TEXVONOY(ES piag xou elva avTLoTEOQWS AVAOY WS UE TO UAX0G
Tou xavaho. Iapd to yeyovos 6t elvan xuplopy o Yia YAUNAOTERES GLUYVOTNTES XATW
and NV ywviaxy ocuyvotnta, urnopel va anodelyVel 6tL elvan €va onuovtixd eundoio
anOUaL xol Yia eQapoYEc VPN cuyvdtnoc (RF) eantioc tne petatponrc Tou o Yopu-
Bo @done otn oyedlaoy tahavtwtdy tdong (VCO) yia napdderypa. Emniéov, o npo-
Nyuéva, ToAD pixpol unxoug xovahiol, tpavliotop, Urtopoly va mopatnendoly ywvi-
axéc oLy vOTNTES AEXETWV MHZ o XoT8 GUVETELN Ol CYEDLACTES AVOROYIXDY XUXA-
WUATWY eV unopolv va ayvoricouy tov LEN. ‘Ocov agopd ot HV-MOSFETS, xuxhc)-
HOTOL OIS THAAVTWTES, OVOAOYIXE XUXADUOTA HEONS TWOVNG KOl XUXADUATO AVAPOPRES
bandgap unopolv va ennpeactoly ano tov LEN. I'evixdtepa, ennpedlel xdie eldoc MOS
Sudtagne ohhd entlone UnopéL vo yenotonondel we évag anoTeEAESUATIXOS TPOTOC Vil VAl
a&loroynel n motdtnta xou 1 adtomiotio evog MOS tpavlictop.

O V6puBog yaunine cuyvotntog Sy weileto oe 600 eldn; ot YopuPo Tuyaicy
heypapedy onudtwy (RTS) xou oe 1/f 1 flicker $6puo. O RTS $6pufoc tpoxa-
Aetton amd TNy diepyaoio dnuovpylac-avacuvdlacuol 1 unyavioud toyidevonc/ehe
viépwone ot demagr) Touv o&idlou tou mupntiov. Kdlde tétowa maylda urnopet
va Onovpyioet éva RTS ofua oto medio tou yedvou 1 éva Lorentzian ¢@doua
o710 nedlo e ouyvotnrac. O RTS Y6pufoc emxpatel oe tpavliotop wxpdtepnc
emipdvelos 6mou o apldudc Twv tarydov lvon apxeTtd wWxpdc. Ao Ty GAAN uepld,
ot dlatdéelg peyahiTepng empdveLlag, o apldudc Tov naydwy etval apxetd ueydhog
xou 1) unépdeot twv Lorentzian gaoudtev urnopel vo odnyrioet oe 1/f cuunepipopd
xa €tot vo dnuovpyfioel 1/f 86puBo. Auth 1 alvdeon uetald RTS xou 1/f Yopifou
TEQLYPAPETOL TAHPWS UG TO PAVOUEVO BLAXVUAVOTS TOU 0ptdol TV QopEwY TO
ornolo anotehel pio arno Tic Booixéc mnyéc dnuiovpyiag 1/f YoplBou oe MOS &i-
atdeic. Abo dhha pouvdueva dnutoveyolv 1/f G6puBo xar autd etvar to Qouvouevo
NS BLaOPAVONE TNS HVNTIXOTNTOC XAk TO POUVOUEVO TNG GELRLAXAC avTioTooTC.

H péon tiun xon n etoBAntétnta tou Yoplfou younAdy cuyvothTwy eival
eEUPTMUEVES TOCO Om6 TNV EMPAVELR OGO Xl On6 T CLVINXES TOAWONG TOU
teavliotop. H petaffintémnta auidvel 660 ol dlactdoelg Tng ddtodng Uetdvov-



Tl EVE) TUPOUOLN CUUTERLPORA TapoLatdlel xou 1 uéom Tyt Tou YoptBou. H Bl
Tdom unopet vo tapatnendel 6oov agopd tny edptnor e petoAntdtntog Tou 1/f
YoplPou and Ty ntéAwor. To gouvduevo dlaxduavene Tou dpltuo) TOV POREWY
éyeL amodetyel 6TL aLEdver Tov xavovixonoinuévo 1/f V6puBo WL Sip /I3 o7o
1 Hz, ot yeoaio xou loYLue avTloTeogy ved To (Blo emPBefoucyvetar xaL Yo TNV
HETOBANTOTNTOL TOU EVE TO QOUVOPEVO TNG BLOXOUAVOTNE TG XvTixdTNTag Yewpel-
Ton uebBuvo Yo TNy adénom tou xavovixormounuevou 1/f YopiBou otny aclevy
AVTIOTEOPY) xou 1) UETABANTOTHTA Tov enlong auddvel exel. Autr 1 e&dptnon and
v néhwon tou flicker YopUPou eivon Wiadtepo onuavTxy ednd agol 1 yeiwon
TOU UNXOUE XOVIALOD OE TEOTYUEVES VOVOTEY VOROY(EC €Yl 00 YN oEL TN Acttoupyia
TWY XUXAOUITWY OE HETELAL 1) 0XOUaL XU GE aoVEVY AVTICTROPY.

O flicker %6pupoc ota HV-MOSFETS avagéveton va Snuiovpyeiton omd Tig (Bleg
autlec 6mwe xar oo cupPoatind MOSFETS W xou ot (Biec apyéc hettouvpylog Oié-
ToLY xou T 800 ldn aw Ty Twv MOS Blatdewy e€ontiag Tne drapéng Tne dlemaprg
o&dlov. 'Etol, delyveton mepapotixd 6Tt oto LV tuhua B tuiua xovoiolh tou
HV-MOSFET, ta gotvépeva Sloncduavong Tou ool TV Qopény, BlaxiuavoTng
NS XVNTIXOTNTAG Yo TNG OElplaxc avTioTaong etvan oL Bacixdl GUVEIGPEROVTEG
tou 1/f Bopifou. Autd Yoy Hd1 YVWoT6 xou To BAcLXS EROTNUA HTAY oV XATOLO
TPOUOLO Qavouevo Tapatneelton oty drift teployn. H avdivor pag €deiée 6t
7 enéxtoon tou o&lou Tne TOANG otV empdveln g drift neployfc, mpoxalel
€val TOPOUOLO PAVOUEVO BLoOUOVOTE Tou dpldol TeV Popéwy Tou umopel va
npoxaréoel 1/f HopuPo. Autdg o 96puPog Yiveton onuavtixde oe yeauuuxy Tept-
oy Aettoupylog xou loyue avtiotpogt| ot TpavlicTop HEYAAOU UXoUC xavaAlod
Hloc %o wévo und autég T cuviixeg yiveton cuyxplowog ye tov $6puBo mou
TEOEPYETOL TG TO XAVAAL.

E€outioc tne onuavtiic enidpaone tou LEN oe nponyuévn oyedlaon avaroyt-
%xwv %ot RF xwdhwpdtov, 1 xehon owotoy, BAclouéveny ot QuUoxt, CUUTAYOY
HOVTEAWY TOCO Yol TN HEOT THLY GO KoL YL TNV OTATIO TN cUUTERLPLEd Tou LEN
€yl yiver avaryxoda yio Tig avdyxeg mpocouelnaong Yoplfou. Lta mAalola auThAC
e dlatpeBric, éva oupmayés, Baclouévo ota poptia, LOVTENO T60O0 Yia TN péon
T 600 xou yia Ty YetaBAntotnTa tou 1/f YoplBou avamtiydnxe, emupddinxe
yio o tetpapotiery 180 nm CMOS teyvoloyia ye YeTpNoelc 0To EpYUoTHELO oG
xau tpocoptrhiinxe oto EKV3 cuunayég povtéro yio MOSFET. To povtého péong
Tuhc Soxdotnxe enlong oe uia 90 nm CMOS teyvoloyia mou poc éyive Bio-
Yé€own amo 1t Blopnyavia evew To Hovtélo peTafBAnTtdnTog doxiudotnxe enlong
ot pio 140nm CMOS teyvoroyia. H avorutue, Bacioyévn ota goptia, Toocey-
yion g otatotixic Tou 1/f Boplfou cuvdéeton dueca pe To PUOLXS PorvOUEVAL
oL dnuioveyolv 1/f BépuBo oe MOS BiatdEelg xou autd elvor xdtL mou tpotelve-
Ton vl TeedTn gopd. ‘Eva nopduolo, Bactouévo ota poptia, cuunoyéc poviého 1/f
YopUPou mpotetvetar yio tpwtr popd yio T HV-MOSFETS pyetd and 1 diepebvron
X0l TOV EVIOTUOUS VEWV TNy®v YopUBou mou npoxintouv and tny meployn drift
e dudtadne. Mia éxgppaon yia ) petofAntétna Tou 1/f Goplfou, nou npoépye-
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tou and To xavdhl 1wv HV-MOSFETs, eniong npotelveton ahAhd dev Atay duvatd
va emeupwdel Aoyw éAheudne emapxoic aptduod dedopévwy. To povtélo yéorng
e emxvpwidnxe yio dedopéva and pio 350 nm HV-MOS teyvohoyla mou pog
nopéLye 1 etatplor ams AG. Ot yetprioelc mpoyLotomolidnxay amd euds UE €VoL xouv-
olpto clotnua petphoeny 1/ YopiBou e€edixevuévo oe HV-MOSFETS mou pog
napelye 1 etoupla AAMOS. O yopaxtneiopog twy dedouévwy 1/f JopiBou ot dheg
TUG TPATAVL TEPLTTAOOEL emPBeBatddvel Ty undpyouvoa Yewpla eved o povtéla 1/f
YopUPou mou avantiiaue 650 Yoo CMOS 600 xau yio HV-MOS teyvohoyieq bi-
VOULY TIOAU TOLOTIXE ATMOTEAEGUATA Yol EVOL EUPD (PACUOL ETLPOVELLY XA CUVINUDY
Aettovpylog.
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Chapter 1

Introduction

1.1 Noise and its Impact on Microelectronics

Noise in electronics and especially in communications, is defined as any undesir-
able fluctuation that reduces the information of the signal. Focusing on an individual
semiconductor such as MOSFET, drain current noise or gate voltage noise respec-
tively are caused by current or voltage fluctuations. Regardless of what is causing
these fluctuations, the result is the variation of the current or voltage value around
a median value. The Power Spectral Density (PSD) of noise is defined as the Fast
Fourier Transform (FFT) of the fluctuation signals mentioned above.

During the last decades, wireless applications such as mobile phones, wireless
LAN, Bluetooth, WiMAX, have been tremendously improved and widely used. A
main cause of this boost, was the advanced CMOS technology which permitted the
integration of different circuits in the same chip. On the other hand, the replacement
of bipolar technology with CMOS, brought some issues in terms of noise. Electronic
noise in a communication system defines the lowest limit of a signal that can be de-
tected. Below this limit, background noise prevails. Noise can not be completely
eliminated, so it can not be ignored, it is always there to limit the accuracy of mea-
surements and set a lower limit of how small signals can be detected and processed.
Analog designers nowadays, constantly struggle with the problem of noise since it
trades with power dissipation, speed and linearity [1, 2, 3].

This Thesis mainly focuses on Low Frequency Noise (LFN) of Low- and High-
voltage (LV-HV) MOS transistors. This kind of noise has a greater impact on these
transistors than bipolar ones. LFN is mainly of two kinds; flicker or 1/f noise for
larger area devices and random telegraph signal noise (RTS) for smaller ones. PSD
of flicker noise is inversely proportional to frequency thus is dominant at low fre-
quencies below the so-called corner frequency f.. The LFN is a severe obstacle in
analog and RF applications [4]. As an example, LFN is up-converted to undesired



phase noise in voltage controlled oscillator (VCO) circuits, which can limit the infor-
mation capacity of communication systems. Furthermore, LFN increases inversely
proportional with device area, as a result it becomes of major concern for analog
designers in modern ultradeep submicron devices where corner frequencies of tens
of MHzs can be observed.

The downscaling of device dimensions makes RTS noise more and more signifi-
cant. The main cause of RTS noise is the traps or defects at the silicon-oxide interface
and this is assumed to be the origin of flicker noise in MOS transistors [5]. In more
detail, the superposition of the RTS noise spectra from individual traps could lead to
1/f spectrum. As mentioned above, LFN can be a limiting factor in modern circuits
because of its increase with device area and RTS noise is the main cause for this.
On the other hand, LFN measurements and characterization are considered a very
effective tool for the quality and reliability of MOS devices. The same conclusions
can be extracted for HV-MOSFETs. LFN analysis in these devices is also of great
importance for several reasons. Firstly HV-MOS technologies can offer higher lev-
els of integration for system-on-chip (SOC) applications. In such applications, such
as hand-held devices, where HV transistors are used as switches, LFN can become
significant if it couples to other circuits through the substrate. Furthermore, LFN can
especially affect the performance of oscillators, analog baseband and bandgap refer-
ence circuits. In addition, HV-MOS transistors have also been increasingly used in
other 10 — 120 V circuits, such as gate drives, voltage converters, LED drivers, and
high-voltage operational amplifiers. These circuits used in industrial, scientific and
medical applications, consumer electronics and cellular base stations, are sensitive
to LFN [6].

Because of the importance of LFN in modern analog and RF circuits, noise sim-
ulation becomes of great importance to determine whether the overall noise perfor-
mance of a circuit or a transistor would be sufficient in order the circuit to function
properly. Appropriate physics-based mean value as well as statistical LFN models
that can predict accurately the noise behavior over a wide range of operating con-
ditions and device dimensions are essential and this is the main objective of this
Thesis.

1.2 Historical Background of Semiconductors Evolu-
tion

The starting point of semiconductors evolution is dated back in 1904 when the
need for better communications led to the invention of the first vacuum diode [7].
The disadvantages of this device such as the high power consumption, the high cost
and the big size constituted for the vacuum tube to be considered inadequate to con-
tribute to technology evolution. Researchers of the time soon concentrated on more
energyeconomical structures, such as solid-state devices. Around 20 years after the



invention of vacuum tube, in 1926, the first concept of an NPN junction transistor be-
ing used as an amplifier was patented by Julius Edgar Lilienfield [8]. Soon enough, it
become widely adopted that the interest of scientists needed to turn on solid-state de-
vices. It was in 1936 when Mervin Kelly, at Bell Labs, started a group dedicated on
solid-state devices. Important researchers such as Bill Schockley, Russel Ohl, Jack
Scaff, and others were convinced to join this group and something really innovative
was about to begin. This effort was delayed by a significant obstacle, World War 11
since during the war research was only focused on army applications such as radars.

In 1947, important inventions at Bell Labs changed the future of microelectron-
ics. First of all the point contact transistor was discovered by Bardeen and Brat-
tain [9] while Shockley published the theory of bipolar junction transistor [10]. In
1950, the well-known bipolar junction transistor was invented by Shockley [11].
This device which behaved according to Shockley’s theory, was more reliable, easier
and cheaper to construct and gave more consistent results than point-contact de-
vices. For their contribution to semiconductors and microelectronics evolution, John
Bardeen, Walter Brattain, and William Shockley were awarded with the Nobel Prize
in Physics in 1956. The same year, the first computer made of transistors called
TX-O' was created at the Massachusetts Institute of Technology. In 1962, Steven
Hofstein and Frederik Heiman invented a new family of devices called metal-oxide-
semiconductor field-effect transistors (MOSFETSs) [12]. Despite the fact that these
transistors were somewhat slower tha bipolar ones, they outbalanced in cost, size
and power dissipation. Furthermore the fact that these devices could be also used
as capacitors or resistors was of great interest. In 1965, a paper was published by
Moore which predicted that the number of devices in an integrated circuit would
double each year [13]. This prediction became the famous “Moore’s Law”. Today
the density of transistors in a chip has surpassed even the billion mark.

During the late *70s, the emergence of the power applications for the large scale
integration is a key point at the history of semiconductors and especially of power or
high-voltage devices. It was then when the idea of integration of such devices was
born and high-voltage/high power circuit parts started to be designed and developed
together with the low-voltage ones. In the beginning, different MOSFET configura-
tions were used to build high-voltage transistors. One of these attempts was the so
called U-MOS transistor where the gate contacts were put on the sides of the mesas
produced using an isotrophic etch [14, 15]. A better approach which finally led to the
first commercialized power device [16, 17, 18, 19], was to use an anisotropic etch to
produce a V-shaped groove in the silicon surface. Such devices are the known VMOS
transistors where the angle of the groove is determined by the crystal structure of the
silicon and the channel length by the relative depths of successive diffusions which
are essential for the groove to be etched into the surface. An important drawback
of this device which makes its production quite difficult, is the inability to control
critical etching sufficiently. A better approach for the power MOSFET was the ver-
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tical double-diffused MOS transistor which combines both the concept of a vertical
power structure and the one of lateral double diffusion. A slightly different architec-
ture, still based on the same physical concept is the lateral HV transistor [20]. These
transistors are the closest to the conventional LV-MOSFET. Both vertical double-
diffused and lateral HV transistors are of great importance since they are the better
candidates for high-voltage circuits design and they will be analyzed in detail in next
chapter of this Thesis.

1.3 Thesis Motivation and Structure

Flicker Noise in MOSFETSs remains a critical issue of research during last decades
for reasons described above. A lot of work is published on 1/f noise characterization
and modeling and plenty of these models concerning both physical and statistical
operation of the devices are already available in industry. Nevertheless, there is
no doubt that there is a lack of simple, physical approaches which not only would
provide a better understanding of the underlying physical principles but also would
make noise simulations more precise and faster. As far as LV-MOSFETs are con-
cerned, such a physical charge-based 1/f noise compact model was developed re-
cently [21, 22, 23, 24] based on EKV3 charge-based compact model [2, 25, 26]. At
this point it should be noted that there are cases such as HV-MOSFETs where there
are no available 1/f noise models in literature and this was one of the innovative
scopes of this Thesis. A new physical charge-based 1/f noise compact model for
HV-MOSFETs is proposed [27] based on the recently established EKV3 1/f noise
model mentioned above. One of the main aspects of this work was to investigate
and reveal, if any, additional 1/f noise sources which are not present at LV-MOS
transistors and then model them in a sufficient way.

Physics-based 1/f noise models were the main objective of this Thesis not only
as far as mean value but also as far as variability of 1/f noise is concerned. Statis-
tical models are of great importance since under specific bias and area conditions,
deviation of noise becomes more crucial than its mean value. A basic goal of our re-
search was to find a connection between bias conditions and LFN deviation, in other
words to create physics-based bias-dependent statistical compact models which will
be connected with fundamental physical effects that generate 1/f noise in MOSFETs.
This task was successfully accomplished and the result is presented in this Thesis
[28, 29, 30].

The Thesis is organized as follows:

In Chapter 2, the structure and the fundamental device physics that rules both
standard LV- and HV-MOS devices are presented. There is a strong correlation be-
tween flicker noise behavior and the basic static DC operation of such devices thus in
order to correctly develop and extract 1/f noise models, DC models should have been
extracted correctly first. The 1/f noise models presented in this Thesis are based on
charge-based modeling both for LV and HV devices. Basic operating principles of



EKV3 charge-based compact model for standard MOSFETSs are introduced while for
HV-MOSFETs a new charge-based compact model [31, 32] based on EKV3 model
has been recently established which is also presented in this chapter.

Chapter 3 gives an introduction to the the background of noise in MOSFETs.
Statistical nature of noise is briefly outlined and its basic sources in MOS transistors
such as thermal noise, 1/f noise etc are described. Afterwards, a generalized noise
modeling methodology for MOSFETSs adopted by EKV3 approach is addressed. As
expected, the chapter is mostly dedicated to 1/f noise and the main physical phe-
nomena that contribute to it which are presented with detailed description of the role
that each of them has. In parallel, a brief enumeration and explanation of exist-
ing 1/f noise modeling approaches is cited and afterwards, the recently developed
charge-based flicker noise compact model for standard CMOS transistors [24, 33] is
presented and tested based on data from both 180nm and 90 nm experimental CMOS
technology nodes. Since measurements at 180 nm node were performed in the lab,
the instrumentation and measurement set-up is also briefly described.

Chapter 4 addresses 1/f noise modeling in HV devices. Until recently, all mod-
els available for HV-MOSFETs use standard LV models as far as flicker noise is
concerned. Since the HV transistor is separated in a channel (LV) part similar to a
standard MOSFET and the drift region, there was the assumption that only the LV
part of the device contributed to flicker noise. Drift region contribution remained un-
investigated mainly because of the lack of adequate measurement set-ups available
to measure up to high-voltage values. This issue was solved in this work since a new
LFN measurement set-up was provided by AdMoS? that permitted 1/f noise mea-
surements at high-voltage values up to 200 V. The main scope of this work was to
investigate and model the contribution of drift region in 1/f noise. This goal was ac-
complished and a new complete charge-based 1/f noise compact model was recently
published for the first time [27, 34, 35].

Chapter 5 addresses the analysis of statistical behavior of LFN in MOSFETs.
Number of oxide traps decreases as device dimensions shrink and as a result Lorentzian-
like spectra prevail at small devices which increase the deviation of LFN in these
devices. This was already known and a lot of modeling work was devoted to it previ-
ously. In larger area devices though where 1/f behavior prevails over RTS, noise vari-
ability is connected to operating conditions. A new physics-based bias-dependent
statistical 1/f noise compact model is introduced and tested for first time [28, 30]
which reveals a direct bias-dependence of 1/f noise variability with fundamental
physical effects that are responsible for 1/f noise existence. Apart from the physics-
based compact model addressed in [28, 30], a simpler empirical formula which is
derived from the fact that LFN variability follows a ~g,,/Ip~ (transconductance-to-
current ratio) shape versus inversion level in the channel, was proposed in [29] and
presented in Appendix A.

Finally Chapter 6 draws a conclusion.

2 Advanced Modeling Solutions



Chapter 2

Basic MOSFET Device Physics

2.1 Low-Voltage MOSFET

2.1.1 General Considerations

Semiconductors, as their name suggests, let current flow through them better
than insulators but not as well as conductors. In modern semiconductor indus-
try, silicon is the material which is the most widely used while the metal-oxide-
semiconductor field effect transistor (MOSFET) is the fundamental component for
circuit design. In the beginning of this section, a simple preview of the MOS tran-
sistor structure is introduced. Afterwards, the basic part of the MOS transistor is
presented which is the so called MOS capacitor. This is the two terminal MOS
structure the analysis of which is shown to be very helpful to explain the working
principles of MOSFET. After that, the complete four terminal MOS structure is ad-
dressed while some fundamental MOSFET effects are described [2]. Finally the
fundamental functionalities of EKV3 charge-based model are introduced.

2.1.2 MOSFET Structure and Operation

MOSFET operation, as described by its name, is defined by the field effect.
More particularly the electric field that appears between two nodes, determines the
conductance between the other two nodes. FET devices are considered to be volt-
age controlled current sources while bipolar devices are current controlled current
sources. This basic difference is a big advantage for FET transistors since it leads to
lower power consumption circuits.

In more detail, MOSFET is a four terminal 3D device and as all semiconductors,
can be built with two complementary ways depending on the polarity of its regions:
NMOSFET and PMOSFET. In Figure 2.1, the circuits symbols of both NMOSFET
and PMOSFET are shown. The four terminals of a MOSFET are: Gate (G), Source



(S), Body or Bulk (B) and Drain (D). In reality there is an insulator interface between
the gate and the rest of the device. The developing field below the gate insulator
defines the conductance between the drain and the source nodes.

NMOSFET PMOSFET
l Drain ‘ Source
— —
Gate Body Gate Body
Source Drain
[ ] [ ]

Figure 2.1: NMOS-PMOS circuit symbols

In Figure 2.2, a cross-section of an NMOSFET device is illustrated. Body termi-
nal is considered to extend in whole substrate region which in NMOSFET is usually
a p-type semiconductor. Typical doping concentration for the substrate are 10'® to
108 ¢m—3. For the ideal connection of the substrate with the metal terminal, some
regions of more intense doping (p+) are used. In older CMOS generations the gate
material was aluminum; then many generations used implanted polysilicon gates,
while technologies roughly from 45nm generation use high-k metal gates.The gate
consists of an conductive surface which lays upon an insulator layer as mentioned
above. The most widely used insulator in this case is silicon dioxide (SiO,). For the
better operation of the device, the gate should have as low a resistance as possible
and for this reason, polysilicon gates are usually implanted together with source and
drain, which are of opposite type of channel implant. [2, 12, 36, 37, 38, 39]. Con-
sequently two parasitic pn junctions are formed between source and drain and the
substrate respectively. For the valid operation of the device, these two diodes should
be reverse biased in order to ensure electrical isolation between source, drain and the
substrate. This leads to the following equations:

Vs> Vp<—=Vs—Vp>0<= Vs >0, (HMOS)

2.1
Vp>Vp<—=Vp—Vg>0<«<=Vpg >0 .1

where Vg is the source voltage, Vp, is the drain voltage and Vp is the bulk voltage. It
is easily noticed by the Figure 2.2, that there is an explicit symmetry between source
and drain terminals. It is the biasing of the device that can break this symmetry. In
NMOSFETs, source terminal is considered to be in lower voltage than drain.

Vp>Vs<—=Vp—Vs>0<= Vps >0, (I’ZMOS) 2.2)
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Figure 2.2: Cross-section of an NMOS device

In a first level qualitative analysis of the device, it is observed that there is no
electrical connection between source and drain. The p-type semiconductor between
them, insulates these two regions. On the other hand as mentioned before, gate
voltage, depending on its intensity, may attract carriers of the same type (n in case
of NMOS) with source and drain and as a result a new layer of carriers to be created
close to the insulator which permits the electrical connection between the two edges,
source and drain. This is the so called channel of the device. With the term channel
we refer to the region below the gate even if there are no concentrated carriers there.
The channel width W and length L can vary greatly depending on circuit design
needs. In digital circuits, L is normally kept at the minimum value possible. In fact,
the actual values of W, L after fabrication can be different than the drawn values
extracted from the layout because of fabrication reasons. Thus:

Wepr =W — AW 23)
where Werr and Lgpp are the actual channel length and width respectively while W,
L are the corresponding layout or drawn values, and AW and AL are the corrections
that are essential in order to reach true dimensions. Effective length Lgrr as well as
oxide thickness Tpx play an important role in the performance of MOS circuits thus
one of the basic reasons of CMOS process evolution is the shrinking of these two
dimensions.

The case of PMOS is completely dual with NMOS, a PMOS device has exactly
the same structure but different polarities (Figure 2.3). One basic difference is that
since PMOS are built in the same substrate with NMOS in CMOS technologies, their
construction demands the creation of a large n-type area inside the p-type substrate.
This area is named n-well. Equations 2.1 are valid in PMOS by just changing the
signs while source terminal is considered to be in higher voltage than drain.

Vp < Vs <= Vp— Vs <0<= Vps <0, (pMOS) 2.4)
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Figure 2.3: Cross-section of a PMOS device

Apart from the conventional, there are different types of CMOS processes such as
STI (Shallow Trench Isolation) and SOI (Silicon on Insulator). STI is an advanced
process which has been used widely. A "trench" filled with oxide isolate devices
from one another and thus permitting the devices to be packed closer to each other
without the danger of a latch up immunity. Even better isolation is provided with
SOI processes where each device is surrounded by oxide and this results to complete
isolation from neighboring devices.

2.1.2.1 The Two Terminal MOS Structure

GATE
T

METAL

OXIDE

SEMICONDUCTOR

L

BULK

Figure 2.4: Cross-section of a MOS capacitor

In order to understand the working principles of a MOS transistor, it is useful to
first understand its basic part; the two terminal MOS structure. This structure is often
referred to as MOS capacitor and is shown in Figure 2.4 [2]. In the MOS capacitor,



the terminals source and drain are ignored and the analysis is focused on the gate and
the area below it, the channel region [39, 40].

In the following analysis (Figure 2.5), a voltage source Vgp is applied between
the gate and the bulk of the device and the way it is distributed as well as the effects
it has, are studied [2, 41, 42]. Below the oxide (y = 0), charge Qpx is noticed which
refers to trapped charges of the oxide from the substrate side which are created during
fabrication. Since Qpy is fixed it does not influence significantly the operation of the
device. On the contrary Qg at y = —Tpyx and Q¢ at y > 0 are of great importance
since they directly depend on Vg value. In case Vgp is positive enough, then such
an amount of carriers can be concentrated below the oxide that even they are inside
a p-type semiconductor, an area with higher n-type concentration can be created.

lGate

Qg
Na
o, +++++++++ b+ T
X1 =1 =1 [+] =1 [+1] _‘li_u_JQ&___oox
— | N | , A3 ] T . ST | S—
Ve i e
Qc lus
p-substrate

| y-axis

Body | \ @ \
Figure 2.5: MOS capacitor analysis

As far as voltage analysis is concerned, @5 is the voltage drop that is created
when there is contact between gate and substrate materials. It is called work function
and is related with the allowed energy bands of the materials. Its value is around —1V
for NMOS and 1V for PMOS [43, 44]. Additionaly, voltages Wpx and W¢ which are
related to the charges Q¢ and Q¢ respectively, appear. Wy is also known as surface
potential. By applying the Kirchhoff voltage law at circuit in Figure 2.5:

Vop = Pys + Yox + s (2.5)
Furthermore from charge preservation law:
Q6 +Qox +Qc =0 2.6)

where the charges are expressed per unit area. The relation between Q/G and Woy is:

Yoy = =C 2.7

where C/OX is the oxide capacitance per unit area and is defined as the ratio of oxide
permittivity and oxide thickness:

Cox = 22 238)
(0).¢
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At this point flat-band voltage Vrp can be defined. Vp is defined as the Vgp value
that should be applied so as the O = 0. In this case, from Equations 2.5, 2.6:

/

Vip = Pys — C,OX (2.9)
[(0):¢

From Equations 2.6, 2.7, 2.9, Equation 2.5 can be reformed to:

Ql
Vo = Vip+ % — C,C (2.10)
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Figure 2.6: NMOSFET operation regions

Before the delimitation of operation regions of the structure, the definition of the
n-type carriers concentration in the surface can be very useful.
Ue-2Pp

Ur

Ug-dp
Ur

Nsur face = ;i €XP( ) & Njexp( ) 2.11)
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where n; is the electron concentration in the intrinsic semicoductor or intrinsic carrier
concentration, N4 is the doping of the device, Uy is the thermal voltage and @ is the
fermi potential [2]. Definition of the Vrp (Equation 2.9) was based on the nihilism of
substrate charge Q,c- Consequently the operation of the device varies with Vgp — Vpp

variation. As mentioned above, when Vgp = Vg, then Qlc, W = 0 and this is called
Flat-Band Condition. When the Vg — Vp difference is negative then Wy is negative
and Q/C is positive (Figure 2.6b) and in this case more holes are added in the already
existing ones in the semiconductor. This region is called accumulation (Figure 2.6a).
While Vip increases, at some point it becomes greater than Vg and thus Vg — Vpp as
well as Wy become positive while Q’C becomes negative (Figure 2.6b). This region is
named depletion and n-type carriers start to be gathered in the surface (Figure 2.6a).
But this concentration is still much smaller than p-type carriers of the substrate (N4)
and also smaller than intrinsic carrier concentration n;. By increasing Vg more, at
the point where the concentration of n-type carriers become larger than n;, the device
starts to operate in the so-called inversion region. At this point Wg = & (Figure 2.6).

Inversion region is divided into three subcategories depending on the level of
inversion in the channel. Weak inversion is defined the region where n-type concen-
tration is bigger than n; but smaller than N4. Next region is called moderate inversion
and starts when Wg becomes two times the . Both in moderate and in strong in-
version which follows, n-type concentration is bigger than N4. The limit of these
two regions is not so clear but generally speaking the width of moderate inversion
as far as Wy is concerned, is some Uy [2, 25]. It is crucial here to define inversion
Coefficient (IC), which is a numerical measure of MOS inversion level where unity
corresponds to the center of moderate inversion [26].

Ip
IC = (2.12)
Io(7)
where Iy is the technology current:
I = 2nuChy U? (2.13)

where n is the weak inversion slope factor and u is the carrier mobility. Values of
IC less than 0.1 correspond to weak inversion, values between 0.1 and 10 to mod-
erate inversion and values above 10 to strong inversion. In older CMOS processes
moderate inversion was much less important since power supply voltages were quite
high. But nowadays, power supply becomes less and less and as a result moderate
and even weak inversion can become very important since circuits often have their
optimal operation conditions in these regions.

2.1.2.2 The Four Terminal MOS Structure

With the introduction of the other two terminals, source and drain, the four ter-
minal device or complete MOS transistor (NMOSFET in this analysis) is formed

12



(Figure 2.7). In this structure, the x-axis is introduced with direction from source to
drain. With the source and drain terminals connected to some bias supply, the elec-
tric contact through the channel is possible. By introducing the two terminals at the
edges of the channel and by applying different voltages in each of these terminals,
the uniformity along the channel is broken. The concept of Vcy is addressed where
Ven(0) = Vg and Vey (Lerpr) = Vpg. In each point of the x-axis in the channel a
different inversion level can be assumed which can be defined as:

O+ Veg<¥s<2®p+Vey <— weak inversion (2.14)
2®p + Vey<Ws «— moderate inversion or strong inversion '

The inversion level at source is the one to determine the inversion level in the whole
device.
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Figure 2.7: Complete four terminal NMOSFET

As mentioned above (Section 2.1.2.1) gate voltage is responsible for the creation
of the channel below the oxide. It is also responsible for the determination of the
level of the inversion, if it is weak, moderate or strong. In case, Vgp is low enough
that the device is not inverted, then terminals source and drain are not significant in
the operation of the device since they are electrically isolated from the rest semi-
conductor. Only in inversion region, channel can be created and current can flow
through it.

The source and drain form two pn junctions with the body which are reverse-
biased. In a pn junction the resulting depletion region extends to both the n and p
sides [2]. In the NMOS transistor, the drain potential is more positive than the source
potential (Equation 2.2). Consequently, the reverse bias np junction across the drain-
body is larger, and the depletion region for that junction is deeper. As a result, there
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are larger numbers of negatively charged acceptor atoms around the drain than there
are near the source which means that fewer electrons are needed near the drain to
balance the positive charges on the gate. It is for this reason that the larger electron
concentration is found near the source which become larger with the increase of gate
potential leading to higher inversion level for the device.

Vo=Vos sur VEL

o/ Pinchoff
VD>VDS,SAT

Figure 2.8: NMOS in saturation region

The potential difference Vpg is positive and appears accross the inversion layer. It
causes electron movement; electrons enter from the source, flow through the channel
and are drained by the drain and thus a positive current Ip is formed from the drain to
the source. Supposing that Vpg starts from zero value and is gradually increased then
drain current will also increase. For small values of drain potential, its effect on drain
current is large but for quite high drain potential values above the so-called saturation
value Vps sq, the current gets saturated and remains constant. This happens because
above this saturation value, the drain voltage is such high that can drain all electrons
that can be supplied by the channel and the channel gets pinced-off while drain gets
depleted (Figure 2.8). These two regions below and above the Vpg s; value can be
distinguished as linear and saturation regions. Vpg s4 value depends on gate potential
and it increases as gate potential increases.

In Figure 2.9, the fundamental drain current characteristics of both long (W /L =
10 wm/10 pm) and short (W /L = 10 um/0.18 wm) NMOS transistors from an ex-
perimental 180 nm CMOS process are shown. As mentioned above, drain current
depends on gate potential since the inversion level is defined by Vi, and on drain
potential since the linear or saturation operation is determined by Vpg. The plot of
Ip versus Vi is named transfer characteristic and it can be shown in a logarithmic
or linear Ip axis depending on the level of inversion as in Figures 2.9a, 2.9b. In
weak inversion, for lower V; values where Ip’s behavior is exponential, it is shown
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in logarithmic axis (right subplot) while in strong inversion, for higher Vi values
the behavior of Ip is shown in linear axis (left subplot). Different lines represent
differrent Vp values. Figures 2.9¢, 2.9d are the so-called output characteristic and
show the plot of Ip versus Vp. Different lines represent different Vi values. It can
be noticed that for each Vi value there is a unique Vp value above which the drain
current is saturated. The higher the Vi value the higher the Vp s, gets. Finally in
Figure 2.9, both measurements (markers) and EKV3 model (line) are shown and the
model seem to perfectly fit the experimental data.
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Figure 2.9: Transfer and output characteristics of NMOS

2.1.3 Basic MOSFET Effects

The fundamental effects that take place during the operation of a MOS transistor
are listed and briefly explained in this section. Some of these effects known as “core”
effects, exist in any MOSFET regardless its structure or geometry such as threshold
voltage, carrier mobility etc, while some others become significant and affect the
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whole structure operation under certain circuimstances such as the short channel
length in short channel effects.

Threshold Voltage

Threshold voltage is defined as the value of Vg where the inversion charge equals
to zero. In fact is the point where as Vp increases the channel starts to be created.
From [2, 39]:

Vip = Ves + %+ 7V % (2.15)

where v is the substrate coefficient and will be defined later. The difference between
threshold voltage and flat-band voltage is that Vrp is the value of gate voltage where
the whole semiconductor charge equals to zero. (Q- = 0) while Vrp is the value of

gate voltage where the invesion charge equals to zero (Q/, =0).

Substrate Effect

In Figure 2.8, body or substrate terminal is connected to the ground. Assuming that
a voltage source is inserted in such a way that the body potential becomes smaller
than the source potential, this will cause the population of electrons in the channel
to decrease and as a result drain current will also decrease. This phenomenon is
referred to as body or substrate effect. In an NMOS transistor, Vsg must be positive
for body effect to be activated. This means either Vp to be negative in case Vy is zero
or Vs to be positive in case Vp is zero (Figures 2.9a, 2.9b). To make things clearer, the
body is a conductive structure, separated from the channel by an “insulating “ region
(depletion) in a similar way as the oxide separates the gate and the channel. So,
the body behaves as a back gate which means that by applying a negative potential
population of electrons will be reduced just as if the gate potential would be negative.
Substrate coefficient 7 is defined as:

y= \ 2‘]/831NA (216)

Cox

where ¢ is the electron charge and &j; is the silicon permittivity.

Slope Factor

The subthreshold or weak inversion slope of drain current versus gate voltage (Fig-

ures 2.9a, 2.9b) is named slope factor. Slope factor is defined as the first derivative

of threshold voltage versus surface potential [2, 39]:

BVrp Y

n= =1+

AN VAR

Slope factor value is always above unity and can go up to 1.5 depending on the
process.

2.17)
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Pinchoff Voltage

In Figure 2.8, when Vpg 2 Vps sq the drain part is depleted and the device enters
saturation region. Under these conditions, the channel is considered to be “pinched-
off”. Pinchoff terminology comes from the old days when only strong inversion
was known and in other cases the inversion layer was assumed to be pinched off
which means that the charge was assumed to decrease to zero. In order to define
the pinchoff voltage, the pinchoff surface potential should be defined firstly. From
Equation 2.15:

Vo =Vrp+ ¥+ 7V PP (2.18)

where Wp is the surface potential of zero charge or pinchoff surface potential. Pin-
choff voltage Vp can be defined as:

Vp=Up—28p=Up-T, (2.19)

and is considered to be the channel potential value which would have made inversion
charge equal to zero if strong inversion theory was valid even for very arbitrary small
Q,,. From threshold voltage definition (2.1.3), it can be assumed that Vp is the channel
potential value where applied gate potential is equal to threshold voltage. Based on
this, a simple approximation of Vp could also be [2]:

_ Vo —Vru

Vp (2.20)

n

Carrier Mobility

In a silicon semiconductor without any dopants under thermal equilibrium and no
applied electric field, the mobility equals to:

-2 9
T
L ~0.143 () m

300K) Vs
7O\ 2 (2.21)
m
~0.046 ( —— m
Hi (3001() Vs

where (L, is the electron mobility and L, is the hole mobility [45, 46]. T is the kelvin
temperature. Real mobility in MOSFET devices is smaller than the values above
(Equation 2.21) because of the non uniform inversion charge and the vertical field
created by gate potential. Various scattering mechanisms limit the carrier mobility.
These mechanisms are:

e Surface scattering [47, 48]
e Coulomb scattering [49]

e Phonon Scattering [50]
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Each one of the above mechanisms will give a mobility coefficient such as i, U,
and u,;, respectively. The active mobility can be calculated from the empirical rule
of Mathiessen [51, 52, 53]:

1 1 1 1

=—+—+—
Hefr s He Hphn

(2.22)

From now on, in any equation that carrier mobility is needed such as in drain current
or even in noise equations, U.rs will be used after it is modeled correctly.

Quantum Mechanic Effects

As long as the gate oxide thickness shrinks with CMOS technology evolution, quan-
tum mechanic effects can not be considered negligible any longer. They affect sig-
nificantly the transistor’s operation. The thinner oxide leads to higher electric field
in the channel since potentials do not decrease propotionally with Tpx [42, 54]. An
important effect on transistor’s operation is that quantum mecahnic effects’ activa-
tion influence the oxide capacitance per unit area ClOX. Furthermore they affect the
value of W( which is defined as the double of fermi potential .

Short Channel Effects

The analysis of the effects until now was based on the assumption that device’s chan-
nel length is quite long so that the effects that take place in the edges of the channel
are insignificant. But as it has been mentioned, short channel devices are really im-
portant and it is those which are used mainly in circuit design. Consequently the
studying of short channel effects is essential. Some of the most important of them
which are going to be presented are:

e Velocity saturation
e Channel length modulation
e Drain induced barrier lowering

e Series resistance

Velocity Saturation-Channel Length Modulation Up to now, the dependence of
carrier mobility on the vertical field was studied while the dependence on horizontal
field was ignored. In the horizontal axis, the field depends proportionally on Vpg po-
tential while it inreases as the channel length decreases and the carrier velocity will
be proportional to this horizontal field at any channel point. On the other hand, there
is a maximum value of the carrier velocity, consequently the linear relationship be-
tween horizontal field and carrier velocity is valid only for low fields while for higher
fields this velocity is saturated. This effect is called velocity saturation [55, 56]. At
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presence of velocity saturation, channel can be divided into two parts: the first which
is bigger at the source side is the one where the velocity is not saturated yet and the
second at the drain side will be crossed by carriers with saturated velocity which
can not accelerate more. In other words, only the first part operates like a MOSFET
while the current which is created in the first part just flow through the second. As
mentioned before, the channel can be divided in a non-velocity saturated part at the
source side and a saturated part towards the drain side. All the effects and equations
presented so far are valid in the non-velocity saturated part. The channel length of the
velocity-saturated part should be calculated and subtracted from the effective chan-
nel length: L' = Lgpp — ALcpy [57]. This is the channel length modulation effect.
Through this active channel, the horizontal field affects the carrier mobility similarly
with the vertical field so a new term of mobility is taken into account at Equation
2.22.

Drain Induced Barrier Lowering The potential values at source and drain can
affect the surface potential along the channel. Since in NMOS, the drain voltage is
higher than source voltage, this effect depends on drain voltage mainly especially in
saturation region. This effect is called Drain induced barrier lowering or DIBL effect.
Because of this, a significant dependence of threshold voltage on drain voltage is
noticed, in fact threshold voltage decreases as drain voltage increases [58].

Series Resistance There is a small resistance which appears inside the active area
of source and drain areas. This resistance is insignificant in long transistors but this
is not valid in short ones since there a significant voltage drop is developed which
can not be ignored in the calculation of drain current. These series resistances are
proportional to half of the lenght of active source and drain areas. This length is
symbolized as Hpyr.

2.1.4 EKV3 Charge-Based Model
2.1.4.1 Introduction

Main scope of MOSFET modeling remains the complete and correct description
of the device behavior. Models are used inside a simulator and a good model ensures
that a circuit design will meet the specifications defined initialy. Basic criteria of a
good MOSFET model are both the accuracy of the prediction of device operation as
well as the speed of simulation since circuit complexity becomes higher and higher.
But what is a model? It is a set of physical equations written in a programming
language such as Verilog-A, which describes the operation of the device. Compact
models are usually either empirical, or physics-based. The physical approach is by
any means better since it uses less parameters and also is easily adjusted to different
CMOS processes. For these reasons, physics-based models are now exclusively used
and the demand from the circuit design community for highly consistent and fully
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featured such models, has increased tremendously. In the present Thesis, the charge-
based modeling approach introduced by EKV model is used in LFN modeling both
for LV and HV devices. The EKV model [2, 22, 25, 42, 59, 60, 61, 62, 63, 64,
65, 66] is considered to be the first continuous model from weak to strong inversion
something really innovative since in modern sub-micron CMOS processes, moderate
and weak inversion are of great importance from a design point of view.

The EKV model allows physically consistent and accurate modeling of charges
and current without introducing artificial parameters additional to physical parame-
ters. One of the most important characteristics of the model, was the replacement of
the current and transconductance interpolation functions between weak and strong
inversion firstly proposed in [25], by a more physical one, derived from the lineariza-
tion of inversion charge versus surface potential [65]. The EKV model is continually
being developed to include all the effects that might affect MOSFET operation such
as:

e Nonuniform doping [67]

e Non-quasi-static model [68, 69]

e Polysilicon depletion and quantum effects [70, 71]

e Charge/transcapacitances modeling [72, 73]

e Mobility modeling [74]

e Series resistance, overlap capacitance [75, 76]

e High frequency and thermal noise modeling [69, 77, 78, 79, 80, 81, 82]
e Flicker noise modelingl [24, 33]

e Transconductance analysis [26, §3]

e Parameter extraction [67, 84, 85]

The latest version of EKV MOST model is the EKV3.0 full-featured compact model
which has already been released and included in some of the most known simulators
such as spectre [39, 73, 86, 87, 88].

2.1.4.2 Charge Model

As it has been introduced before, inversion is the most important operation
regime of a MOSFET since only there channel is activated and current flows along
it. In this region, the charge in the semiconductor (Q/C) is the sum of immobile bulk
(Q;B) and mobile inversion (Q/,) charge. Inversion charge is accumulated just beneath

10ur work
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the oxide while the bulk charge is located in the depletion area of a specific depth.
Under charge sheet approximation, Qp is given by:

Yy
O = ~YCoxVUr\/ ;- (2.23)
Inversion charge is then expressed as:
0; = 0~ Oy = ~Cox- (Vo — Ven — Us — 7/ s) (2.24)
35
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Figure 2.10: Normalized inversion charge vs. surface potential for different gate
voltage values

One of the most important considerations in charge-based model, is the lineariza-
tion between the inversion charge and surface potential as it seems in Figure 2.10,
something that is not taken into account in Equation 2.24. For the purposes of this
linearization [65], the pinch off surface potential Wp is defined as the surface poten-
tial where the inversion charge equals to zero [25, 42, 65, 70] (Section 2.1.3). From
Equation 2.24 if Q,, = 0 then:

Vo—Vep 1 1
Up = Vg-Vig-1* ( % +g- 2) (2.25)

The extraction of a simple linear equation between inversion charge and surface
potential is now possible.
Q1 = nCox (¥s —¥p) (2.26)

where n is the slope factor defined in Equation 2.17. Another important considera-
tion in EKV charge model is the normalization of all quantities such as charges, cur-
rent, potentials etc. Normalized current or inversion coefficient calculation through
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specific current Ispgc has already been introduced (Equations 2.12, 2.13). All poten-
tials are normalized with thermal voltage Ur while charges are normalized with the
quantity

Osppc = —2nUrCpx (2.27)

After taking into account all these considerations, the applying of Poisson equation
at the channel leads to the basic charge-voltage relationship of the MOSFET which
is:

2q,‘ + lnq,- = Up —UCcH (228)

where ¢; is the normalized inversion charge and u,, us, the normalized pinch-off
and channel potential respectively. In weak inversion, it holds that g; << 1 and the
mobile inverted charge can be approximated by:

qi = exp(up —ucy) (2.29)
while in strong inversion ¢; >> 1 and thus:

%:@%EE (2.30)

2.1.4.3 Current-Transconductances Model

The current transport equation in MOSFETS is written:

YWy 4Y]
Ip= —0—2
b ”W< o Ox +Ur Ox

2.31)

Using the charge linearization approximation by differentiating Equation 2.26, we
can get:
YWy 190
Ox ~n ox
which allows us to integrate the channel current from source to drain in terms of
source and drain normalized inversion charges g, and g, [42, 65]. Thus:

(2.32)

w
Ip = 2nU7uCox - (4} + 4 — 43— 4d] (233)

In Equation 2.33 the quantity 2nU% ,uC’OX% is the specific current Ispgc which is
the denominator of Equation 2.12. The quantity g2 + g5 — qfl — gy 1s the normalized
current i or the inversion coefficient /C defined in Equation 2.12. The above drain
current can be expressed in symmetric forward and reverse normalized currents iy
and i, [25] (Figure 2.11) as:

)/ iF=q;
i= -2 =[if—i] 7_%+% (2.34)
lr—qa'""_CId
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For short channel devices where velocity saturation effect is activated, the equation
of normalized current transforms to [22, 23]:

Pt e—F—aqa

igje = 2.35
di 15 e (45 —a0) (2.35)

where :
2Ur

" Ecrir (Lerr — ALciu)
In case of a long channel device where VS is not active, 4. becomes very low and as
a result Equation 2.35 becomes equal to Equation 2.34.

(2.36)
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Figure 2.11: Forward and reverse drain current components

Source, gate and drain transconductances (g5, &m, &ma) respectively, can be
defined as:

gms:_gig;agm:_gi‘zvgmd:_% (2.37)
Transconductances can be directly related to normalized inversion charges as [42]:
8ms(d) = OSPECYs(a) (2.38)
where P
Gspec = —oo< (2.39)
Ur

is the specific transconductance and

8ms — 8md _ GSPEC (

s —4qa) (2.40)
n n

8m =

There is a very important relationship that can be extracted by the above equations,
among transconductance and normalized current. This is the transconductance-to-
current ratio [63].

_ 8msUr _ 1

G(IC) = = 241
ue) Ip 0.5++0.25+i (241)
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In Figure 2.12, normalized transconductance-to-current ratio of different area MOS-
FETs from an experimental 180 nm CMOS process is shown versus normalized with
area drain current - I, /(W /L) - in saturation region. In Figure 2.12a, I, axis is linear
while in Figure 2.12b is logarithmic where the steeper behavior of the short channel
device due to VS effect is clear. It is interesting to note that g,,Ur /Ip is independent
of any process parameters and thus it is very important from design point of view.
Both measurements (markers) and EKV3 model (line) are shown and the fit is really
good.
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Figure 2.12: Normalized transconductance versus inversion coefficient
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2.2 High-Voltage MOSFET

2.2.1 General Considerations

The integration of high-voltage (HV) MOS devices with the low power mod-
ules in MOS technology lead to a dramatical increase of interest in these devices
[89, 90, 91, 92, 93]. Nowadays, HV-MOS devices are used in a wide range of power
applications such as switch-mode power supplies, motor drivers and power ampli-
fiers. In this section the basic architectures of HV-MOSFET and their fundemental
operating principles as well as their most important special effects will be introduced.
Finally the charge-based modeling in HV devices will be presented and explained.

2.2.2 High-Voltage MOSFET Architectures

Three different types of HV-MOSFETsS are, nowadays, used with CMOS tech-
nology which are the following:

e Drain Extended MOSFET (DEMOS) [92, 93, 94, 95]
e Lateral double-diffused MOSFET (LDMOS) [96, 97, 98]
e Vertical double-diffused MOSFET(VDMOS) [99, 100]

2.2.2.1 Drain-Extended MOSFET (DEMOS)

Gate

Source l insulator Drain
p*(poly) / |

n+
n-well

AL ek T ..-.!.‘1‘.3"' ot
p-substrate

Figure 2.13: Schematic of the DEMOS device

Although modern VLSI circuits are operating under voltage conditions of 1.8V
and below, circuits requirements often call for design and interface with other cir-
cuits operating at 3.3/5V or even higher. Such circuits can be input/output interface
circuits with various off-chip system components like power management switches
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that regulate power from battery or system supplies, analog input circuits condition-
ing transducer signals, or output analog drive functions for speakers or other actu-
ators. System design demands all of these functions in one monolithic chip so as
to reduce system size and increase reliability. The solution to these is to use drain
extended (DEMOS) transistors [94, 95] that can operate at high voltages without
significant loss of performance and without added process complexity. Furthermore,
the use of DEMOS instead of e.g. cascaded circuits or other circuits methods offers
significant die size area and less power consumption. The LDD extension used in
DEMOS increases the drain breakdown voltage by reducing the electric field under
the gate at the drain end of the device. On the other hand, the difficulty here has to
do with achieving the goal with a higher than the very thin 4 nm oxides can normally
withstand, without the luxury of a LOCOS oxide used in conventional DE style de-
vices for the poly to terminate on. Figure 2.13 shows the schematic representation
of n-type DEMOS device. These devices are generally used for 5V operation range
especially as in input/output interfaces [101].

2.2.2.2 Lateral double-Diffused MOSFET (LDMOS)

Gate

Source

Figure 2.14: Schematic of LDMOS device

In Figure 2.14, the Lateral double-Diffused MOSFET (LDMOS) is introduced.
The LDMOS device architecture, which actually originated from DEMOS/LDD-
MOS, has much higher breakdown voltage than DEMOS architectures. This kind of
devices are useful in high-voltage switching due to their switching speed and rela-
tive simplicity in processing [102]. There are many variations of LDMOS devices
[96, 97, 98, 103]. The device shown in Figure 2.14 is a reduced surface (RESURF)
field LDMOS device and is used for 20 — 100V applications such as switch-mode
power supplies and power amplifiers. The channel in the device is created using dou-
ble diffused process and thus it has non-uniform doping. The effective gate length
is shorter than the physical length of the gate electrode. The maximum drain-source
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voltage is determined by the breakdown voltage of the pn junction, which is limited
by the n-layer doping, thickness and field at the junction edge [101]. The elctric field
in the LDMOS near the silicon surface is considerably lower in comparison with
conventional MOS or DEMOS. However, the maximum field still remains on the
surface and avalanche breakdown may occur here [104]. This field can be remark-
ably reduced by the use of thick oxide or field plate (bird’s beak shaped LOCOS
field oxide - FOX) and this is known as Kirk effect. To reduce the on-resistance
in LDMOS, the length of the field plate should be as small as possible. The effect
of field plate on LDMOS characteristics has been studied thoroughly in literature
[105, 106]. The on-resistance can also be decreased by using the ion-implantation
in the drift region [107]. The field plate also shields the gate from the drain voltage,
thus minimizing the drain to gate capacitance, which improves the RF signal gain.
The pn junction and the field plate form a fairly uniform field between the gate and
the drain resulting in better breakdown voltage.

2.2.2.3 Vertical double-Diffused MOSFET (VDMOS)

Gate

Source l Source
_T_ p* (poly)

n* n*
p-body n-well p-body

Drain

Drain

Figure 2.15: Schematic of VDMOS device

A means to reduce the continually increasing chip size is brought by the VD-
MOS transistor [108]. Figure 2.15 shows the schematic representation of n-type
VDMOS device [99, 100]. Since in these devices, the drain is at the back surface,
a variety of junction edge termination schemes can be utilized at the perimeter of
the die. However, the channel itself remains on the top surface and thus the current
flows laterally through the channel and vertically through the lightly doped drift re-
gion. The channel in the device is created using double diffused process and thus
it has lateral non-uniform doping. The VDMOS device sacrifies speed for lower
on-resistance and denser high-voltage layout due to large gate-drift overlap.

2.2.3 HV-MOSFET Operation

The following analysis will focus on the operation of LDMOS device (Figure
2.14) which is the one used for the purposes of this Thesis. The electrical behavior of
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this device has to be understood and the first way to accomplish this is the segregation
of the device in specific parts as in Figure 2.16. The LDMOS device is distinguished
into two parts - the intrinsic MOS or Low-Voltage (LV) or channel part and the drift
region part. The intrinsic MOS is located between the source and the metallurgical
junction or the so-called K-point of the device while the drift region extends from
the K-point to the drain of the device. L is the length of LV channel part while Loy p
is the gate overlapped length in drift region. Particularly, Loyp is a part of channel
that is extended in the drift region part and it plays a significant role in LFN as will
be explained later in this Thesis. The seperation described above is not real, it just
used for a better understanding of the operation of the transistor [109].

The K point is of great interest from characterization and modeling point of view
both for DC and LFN analysis, the potential at this point is defined as Vg. It was
recently proved that the LV part of HV-MOSFET behaves like a low-voltage MOS
device [110] where the K point becomes the intrinsic drain of the intrinsic MOS
transistor. Potentials at K point and gate determine the operating conditions of the
“inner” MOS device. It has been shown that Vx remains low no matter how much
Vi and Vp are increased (Figure 2.17).
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Figure 2.16: Detailed representation of LDMOS device

From Figure 2.17a, it can be shown that the value of Vg remains low even when
Vp gets very high. This makes sense since the drift part of the device is designed to
sustain the high voltages applied on the drain and thus the voltage drop on the intrin-
sic MOS is normally limited. From Figure 2.17b, it can be assumed that for constant
Vb, Vk potential increases with V initially but after reaching a peak it decreases. In
more detail, when drain potential is low the current through the device is also low
and in this case HV transistor behaves as an LV transistor since drift region is not
still activated. Thus, the electron charge is accumulated at the surface of the oxide
as the gate voltage increases. Since K point is a surface point, its potential increases
with Vi (Section 2.1.2.1). When V) also increases, a depleted area is created in the
drift part. The major part of drain voltage drops on this depleted area, so for constant
Vb, Vk increases with the increase of V. But, and here is the contribution of drift
part, in the same time the increase of gate potential creates an accumulation area at
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the surface of the thin oxide at the drain size. When this accumulation charge is high
enough to counterbalance the depleted part of the drift zone and to create a conduc-
tive channel, Vi reaches its maximum value. Once this channel is formed in the drift
region, the potential lines redistribute all over the length of the current path from
source to drain and as a result this redistribution at constant drain potential leads to
the decrease of Vi [109]. The simulations in Figure 2.17, were performed with the
recently established charge-based HV model [31, 32].
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Figure 2.17: K point potential behavior

2.2.4 Basic High-Voltage MOSFET Effects

High-voltage devices show some special effects due to high electric field inside
the device such as self-heating, quasi-saturation and impact ionization effects. In
fact, some of these effects (self-heating and impact ionization) take part also in low-
voltage MOSFETs when channel length is significantly decreased and so electric
field becomes quite high. As far as saturation is concerned it can be divided into two
parts; the one that takes place in the intrinsic MOS and is similar with the standard
MOSFET and the quasi-saturation that takes place in the drift region part. Moreover,
there is another special effect due to different device processes between HV and
standard MOSFET that has to be addressed and this is the lateral non-uniform doping
of HV devices.

Quasi-Saturation Effect

The quasi-saturation effect [111] is one of the unique effects observed in HV-MOSFETs.
In order to understand this effect, saturation mechanisms in HV-MOS should be dis-
cussed firstly[112]. Saturation in output current characteristic can occur because of
the following three mechanisms:
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1. Pinch-off in the channel: For a fixed gate voltage, if drain voltage is increased,
the channel gets depleted and current saturates. This effect is called pinch-
off and has already been introduced in standard long channel MOSFETs as
the normal saturation mechanism. In HV devices, the channel pinch-off is
generally observed at low Vg values (Figure 2.18 Vg =2.5V).

2. Velocity saturation in the channel: If the lateral electric field in the channel is
more than the limit of the so-called critical field, the velocity of the electrons
get saturated and thus there is no further increase in the current even if drain
voltage continues to increase. This velocity saturation effect is very common
phenomenon in short channel MOSFETs. In HV-MOSFETs, this effect is
usually observed for medium to high Vi values (Figure 2.18 Vg =2.75..3.5V
at Vps = 20V). In this case, the output characteristics are equally distanced
for equal increase in V.

3. Velocity saturation in the drift region or quasi-saturation: Another saturation
mechanism may take place because of the saturation in the drift region while
intrinsic MOS is still not saturated. In reality current is not saturated in this
case. If drift is velocity saturated and intrinsic MOS operates in linear region,
the increase in Vi does not increase current level significantly and gate bias
has no or little effect (Figure 2.18 Vg =3, 3.5,4V).

All or any two of the above effects may occur simultaneously and thus may not be
easily distinguished from each other.
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Figure 2.18: Output characteristic of a HV-MOSFET

Self-Heating Effect

The self-heating effect [109, 113, 114, 115, 116, 117, 118] represents the heating
of the device due to its internal power dissipation. This effect appears when high
levels of power are attained in the device which leads to an increase in the internal
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temperature of the device and has as a result the current to decrease as shown in
Figure 2.19. This decrease is caused by the decrease of mobility due to the high
temperature. Generally, this increase of temperature affects the threshold voltage
and the velocity saturation effect, apart from mobility.
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Figure 2.19: self-heating effect

Impact Ionization Effect

Impact ionization effect also takes place in standard LV-MOSFETs [2]. Longituid-
inal electric field in channel from source to drain is increasing with the increase of
Vps. Its peak value is at the drain to channel junction and depends on Vpgs and L. At
this critical value (Ecgsr) the velocity of the carriers gets saturated (Velocity Satu-
ration). In fact, the carriers continue to acquire kinetic energy but their velocity is
randomized by the excessive collisions such that their velocity along the field direc-
tion is not increased, but their kinetic energy does. Depending on the statistics of this
scattering, a small fraction of overall carriers acquires a significant amount of energy
and become the so-called hot carriers. The higher the field the higher the proportion
of hot carriers. In MOSFETs, high fields occur in saturation in the pinchoff region.
For such high fields, the cool electrons enter pinchoff region, get heated by the field
and some of them (hot carriers) acquire enough energy to create impact ionization
with silicon atoms with a result new electrons and holes to be created. The new elec-
trons join channel electrons and move towards drain (/pg) while the holes are pushed
by the depletion field to the substrate so impact ionization or substrate current (Ipp)
is created. This current is proportional to the number of electrons per unit time which
in turn is proportional to Vpg. For a given Vpg when Vg increases, Ipg increases as
well as Ipp since electrons’ flow in the channel is higher so hot carriers’ proportion is
also higher. Further increase of Vs has as a result the increase of pinchoff potential
Vp (Equation 2.20) and so, after a point when the device gets out of pinchoff region,
the fields get decreased and the Ipp becomes negligible.
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Impact ionization effect in HV devices is affected by both the channel and the
drift region. At low currents where LV part is active, the effect is activated as de-
scribed above for the standard MOSFETs. At high currents, hot carrierrs are gener-
ated near the drain end in the drift region. That is the reason that there is an increase
in Ipp at higher Vg (Figure 2.20).
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Figure 2.20: Impact ionization effect

Lateral Non-Uniform Doping Effect

As far as AC behavior of HV-MOSFETs is concerned, lateral non-uniform doping in
the channel of HV-MOSFET affects the capacitances depending on the bias regime.
According to Figure 2.21a, a conventional MOS device could be uniformly doped
or lateral non-uniformly doped (LAMOS). In uniform MOS device the doping at
source and drain size (Ns, Np) are equal while in LAMOS there is a decrease of
doping towards the drain size. The lateral doping gradient is approximated by the
complementary error function [101, 119, 120]:

Np(x) = Ns.erfclk, (£)] (2.42)

where £ = —, is the normalized position along the channel and k,, is a parameter rep-
resenting the doping gradient. Higher k, means sharp decrease in the doping level
from source to drain and vice-versa. In Figure 2.21b, a HV device is shown which
doping is also determined by the LV channel part which can again be uniform or
LAMOS as explained above. Usually and due to fabrication reasons, HV devices
have lateral non uniform doping. This technique was first used to SOI MOSFETs
since it gives some solutions to short channel effects while it improved device per-
formance by changing doping levels in different length ratios of channel region in
lateral direction.
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Figure 2.21: Lateral non-uniform doping in both LV and HV-MOSFETs

2.2.5 Charge-Based High-Voltage Model
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Figure 2.22: Schematic of HV-MOSFET compact model

The accurate compact modeling of HV-MOSFETS has always been a great chal-
lenge in the device modeling community from the onset of the development of these
devices in the early *70s. The first modeling approaches were then introduced [121].
In the following decades many attempts have been reported to model the different
architectures of HV-MOSFETSs, most of which are sub-circuits models [122, 123]
and not physical ones. Lately, enough compact models have been proposed but
they are not considered to be complete [124, 125, 126, 127]. The first attempt for
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a charge-based modeling of HV device is found in [101, 128, 129], where the in-
trinsic part modeling is based on EKV model adjusted properly so as to cover the
specific characteristics of the intrinsic MOS such as the lateral non uniform doping
[31, 101, 119, 120] while the drift region is modeled as a scalable drift resistance
[130, 131]. An important aspect of this model is the scalability as well as the correct
modeling of special effects such as quasi-saturation and self-heating. The usage of
a bias-dependent resistance to model drift region offers fast convergency but fail to
capture the physical phenomena that appear. This was addressed in [32, 132] where
a new full charge-based model for drift region of HV-MOSFETSs was proposed.
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Figure 2.23: Two dimensional approach of a HV-MOSFET
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Figure 2.24: Linearization of g; and vy

As mentioned above, a charge-based approach is applied both in the intrinsic
part and the drift region. The, in series combination of the above two charge-based
models are shown in a simplified way in Figure 2.22. As far as the LV part of
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the device, K-point is considered to be the inner drain node and the fundamental
equations of this EKV-like model are (Section 2.1.4):

2qs(k) + lnqs(k) = Up — Ug(k) (2.43)
1 ir=q;
i— KS _ [if_ir} l.f q; +gs (244)
Ispgc ir=q;+qx

The physics-based compact model proposed for drift region [32, 132], considers this
region as a simple one-dimensional problem, approach similar with charge-based
LV model. It applies the charge sheet approximation and proves a linear relation
between the charge in drift region and surface potential. The whole approach of the
analysis is presented in Figure 2.23, where the x-axis is the inner LV-MOSFET and
the y-axis represents the drift region. Npg, Lpk, Zpk are the doping, the length of
depletion area and the thickness of drift region respectively. Width W is considered
to be common in both parts.

Normalizations of potentials and charges in drift region are defined with the same
concept as in EKV model. As it can be observed in Figure 2.24, there is a linear
dependence of normalized drift region charge under the K point, g; and the surface
potential y; at the same point:

qk = m(Wk — Wpi) (2.45)

where as in Equation 2.26, y, W, are the surface potential and pinchoff surface
potential at K-point respectively and ny is defined as the slope factor in the same
point. If Poisson equation is applied in the drift region (y-axis) and due to charge
conservation , the basic charge-voltage relationship that results is:

2% Ty (2.46)

an an

which is quite similar with Equation 2.28. In Figures 2.25, 2.26, the IV part of the
complete charge-based HV-MOSFET model [31, 32] seems to predict very well the
DC behavior of both long and short 50V transistors from a 0.35 um HV-CMOS
process for all regions of operation.
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Figure 2.25: Transfer a) and output characteristics (b) are shown for long 50V tran-
sistors. Ip vs. Vg is shown in linear and logarithmic scale. Measurement (markers),
model (lines).
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Figure 2.26: Transfer (a) and output characteristics (b) are shown for short 50V tran-
sistors. Ip vs. Vi is shown in linear and logarithmic scale. Measurement (markers),
model (lines).
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Chapter 3

Low-Frequency Noise in
MOSFETSs

3.1 Introduction

Noise is considered a random process and in MOSFETs is associated with cur-
rent or voltage fluctuations. As mentioned earlier, these fluctuations reduce the sig-
nal information, thus are considered undesirable. Due to this random nature, noise is
classified as a stochastic signal which is characterized by its average power while the
signal to noise ratio (SNR) is considered very important in electronic circuits. This
significance of noise, makes the study and understanding of its fundamental char-
acteristics, crucial. In the beginning of this chapter, the stochastic nature of noise
will be presented and its main characteristics will be addressed. Following that, the
noise sources in a MOSFET device will be introduced with focusing on basic prin-
ciples of LFN and how it is related to generation-recombination mechanism. The
last section of the chapter discusses 1/f noise modeling. A general methodology
for noise modeling is first discussed and then the main contributions of this kind
of noise such as carrier number fluctuations, mobility fluctuations and series resis-
tance effects are introduced while existing modeling aproaches of these effects are
presented and compared. After this, the new charge-based 1/f noise compact model
[24, 33] based on the EKV compact model [25, 42] is presented. For the purpose of
this Thesis, 1/f noise measurements were performed in our lab and the measurement
set-up is described. Finally our new model is evaluated and tested with data from
two different CMOS processes.
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3.2 Noise as a Stochastic Signal

Figure 3.1 shows the current fluctuation of a resistor. This fluctuation takes place
due to thermal effect and creates current noise in the device. Noise is a stochastic,
statistical signal which means that its value can not be predicted at any time even
if the past values are known. Because of the latter, noise in electronic devices and
circuits can only be examined through long term observation of its behavior. Such
study could lead to the construction of statistical models that can predict some im-
portant properties of noise such as its average power and its Power Spectral Density
(PSD) from the frequency point of view [38].
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Figure 3.1: Current fluctuation in a resistor
Average power of noise can be defined as:

1T,
Pay = lim — X (t)dt 3.1)

where x(t) is a stochastic signal, noise in our case and F,, is expressed in V2 rather
than W in order to simplify calculations. The actual power delivered to a load can
be easily calculated by dividing P,, with the resistance of the load. In frequency
domain, noise spectrum (PSD) is used to characterize the average power the signal
carries at each frequency. An easy way to calculate PSD as it has been mentioned
earlier, is using the Fast Fourier Transform of the stochastic signal:

e XOHP
S(f) = Jim = (3.2)

where S(f) is the PSD of noise and X (f) the FFT.

38



3.3 Noise Sources in MOSFETSs

In this section the fundamental physical noise sources in a MOS device are pre-
sented. First of all, thermal noise is introduced the spectrum of which is independent
to frequency. Shot noise at the gate of the MOSFET is also mentioned. Low Fre-
quency Noise is dominant at lower frequencies below the corner frequency which is
the frequency point where thernal noise and LFN meet, having equal PSDs (Figure
3.2). LFN consists of flicker (1/f) and, especially as device dimensions shrink, of
generation-recombination (RTS) noise.
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LFN Noise

/ Thermal Noise
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Figure 3.2: Drain current PSD in a MOSFET

3.3.1 Thermal Noise

Figure 3.1 exhibits the thermal noise in a resistor. This kind of noise, also called
Nyquist or Johnson noise, is associated with the thermal random motion of charge
carriers. MOSFETs also exhibit thermal noise due to local random fluctuations of
the carrier velocity. A lot of research has been devoted to compact modeling of
thermal noise in MOSFETs [1, 2, 133, 134, 135]. Apart from the long channel
approximation, short channel phenomena have great influence on thermal noise such
as velocity saturation (VS), channel length modulation (CLM) and carrier heating
(CH) effects. In the EKV3 model, the impact of VS and CH on thermal noise is
connected with the dimensionless critical field parameter A. (Equation 2.36) while
as far as CLM is concerned, only the active region contributes to channel thermal
noise [22, 23]. The total EKV3 approach of thermal noise is:

I
Siy = 4kT g, SLEC (3.3)
Ur
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where K is the Boltzmann’s constant, 7 is the Kelvin temperature and

2
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Channel thermal noise described above is “white” which means is independent of
frequency. But for RF operation, thermal noise in channel is capacitively coupled to
the gate of the device leading to the called Induced Gate Noise or Non-Quasi-Static
(NQS) noise. Induced gate noise is proportional to the square of frequency.

3.3.2 Shot Noise

Shot noise is another source of noise in MOSFETSs which is connected with the
gate leakage current [136]. In fact, it is associated to the direct current which flows
across a potential barrier like a pn-junction. Shot noise is caused by the random
fluctuation of the electric current due to the discrete nature of the electrons and does
not depend on frequency. Its value is proportional to gate leakage current I and is
given by:

Slé,sh = ZC]IG (35)

3.3.3 Generation-Recombination (RTS) Noise

Generation-recombination noise is caused by trapping/detrapping mechanism in
the MOSFET oxide. As it is known, drift and diffusion are the fundamental pro-
cesses for creation of current through free carriers. The generation process involves
the creation of free carriers, and the recombination process involves the trapping of
these free carriers in defects. Low frequency noise in MOSFETS is strongly corre-
lated with these carrier traps. Due to fabrication reasons, the dielectric oxide of a
MOSFET contains local imperfections giving rise to traps. Because of these traps,
a free carrier might be trapped and removed from the channel for a short time and
then emitted back . In more detail, traps with energy levels significantly lower than
quasi-Fermi level (EF) at the surface, are filled with carriers while traps with energy
level significantly above EF are considered empty. Those traps with energy level
difference of few KT above or below EF are the “crucial” traps. These have the
probability of being active by capturing free carriers and then emitting these carri-
ers back to the conduction band. The emission of the free carrier after a short time
occurs due to the thermal energy of crystal lattice. This is the trapping/detrapping
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mechanism which consists of a series of independent discrete events. Each such
trapping/detrapping event causes fluctuations in number as well as in mobility of
free carriers and as a result channel current is also fluctuated which leads to the cre-
ation of generation-recombination noise. Each single trapping/detrapping process
leads to a Lorentzian-like PSD or Random Telegraph Noise (RTS) in time domain
[1, 137, 138, 139, 140, 141, 142, 143, 144]. In Figure 3.3, a free electron being
trapped is shown.
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Figure 3.3: An electron being trapped in a MOSFET oxide

3.3.4 Flicker Noise

As it has been stated, flicker noise has a PSD inveresely proportional to fre-
quency and that is the reason it is also called 1/f noise. As it can be seen in Fig-
ure 3.2, it dominates at low frequencies below the corner frequency f.. Because
of both higher f, and dimensions shrinking in modern CMOS technologies, flicker
noise which scales inversely proportional to the gate area, becomes really significant.
Three are the basic main causes to this kind of noise; carrier number fluctuation ef-
fect which connects flicker with RTS noise, mobility fluctuation effect originating
from variations of carrier mobility and the series resistance fluctuation effect. A sig-
nificant amount of modeling approaches of 1/f noise are available in literature but
things remain quite ambiguous. Modeling of flicker noise is quite complicated as the
rest of this Thesis will prove. Nevertheless, a basic, simple equation describing 1/f
noise can be [145]:

5,k Sn (3.6)
Ip C,O xWL fAF

where g, is the device transconductance, EF is a parameter quite close to 2, AF is
a parameter determining the slope of the spectrum versus frequency and ideally is 1
but can take values from 0.8 up to 1.2 and K is a constant which depends on device
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and process. The inversely proportional behavior of flicker noise with gate area (W L)
is apparent in Equation 3.6.

3.4 Flicker Noise Modeling in MOSFETSs

3.4.1 General Considerations

As it has been stated before, drain current in a MOSFET has noise spectrum that
consists of two regions. Flicker noise is dominant below the corner frequency f. and
thermal noise prevails for higher frequencies with a white spectrum independent of
frequency. Local random fluctuations of carrier mobility y or carrier number N can
be considered the origin of low frequency noise in MOSFETSs. These fluctuations can
be caused by statistical perturbation in both ¢ and N and can be modeled by adding a
random current to the local DC current which then propagates to the terminals caus-
ing noise through these fluctuations. Any noise source can be described by a local
noise source which depends on channel position and its PSD can be calculated by
integration of the local noise source across the channel. Compact noise modeling in
MOSFETS can be considered as the sum of two parts. Microscopic part which has
to do with the definition of a local noise source in an elementary slice of the chan-
nel based on the stochastic nature of noise and the macroscopic part which involves
the calculation of the total noise in a terminal through the integration process men-
tioned above. It is important to mention here that local noise sources located in the
channel can be considered small as well as uncorrelated and as a result, the whole
noise analysis that follows can be considered linear and furthermore the principle of
superposition by adding the effects of all local noise sources can be applied under
these circumstances [22]. Local noise sources added in device channel can be either
current or voltage sources. Generally there are two ways of representing noise, drain
current noise S 12 Or output referred noise and gate voltage noise Sy or input referred
noise. Usually, output noise is measured as in this work and input noise is calculated
through the simple equation:

Sp
Sy = —2" 3.7

m

Figure 3.4 illustrates these two representations of noise. Three methods have been
poposed for compact noise modeling:

e Langevin or Klaassen-Prins [135, 146, 147, 148]
e Equivalent small-signal approach [81, 134, 149, 150]
e Impedance field method [151, 152]
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Figure 3.4: Input referred noise voltage source and equivalent output referred noise
current source

In long channel approximation, all the above three methods give the same results but
this is not the case in short channel where mobility starts to depend on electric field.
Generally speaking, this mobility degradation has to be taken into account by noise
modeling approaches. Focusing on flicker noise, a thorough analysis and comparison
of different approaches which are extracted from the above three general methods, is
carried out in the following section before the new 1/f noise model covering all the
short channel effects is presented. Carrier number fluctuation effect caused by the
fluctuations in carrier density N, mobility fluctuation effect caused by fluctuations in
carrier mobility ¢t and series resistance effect are the main contributors to 1/f noise in
a MOSFET. Initially, a general noise modeling methodology which is used in EKV3
model is proposed which can then be applied for the extraction of the new 1/f noise
model in the rest of the chapter. As stated above, before the implementation and
evaluation of the new model, different contributions of flicker noise are addressed
with the various modeling approaches that are available in bibliography so far.

3.4.2 A Generalized Noise Modeling Methodology in MOSFETSs
- EKV3 Approach

In this section, a general noise analysis will be derived which then can be applied
in 1/f noise modeling presented later in this chapter [22]. This analysis can also been
applied in thermal noise modeling which is not an objective of this Thesis. Under the
assumption that the channel is noiseless apart from an elementary slice between po-
sitions x and Ax as it is shown in Figure 3.5, the microscopic noise coming from this
slice of the channel can be modeled as a local current noise source 61, with a PSD
S5z which is connected between x and Ax in parallel with the resistance of the slice
AR (Norton equivalent). The transistor then can be split into two noiseless transis-
tors M1 and M2 on each side of the local current noise source at the source and drain
side ends with channel lengths equal to x and L — x respectively. Since the voltage
fluctuations on parallel resistance AR are small enough compared to thermal voltage
Ur, small signal analysis can be used in order to extract a noise model according to
which, M1 and M2 can be replaced by conductances G| and G equal to G| = G
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and Gy = G,0. The total channel conductance comes from the series connection of
G and G, as: G— +G .

The ﬂuctuatlon of the current due to the local current noise source at the drain
side 01,p and its corresponding PSD, S 2, are given by Equations 3.8, 3

81,p = G ARSI, (3.8)
Sz, (@,x) = GHAR* S5 (@, x) (3.9)
L Ssp2(@,x)
Sap, (@)= /0 thARz”de (3.10)

The PSD of the total noise current fluctuation at the drain side S AIzD1 due to all

different sections along the channel is obtained by summing their elementary contri-
butions S 2, assuming that the contribution of each slice at different positions along
n

the channel remains uncorrelated (Equation 3.10).
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Figure 3.5: MOSFET cross-section with a local current noise source

3.4.3 Carrier Number Fluctuation Effect
3.4.3.1 Basic Physics-Relation with RTS Noise

The carrier number fluctuation theory (AN) [153, 154, 155, 156, 157, 158] first
proposed by McWhorter [159], is strongly connected with generation-recombination
noise and is caused by the random trapping/detrapping of charge carriers into or from
traps located into the oxide interface. According to the principles of generation-
recombination mechanism presented before, each trapping/detrapping process from
a single trap leads to an RTS in time domain which results in Lorentzian-like PSD
[1, 137]. How and under what circumstances, the superposition of these spectra can

ls AR, will be replaced by S 2 in A2 /Hz in the rest of this Thesis for simplicity
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create 1/f noise will be presented below. It is important to mention here the usage
of RTS noise as a characterization tool for the quality or reliability of MOSFETs.
More particularly, important information for the oxide quality can be provided by
characterising the oxide traps through RTS noise analysis [160, 161, 162, 163, 164].
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Figure 3.6: Drain current RTS noise in time domain

The trapping/detrapping approach assumes a distribution of trapping times that
arise from the transition of electrons from the semiconductor surface to traps located
in the oxide [139]. Each trap is characterized by a relaxation time 7 determined by
the mean time needed for getting captured 7. and the mean time needed for getting
emitted 7, (Figure 3.6) and claculated as:

(3.11)

For each trap, the observed current fluctuation would resemble an RTS with two
possible states high and low where the two time constants referred above 7, and 7,
correspond to the mean high and mean low time. A Lorentzian-like PSD is shown
in Figure 3.7 and such spectra dominate in today’s very small area transistors where
the number of traps is quite low and an individual carrier trapping can be observed
[162, 165]. The main characteristics of such a PSD are the plateau A below f, and
the 1/£2 behavior above f,. The equation describing this kind of PSD is:

I (A*/Hz) (3.12)

? 2
N
(1+fc)

The fundamental principle of generation-recombination noise declares that a trap
is an energy state in band gap with an energy level between conduction and valence
level [144]. When the energy level of a trap approaches the Fermi level (EF) then
T. = T, and the activity of trap becomes maximum meaning that the probability of
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capturing or releasing an electron becomes maximum. The RTS caused by a single
trap can be created by two ways. Firstly, the captured electron takes no further part
in the conductance process thus there is a fluctuation in the number of carriers N
and secondly the electron capture will make the trap more negatively charged and
this modulates the position in the channel. The latter known as Coulomb scattering
effect causes a fluctuation in the mobility of the carriers y and is much more intense
than simple carrier number fluctuation effect [144].
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Figure 3.7: Lorentzian PSD
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Figure 3.8: Superposition of 5 Lorentzians gives 1/f

While Lorentzian-like PSDs dominate for small area devices, in larger MOS-
FETs 1/f noise behavior prevails. Since in both cases, the basic principle creating
noise is the trapping/detrapping effect, how is this 1/f shape is obtained? The answer
is that the superposition of many uniformly positioned Lorentzians, results in 1/f
spectrum as it can be observed in Figure 3.8. In order to have uniformly positioned
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Lorentzians, the distribution of their time constants should be uniform over an exten-
sive range of frequencies as well. In order to extend this to ten decades, the spread in
time constants must cover many orders of magnitude. Tunelling in a MOSFET oxide
could account for relaxation times distributed between 107> to 108 sec. McWhorter
[159] proved that a uniform spatial distribution of oxide traps near the interface will
give rise to an appropriate distribution of time constants which if they added up, they
form an 1/f noise spectrum [154, 157, 166, 167, 168, 169].

The dominant flicker noise source in MOSFETSs is the group of traps located at
very small distances from the interface (0 to 3nm) [170]. If the density of these traps
is uniform then AF = 1 which means that there is an ideal 1/f shape in the PSD, but if
the added Lorentzians do not have a constant proportion placement, AF varies with
frequency. If AF < 1 indicates that the trap density is decreasing deeper in the gate
oxide while if AF > 1 is increasing [171].

3.4.3.2 Existing Approaches

Two main approaches for modeling carrier number fluctuation effect (AN) in
MOSFETs are available in literature. The Langevin method [170, 172, 173, 174,
175] and the flat band perturbation technique (FBP) [176, 177, 178, 179, 180, 181,
182]. Both of them are derived from McWhorter theory [159] and while for linear
region operation the two methods coincide, in saturation region they give different
results. FBP technique which is widely used in research labs and industry, is derived
with taking into account approximations that are valid only in ohmic region and thus
it errors under higher drain voltage operation. The main difference of Langevin and
FBP approaches lies on the fluctuations of number of carriers and not in fluctuations
of mobility due to Coulomb scatteribng effect as it will be proved analytically be-
low. Even the Langevin method is not reliable for shorter channel lengths where
short channel effects such as velocity saturation (VS) and channel length modulation
(CLM) affect 1/f noise.

The thorough analysis is presented below starting with the generalized noise
modeling approach introduced before for EKV3 (Section 3.4.2). After reaching a
general charge-based formulation in order to be compatible with the EKV3 model,
both Langevin and FBP methods are analyzed in a charge-based formulation with
clarifying their main differences. After that, a complete approach is derived with
taking into account the influence of short channel effects such as VS and CLM on
AN effect and this is the approach which is implemented in our recently established
1/f noise compact model for standard MOSFETs [24, 33]

If we consider a slice of the channel between x and x+ Ax as in Figure 3.5, and if
anumber of carriers gets trapped at the position x, then the relative current fluctuation
is given by:

0lp(x) ON Su
Ip N + u

(3.13)
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where N(x) = —Q}(x)/q is the number of carriers per unit area with Q) the inversion
charge per unit area and g the electron charge. The first term of Equation 3.13 5N

refers to carrier fluctuation while the second term % i R shows the mobility ﬂuctuatlon
which is caused by the influence of trapping/detrapping mechanism on the scattering
mechanism. This mobility fluctuation depends on the number of trapped charges per
unit area N; according to [174, 183]:
Lo LN =" 1alg (3.14)
Ho Ho Ho
where Q) = —gN, is the trapped charge density per unit area, N, is the trap density in
cm~? and & = @ /q is the Coulomb scattering coefficient which is about 10* Vs /C
for electrons and 10° Vs/sec for holes in silicon [174, 183, 184, 185].
Accounting for Equation 3.14, Equation 3.13 can be transformed as:

8Ip(x)  1dN 1du 1 dN

_(NdN, “dNt)SN, (th Oclt)ON; (3.15)

Ip
ON, 8N, can be related if the following is taken into account. The fluctuation of
the trapped charge 60, can cause a variation in the surface potential 8%¥g which
is responsible for a change in all charges that depend directly on surface potential
such as the inversion, the depletion and the gate charge. Due to charge conservation
principle [170]:
806+ 603 +80; = -850, (3.16)
Each of these charge fluctuations of Equation 3.16 can be related to 6% according
to [170]:
80k = —Cp6¥s (3.17)
8Q; = —C;6%s
It follows that [170]:

. 8N 80, c

= — - 3.18
sy sl T ara, +a (3.18)
It can be proved [22] that C; = fQ', /Ur so Equation 3.18 can be rewritten as [174]:
/ /
R Y _ < : (3.19)

Q1= (Cox +p)Ur g1 L Ur(1+ &)
But from [22], 1 —|— is defined as the slope factor n so Equation 3.19 becomes:
Q0

RrR= ——— 3.20
0, —nCl Uy (3.20)
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From the definition of specific charge QSPEC (Equation 2.27), —nCp Ur = QSQEC so:

ON 0 qi

R= SN, ~ é, = q~+ll/2 (3.21)
t Q/[+ SI;EC L
where g; = Q,-Q’ is the normalized inversion charge. Using Equation 3.21 into Equa-
SPEC
tion 3.15: 81 ()

Ip(x 1 g ou )
== + ON, 3.22
Ip (N 4i+1/2 " Nsppc) 322

where Nsppc £ —Qspec/q = 2KTnCpy /q* and a 2 o (—Qspec) = GcNspec is
coefficient related to Coulomb scattering coefficient. Since

1 |
=% 1 _ d 9 _ _ (3.23)

q N~ O  qOspec  qiNspec

then Equation 3.22 can become:

SIn(x) ( 1 ) SN
- fop | 2 3.4
Ip gi+1/2 K Nspec (.24

The corresponding PSD of the local noise source 01, normalized to the square of the
drain current is given by:

Ssr ( 1 ) zs SN2
Lawv=|——=+au d (3.25)
3 | qi+1/2 Nipec
The PSD of the trap charge density fluctuation Sg,> depends essentially on the trap-
ping mechanism and is defined by [1, 153, 159]:

_ KT ANt

% = WA (3.26)

where f is the frequency, A is the tunneling attenuation distance (TAD = 0.1 nm)
[153, 184, 185], and

N
AKT

is the oxide volumetric trap density per unit energy in eV ~!cm =3 evaluated close to
the Fermi energy level EF. Typical values of Ny extracted from measurements are
from 10'7 to 100 eV ~1em =3 .

According to the generalized noise modeling methodology in EKV3 described
above (Section 3.4.2), the fluctuation of the drain current due to an elementary sec-

Nr = (3.27)
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tion is given by Equation 3.9:

S5z Ssp2 Ax\? Ssp2
nD AN= GzhARZ n |AN: () Tzn ‘AN:
D

Ih ¢ IF L (3.28)
2 2 S )
L qi+1/2 Nipec
where [22]:
Ax 2
G4 AR* = (L) (3.29)

Combining Equations 3.10, 3.28, 3.29, the relative PSD of the total fluctuation of the
drain current due to AN effect can be calculated as:

7

; /LA’“< )2 i (330)
— ——tau X = )
L? qi+1/2 Nipec

1 Ssnz /L ( 1 )2
— Ax| ——F=+ou | dx
L2 NZope Jo gi+1/2

From Equation 3.26 and Ngpgc calculation, Equation 3.30 becomes:

1 L SSIZ
|AN:*/ Ax—" [ay dx =
L2), I
1

e L '
—b =5 - - ta =
112) |an D\AN4/O (qi+1/2+ H) ¢
) (3.31)
Lot 2+ 1)d
S — - +ta ~ »
DAN%/% qi+1/2+ w) (2gi+1)dg;
where i
q"ANT
Splay= ———— 3.32
D law KTWLn2C2, (-3

and § = x/L,dq;/dg = —iy/ (2q; + 1) are used for changing variables in the integral,
iz is the normalized current or inversion coefficient. Equation 3.31 gives as a first
charge-based evaluation of the total drain current noise PSD normalized with squared
drain current for carrier number fluctuation effect. The presence of the integral makes
the analytical solution as well as its implementation in a compact model very tedious.
The next step would be to solve this integral and the basic difference of Langevin and
FBP methods is spotted at this point.
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FBP Approach

Inversion charge is considered to be uniform in the channel in linear region operation
where Vpg is very low. Under these circuimstances, Equation 3.31 becomes:

S,Z s — 2 o 2 o
S | e S lan l(q%) G ST
iq

—_— 3.33

Equation 3.33 is the charge-based approximation of FBP approach. In literature,
FBP approach [177, 184, 186] is usually expressed by the following equation:

Sp KT@NrA (gn)> o Ip\?
D = — L2 (em ) (4 g uC D) 334
3 law WLC2, (10) ( o, -39

For the validity of our analysis is very crucial to prove the equivalence between Equa-
tions 3.33 and 3.34. From the basic principles of the charge-based EKV3 current and
transconductance model and from Equations 2.33, 2.34, 2.39, 2.40, it can be proved

that:

gm _ Gspec 1 (g —qa

Ip  Ispecign a) = nUr ( ig )
From Equation 3.34 with considering Equation 3.35 and taking into account that
Ur =KT/q and a = o, (—Qspec) we can end up in Equation 3.33:

2
Sp KT@NrA ((gm\* n (Ip\? o
b |y KLENTA (o) (1 )00 (D) el 2 ) =
112) lan WLCOZX (ID) e~ Cox P cH oxgm

(3.35)

KT¢’Nrq® (g5 — qa)* 2
WLCR, fn2K>T2%

| azqzuzdgxnszTziﬁ N zaqubXnKTid _
42K T2Ciyq? (s — qa)’  2nKTCoyq(ds —4qa)

2
qs —4d o2 o
50 law l( ia ) +(2) THq+aa

Langevin Approach

(3.36)

While in linear region FBP approach is considered valid since g; is considered uni-
form, this is not the case in saturation and there Langevin approach gives the correct
result. Solving the integral in Equation 3.31 gives us the following expression for to-
tal drain current noise PSD normalized with squared drain current for carrier number
fluctuation effect [21, 22]:

Sp 1 1+2¢q o2 au
b5 1 s (7> —_ 3.37
3 [av=5p law [21;, ”<1+2qd>+ 2 ) " ata (3-37)
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Mobility Degradation due to VS-CLM Effect

Langevin method presented above gives correct result both for linear and saturation
regions but do not take into account the mobility degradation due to the VS and CLM
effect. A correct DC model such as EKV3 will give the correct value of mobility u
and channel length Lgrr even for short channel devices but in the above Equations
(3.33, 3.37), normalized drain current was calculated using Equation 2.34 which is
valid in long channel MOSFETs. A correct formulation would use Equation 2.35
which takes into account VS effect. So [23, 33]:

S
7 |av=Sp |an
; y Ae ; (3.38)
1 ldlc qs+0.5—7fzdlc a“ 2 au
bR In 5 (—) +—
21d01+lc(%—¢1d) Qd+0-5*7€id1c 2 14+qs+qq

where iyg = iy = ig.| A.=0- From Equation 2.35, A equals to zero when critical field
Ecgyr is very high and there Langevin method (Equation 2.37) is valid. This occurs
in longer channel devices. Expression 2.38 provides a complete and detailed descrip-
tion of carrier number fluctuation effect in MOSFETs and it is the one included and
applied in our recently established 1/f noise compact model for standard MOSFETs
[24, 33] which will be presented later on in this chapter.

Important Conclusions

From the above analysis and introduction of different charge-based approaches for
carrier number fluctuation effect for 1/f noise in MOSFETs (Equations 3.33, 3.37,
3.38), very important conclusions can be extracted. The bias independent term
Sp |awn is the same in all cases while the bias-dependent one which varies depend-
ing on the method will now on be symbolized as Kp |ay [22]. The first attempts of
modeling AN effect in MOSFETS either with Langevin or FBP method, had taken
place without taking into account mobility fluctuations due to Coulomb scattering
effect [170, 176, 177] and there the above equations are valid with product ot = 0.
Mobility fluctuation due to Coulomb scattering effect was first studied and corre-
lated with the total AN effect by [168, 173] and was then included extensively in
modeling approaches [179, 182, 184, 185, 186, 187]. As mentioned before and is
clear from the Equations 3.33, 3.37, 3.38, FBP and Langevin differences are spot-
ted in the first term of Kp |ay related with fluctuation of number of carriers in all

2
three cases (FBP: (%) , Langevin: -In ( HZ%) , Complete model including

2ig 14+2q,4
s 1 i q5+0.5—l—cid1(, .
VS-CLM effect on mobility: 55171 (‘“C_ )ln 2 << ), while the second
2igy 1HAc(95s—4a qa+0.5—F ige

and third term ((0‘7“)2 + 5 +Zf+qd) related with mobility fluctuation due to Coulomb

scattering is the same in all approaches. Kp |y shows an increase in strong inversion
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due to Coulomb scattering effect while in moderate inversion i influence is nearly
negligible [22, 184, 186].
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Figure 3.9: Kp |an vs. IC for an NMOS with W =2 um, NF = 40, L = 70 nm in a)
saturation and b) linear region. FBP stands for Equation 3.33, Langevin for 3.37 and
Complete Model for 3.38.

The behavior of Kp |y versus inversion coefficient /C is shown in Figure 3.9 for
an NMOS device from 90 nm CMOS technology node with W =2 um, NF (number
of fingers) =40 and L = 70nm at f = 10 Hz [24]. All the three approaches analysed
before are shown for both saturation (Figure 3.9a) and linear (Figure 3.9b) region.
It is clear that while FBP and Langevin method coincide for Vpg = 50 mV, FBP
underestimates 1/f noise for Vpg = 0.8V confirming basic theory [23]. Moreover the
complete model, taking into account short channel effects shows that especially in
saturation region where VS and CLM are intense, Kp |ay is significantly decreased.
Furtermore the dependence of Kp |ay on Coulomb scattering effect is also confirmed
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since it increases in higher current region when a it product is not equal to zero. It
is easily understood that the two fundamental parameters of AN effect, Nr, o, can
be easily extracted. In moderate inversion Ny can be extracted since there ol is
negligible and then in strong inversion o, can be extracted [186]. Results in Figure
3.9 were produced by implementing all three Equations 3.33, 3.37, 3.38 in Verilog-
A and making the simulations with EKV3 model after the DC model was correctly
extracted. The detailed procedure of extracting the values of the 1/f noise parameters
Nr, o for the specific 90 nm technology node will be presented later on this chapter.

3.4.4 Mobility Fluctuation Effect

The mobility fluctuation effect (Ap) was first proposed by Hooge [188] and ex-
panded for semiconductor devices and especially MOSFETs by [189, 190]. It relates
1/f noise with fluctuation of the mobility of the inverted carriers of the transistor. In
this approach, output noise is generated by the fluctuations of the carrier mobility
and the PSD of the local noise current source of an elementary section is given by
[1,22]:

Ss12 ang

BT WA -0y 7 (3.39)

where ay is the unitless Hooge parameter ranges from about 10™* to 107 . Ac-
cording to the generalized noise modeling methodology in EKV3 described above
(Section 3.4.2), the fluctuation of the drain current due to an elementary section for
Au effect is given by Equation 3.9:

Sar2 Ax\? Ssp2 Axa
nD |Au:< ) ; na (3.40)

oy Zem, . oxand
I L I | WL (—Q)) f

After following the same procedure as in AN effect case (Equation 3.31), the PSD of
the total fluctuation of the drain current due to Au effect is given by:

Sp
[TD lap=SD [an Kb |ap (3.41)
D
with s
anq
Sp A= ————— (3.42)
KTWLnCpy f
and
In (QS/‘]d):|
K, £ 3.43
D lay 1+q5+4a [ 2(qs—4qa) G4

Charge-based Equation 3.41 models the Au effect and is included in the new 1/f
noise EKV3 compact model [24, 33] after being implemented in Verilog-A. The
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term Sp |ay (Equation 3.42) is independent of operating conditions while Kp |ay
(Equation 3.43) describes the bias-dependence of mobility fluctuation effect.
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Figure 3.10: Kp |ay vs. IC for an NMOS with W =2 um, NF = 40, L = 70 nm in
both saturation and linear region. Equation 3.43.

The behavior of Kp | Aw versus inversion coefficient /C is illustrated in Figure
3.10 for an NMOS device from 90 nmm CMOS technology node with W =2 um, NF
(number of fingers) = 40 and L = 70 nm at f = 10 Hz for both linear and saturation
region [24]. It is quite obvious that Au effect is dominant in subthreshold region
while it becomes insignificant in strong inversion regime. It can easily be concluded
that ay parameter related to this effect can be extracted from weak inversion.

3.4.5 Series Resistance Effect

An additional effect can give rise to 1/f noise under specific conditions and this
is the source and drain series resistance effect [22, 191, 192]. This 1/f noise contri-
bution can be modeled by two voltage sources in series with the resistances at source
and drain, R, Rp respectively. Assuming that Rg, Rp are both equal to Ry /2, the
PSD of the drain current fluctuation due to series resistance effect is given by:

S Say G+ G
D |ar= — . (3.44)
ID ID [1 +(Gms+Gmd)Ra/2]

where § ING: is the PSD of the 1/f noise voltage sources in series with Ry, Rp men-
tioned above. Assuming that (G5 + Gyg) Ry /2 < 1, then Equation 3.44 turns to:
S

2
—12” |ar=Sag2 (Gros + Gy (3.45)
D
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where Sppe =S Av,%llz)- The charge-based formulation of Equation 3.45 is given by:

Sp

2 2,2
ITD |ar™ S Ag2Gpic (45 +45) (3.46)
D
due to Equations 2.38, 2.39 . The bias-dependent term Kp [ar= q? + qtzi of Equation
3.46 shows that the contribution of series resistance effect becomes dominant at very
strong inversion while it is insignificant in moderate and weak inversion.
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Figure 3.11: Kp |ag vs. IC for an NMOS with W =2 um, NF = 40, L = 70 nm in
both saturation and linear region. Equation 3.46.

This behavior is shown in Figure 3.11 while S 5 z2 which will be used as a model
parameter can be extracted from the high current regime after all the other parameters
related to carrier number and mobility fluctuation effects (N7, @, ag) have already
been extracted.

3.4.6 Charge-Based 1/f Noise Model - EKV Implementation

The total PSD of flicker noise results from summing the individual 1/f noise
components as described before, namely the components due to number fluctuations,
mobility fluctuations, and series resistance fluctuations (Sections 3.4.3, 3.4.4, 3.4.5),
given by the Equations 3.38, 3.41, 3.46, respectively. The final expression of flicker
noise in MOSFETs, as implemented in the EKV3 model [33], is given by:

SI% SI% SI% SI[Z,

- = +— +— 3.47

Ig Ig |AN Ig |Ay Ié ‘AR ( )
As shown in Figures 3.9, 3.10, 3.11, each of these effects is dominant under dif-
ferent operating conditions. This will be addressed later when our new model will
be validated with data from two different experimental CMOS technology nodes at
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180 and 90 nm. Carrier number fluctuation effect (AN) dominates in moderate and
early strong inversion (roughly0.03 < IC < 30), mobility fluctuation effect (Au) in
weak inversion (IC < 0.03) whereas series resistance effect (AR) in very strong in-
version (IC > 30) and is apparent mostly for short channel devices.. Further qual-
itative analysis and evaluation of the behavior of the model will take place later on
after comparing the model results with real data measured in our lab.

The physical equations of the 1/f noise model presented above have been coded
in Verilog-A and integrated in the EKV3 model code. Since 1/f noise equations are
bias-dependent, the 1/f noise model is strongly related to the IV model. Consquently,
a correct extraction of the DC parameters of EKV3 model is required before flicker
noise parameters are extracted. The EKV3 model is a complete model including all
the effects which define the behavior of a MOSFET and as a result the DC quantities
which appear in 1/f noise equations already include dependence on bias conditions
and geometry. For example, the slope factor n which appears in Sp [an, Sp |ay * bias-
independent” quantities (Equations 3.32, 3.42) is in fact slightly bias-dependent, as
well as geometry-dependent as predicted by the IV model. Consequently this will
also be reflected in the 1/f noise model. The same can be concluded for carrier
mobility i, oxide capacitance per unit area Cp,y and effective width and length of the
transistor Wgrr, Lgrr. The 1/f noise model is already included in known simulators
such as specte, spice, hpeesofsim etc.

3.4.7 1/f Noise Measurement Set-up

Before validatiion of our new model with experimental data, the 1/f noise mea-
surement set-up is briefly described. It consists off the following instruments:

e Cascade Microtech Probe Station

Standford Research SR570 Low Noise Amplifier

Agilent 35670 Dynamic Signal Analyzer

HP 4142 A Parameter Analyzer

Low-pass Filter (1 Hz)
USB to GPIB Interface

On-wafer measurements were performed using a Cascade Microtech probe station
with Microchamber, and devices were biased via low pass filter (1 Hz) from an HP
4142B Source Measurement Unit. The drain current noise is amplified with a Stand-
ford Research SR570 LNA, and analyzed with an Agilent 35670A DSA. In Figure
3.12, the 1/f noise measurement set-up is illustrated both in a diagram (Figure 3.12a)
and in full detail with photos of the instruments, the cables and the interconnections
(Figure 3.12b). The whole system was provided by AAMOS. Software used to make
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the measurements was Agilent ICCAP while a specialized user interface which per-
mits the simple performance of the measurements was also implemented by AAMOS

and provided to us.
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Figure 3.12: 1/f noise measurement set-up a) basic diagram and b) complete set-up

with all instruments and interconnections

Through this software, one can make IV measurements firstly by defining simple
transfer and output characteristic set-ups, in order to ensure the correct operation
of the device and then by choosing specific bias points which have already been
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included in IV set-ups, can make the 1/f noise measurements. An indicative example
of measured noise is presented in Figure 3.13, where the noise of an NMOS transistor
of 180 nm experimental CMOS process with W =5 um and L = 2 um is shown at
different gate voltage values at saturation region. It is important to mention here that
the whole 1/f noise analysis in this Thesis is mainly based on the bias-dependence
of flicker noise. In order to study this dependence, a normalization must be done as
far as frequency is concerned. The best approach is to see flicker noise at 1 Hz and
the way to achieve this is to multiply 1/f noise data with frequency and then average
the result in order to extract one value at 1 Hz. This procedure is followed in almost
every bias-dependent analysis of 1/f noise that takes place in the rest of this Thesis
and is shown schematically in Figure 3.14. Special attention should be paid at the
corner frequency of each spectrum. The lower the inversion level, the lower the f,
becomes as it can be seen in Figure 3.13 and thus the above normalizing method
should be applied in a range of frequencies where 1/f noise behavior exists.
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Figure 3.13: Measured noise Syp vs. frequency for an NMOS with W = 10 um,
L = 180 nm at saturation region (Vp = 1.2V) for different gate voltage values
(V6 =0.35,04,0.5,0.6,0.8,1.2,1.8V).

1.0E-21 1.0E-18
wEm | o Freg  10E20 L i Ry
~ ‘:ff“ 2. 3 x —~ Averaglngo% ﬁgsé?
< %4@&# < '
& 10E23 9%, o 1021 L, ooof
< 5 &
[ (4]
O 10E-24 L i 1.0E-22 .
1 10 100 1000 1 10 100 1000
Freq(Hz) Freq(Hz)

Figure 3.14: Procedure followed to extract average 1/f noise at 1 Hz
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3.4.8 Results-Discussion

After presenting the fundamental physics of 1/f noise in MOSFETSs and after
implementing a compact model based on this theory, our model will be now val-
idated at two experimental CMOS technology nodes; one at 180 nm measured in
our lab as mentioned before and another at 90 nm provided by the industry. Bias-
dependence and scaling of 1/f noise which is an important subject for the design of
analog/RF integrated circuits in scaled CMOS technology, is examined in this sec-
tion including experimental characterization and compact modeling for both NMOS
and PMOS devices in both nodes mentioned above [24, 33]. The 1/f noise compact
model approach is based on a charge-based formulation as presented analytically in
the previous sections, including carrier number fluctuation, mobility fluctuation and
series resistance fluctuation 1/f noise mechanisms (Equations 3.38, 3.41, 3.46, 3.47).
In 180nm CMOS process, the complete compact model is applied while in 90nm, se-
ries resistance effect is excluded while a simpler approach is used for carrier number
fluctuation effect (Equation 3.37). 1/f noise bias-dependence and scaling is covered
over a wide range of geometry and bias, from long to short channel, weak to strong
inversion and linear to saturation regimes. The carrier number fluctuation model al-
lows to well represent increased noise in strong inversion while mobility fluctuation
is found to be significant in deep weak inversion. As a result, input referred noise
(Equation 3.7), shows a minimum in moderate inversion while in 180 nm CMOS,
series resistance effect causes an additional increase of 1/f noise in very strong inver-
sion. For both technology nodes tested, the new 1/f noise compact model provides a
good qualitative fit for every bias and area conditions.

180 nm CMOS Process

Transistors of large geometry and channel length (W =5 um, L = 2 um), and of
short geometry (W = 10 um, L = 180 nm) were measured covering the range of gate
voltage, 0.4V > V| > 1.6V and drain voltage |Vp| = 50mV, 300mV, 600mV, 1.2V.
In order to obtain data sufficient to study qualitative 1/f noise behavior, the spectra
of 3 samples were measured and then multiplied by frequency and averaged in order
to see noise at 1 Hz. In Figures 3.15, 3.16, 3.17, 3.18 [33], the PSD of 1/f noise for
both NMOS and PMOS devices is represented in the form of Syp * f, Sip/ I% * f, and
finally Sy * f * W % L, all versus inversion coefficient /C. The normalized drain cur-
rent can then easily be interpreted as strong inversion (IC > 10), moderate inversion
(0.1 < IC < 10) and weak inversion (/C < 0.1). The simulated model is shown for
the two geometries, short and long transistors, both in saturation and linear modes.
As mentioned before, the representation of 1/f noise versus IC allows for an imme-
diate interpretation in terms of inversion conditions, but also eases the comparison
among different device types and sizes. Table 3.1 [33] shows the corresponding pa-
rameters extracted for either type of device. Note that a single parameter set is used
for each type of transistors for all geometries and in all bias conditions.
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Figure 3.15: PSD of 1/f noise at 1 Hz a,b) in drain current S;p * f , and c¢,d) divided
with the square of drain current Sjp /112) * f vs. inversion coefficient /C from weak
to strong inversion at linear (|Vpgs| = 50mV) and saturation (|Vps| = 1.2,0.6,0.3V)
modes. NMOS (left) and PMOS (right) transistors, with W =5 um and L =2 um
are shown for both measurement (markers) and model (lines).

The carrier number fluctuation model accounts for the increased 1/f noise for
either type of transistors, in linear and saturation modes, over most of the moderate
to lower strong inversion range. The Coulomb scattering coefficient has a great effect
on the increase of input referred noise at high levels of inversion. On the other hand,
the mobility fluctuation model is able to well represent increased 1/f noise at low
levels of inversion. Series resistance model represent the increase of 1/f noise in
strong inversion for short device.
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Figure 3.16: PSD of 1/f noise at 1 Hz in gate voltage normalized with area
Syg * f*W L vs. inversion coefficient /C from weak to strong inversion at lin-
ear (|Vps| =50mV) and saturation (|Vps| =1.2,0.6,0.3V) modes. NMOS (a) and
PMOS (b) transistors, with W = 5 um and L = 2 im are shown for both measurement

(markers) and model (lines).

In more detail, the effect of each 1/f noise contribution to the total 1/f noise is
illustrated in Figure 3.19, where normalized input noise Syg * f * W x L is shown
versus inversion coefficient IC for a short NMOS device at saturation. Generally
speaking, the overall performance of the new 1/f noise model is quite adequate and
especially in PMOS devices the results are even better and this can be attributed to
better noise immunity of PMOS due to the presence of the n-well.

’ Parameter \ Units \ NMOS \ PMOS ‘
Nr eV-lem™3 | 9.6.1010 [ 9.44.107
ac VsC T 1.1.10* | 1.0.10°
ag — 1.0.1077 | 3.0.1077

Ecrit V/m 2.5.10° | 8.0.10°
SaAr Q2Hz71 11.01077 | 1.0.10°°

Table 3.1: 1/f Noise model parameters for experimental 180 nm CMOS node
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Figure 3.18: PSD of 1/f noise at 1 Hz in gate voltage normalized with area
Syg * f*W L vs. inversion coefficient /C from weak to strong inversion at lin-
ear (|Vps| =50mV) and saturation (|Vps| =1.2,0.6,0.3V) modes. NMOS (a) and
PMOS (b) transistors, with W = 10 um and L = 0.18 pum are shown for both mea-
surement (markers) and model (lines).
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inversion coefficient IC for an NMOS transistor with W = 10 um and L = 180 nm
at saturation region Vpg = 1.2 V. Measurement (markers), full model (lines), with
different noise contributions (dashed and dotted lines) are shown.
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90 nm CMOS Process
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Figure 3.20: PSD of 1/f noise at 10 Hz in drain current S;p (a, b) and normalized
with area gate voltage Sy *W * L (c, d) vs. inversion coefficient /C from weak to
strong inversion at saturation (|Vpg| = 0.8 V') mode for both NMOS (left column) and
PMOS (right column) transistors, with W = 20x2 um and L = 70 nm. Measurement
(markers), full model (lines), with different noise contributions (dashed and dotted
lines) are shown.
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Figure 3.21: PSD of 1/f noise at 10 Hz in drain current S;p (a, b) and normalized
with area gate voltage Sy * W * L (c, d) vs. inversion coefficient /C from weak to
strong inversion at linear (|Vpgs| = 50mV) mode for both NMOS (left column) and
PMOS (right column) transistors, with W = 20x2 um and L = 70 nm. Measurement
(markers), full model (lines), with different noise contributions (dashed and dotted
lines) are shown.

A simpler version of our new 1/f noise compact model is validated with flicker noise
measurements at 90 nm CMOS. In this approach, series resistance effect is excluded
while carrier number fluctuation effect does not include mobility degradation due
to velocity saturation-channel length modulation effect (Equation 3.37 instead of
Equation 3.38). The bias-dependence of 1/f noise data from both NMOS and PMOS
multifinger devices with W = 20x2 um and L = 70nm is investigated in a wide range
of gate voltage values, 0.1V > Vg > 1.2V at both linear [Vp| = 50mV and saturation
|[Vp| = 0.8V region. The devices under test show a distinct 1/f noise behavior. In Fig-
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ures 3.20, 3.21 [24], the PSD of 1/f noise for both NMOS and PMOS devices is rep-
resented in the form of S;p and Sy *«W x L at f = 10 Hz, versus inversion coefficient
IC. The individual noise components of carrier number fluctuation (McWhorter) and
mobility fluctuations (Hooge) are shown, as well as their sum, from weak to strong
inversion both in saturation and linear modes. A simple 1/f noise model assuming a
constant input referred 1/f noise PSD is also shown for comparison (Equation 3.37
with o product equal to zero). As in 180 nm CMOS case, the carrier number fluc-
tuation model is capable of well representing the increased noise for either type of
transistors, in linear and saturation modes, over most of the moderate to strong in-
version range. On the other hand, mobility fluctuation model, similarly to 180 nm
CMOS, is able to well represent increased noise at low levels of inversion.Table 3.2
[24] shows the corresponding parameters extracted for either type of device.

| Parameter [ Units [ NMOS [ PMOS |
Nr eV Tem=3 ] 32.10" | 3.2.10™
ac VsC ! 1.0.10* | 1.0.10°
ag — 7.0.10°7 | 1.0.107°

Table 3.2: 1/f Noise model parameters for experimental 90nm CMOS node

Important Conclusions

The new charge-based 1/f noise compact model was tested at two different experi-
mental technology nodes and the results were more than satisfying and some very
important conclusions can be made [24, 33].

o Input referred 1/f noise in PMOS devices is higher than in NMOS while the
observed bias-dependent behavior follows a similar trend for either type of
device.

e In older simpler approaches of carrier number fluctuation effect [145, 170,
176, 177], Coulomb scattering was not taken into account (e = 0) and as
a result input referred noise was constant versus inversion coefficient. But it
is proven experimentally that input noise increases from moderate to strong
inversion and the complete carrier number fluctuation model allows to well
represent this increase for both NMOS and PMOS transistors. Furthermore,
in complete version of the model [33], velocity saturation is accounted for,
and the whole noise model is tightly related to the underlying charge model,
therefore accounting for other short channel effects, such as channel length
modulation.

e The mobility fluctuation is significant only in deep weak inversion and the
corresponding model allows to well represent the corresponding increase of
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noise. This is shown experimentally for the first time [24, 33]. It is important
to mention here that while both carrier number and mobility fluctuation effects
are technology-dependent, carrier number fluctuation effect appears to be al-
ways present while the appearance of mobility fluctuation effect depends on
process.

The combined number fluctuation, mobility fluctuation and series resistance
fluctuation model allows to well represent all the bias-dependence observed
over a wide range of bias conditions. As a result, input referred noise shows
a minimum in moderate inversion increasing the attractiveness of moderate
inversion design.

From moderate inversion region, Ny parameter can be extracted either from
normalized with the square of drain current S;p/ Ig output noise or from in-
put referred noise Syg. In more detail, S;p/ 112) reaches a plateau in moderate
inversion while Sy a minimum and since mobility fluctuation, Coulomb scat-
tering and series resistance effects are insignificant in this region, Ny can be
extracted. Both S;p/ 1,3 and Sy increase in weak inversion and from there ay
can be extracted, as has been shown for the first time. a¢ can be extracted from
the increase of both S;p/ 112) and Sy in strong inversion after the extraction of
Nr and ap. Finally Sag can be extracted from a short channel device in very
strong inversion. This parameter extraction procedure can be pictured in Fig-
ure 3.19. As mentioned earlier in this chapter, the complete 1/f noise model
has been implemented in the charge-based EKV3 MOS transistor model and
thus all IV quantities used in 1/f noise equations such as the inversion charges
qs, qq as well as mobility u, slope factor n etc are evaluated from the full
charge-based compact model.
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Chapter 4

Low-Frequency Noise in
HV-MOSFET:Ss

4.1 Introduction

Low frequency noise in High-Voltage MOSFETS, especially under high-voltage
conditions, remains largely uninvestigated. The device under test as far as 1/f noise
analysis in HV devices is concerned in this Thesis, is the RESURF LDMOS which
was described in detail in chapter two (Section 2.2.2.2). Until nowadays LV 1/f
noise models were used to describe 1/f noise at HV-MOSFETs since there was the
belief that LV channel part was the only contributor to 1/f noise in these devices.
Recent work has shown that this is not the case since the characteristics of 1/f noise
in LDMOS are significantly different than standard LV-MOSFETs due to additional
noise mechanisms which arise in the extended drain region and more specifically in
the extension of gate oxide in the drift region [193, 194]. Scope of our work was to
develop a new complete compact 1/f noise model for LDMOS transistors for the first
time and this task was accomplished [27].

Although the operating principles of an LDMOS device date back in previous
decades, flicker noise of this kind of transistors has been given the appropriate atten-
tion only recently due to the plenty important analog applications that LDMOS can
be used in. Such applications can be in automotive, medical and industrial electron-
ics, RF and cellular communications and other circuits with voltage requirements
in the range of 10 — 120V such as gate drives, voltage converters, LED drivers, and
high-voltage operational amplifiers. These circuits are sensitive to 1/f noise. Further-
more HV-MOS technologies that combine HV devices with base RFCMOS process
can offer higher levels of integration for system-on-chip (SOC) applications. In such
SOC applications, such as hand-held devices, where HV-MOS devices are used as
switches, flicker noise can become significant if it couples to other circuits through
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the substrate. Furthermore, 1/f noise can especially affect the performance of oscil-
lators, analog baseband, and bandgap reference circuits.

Apart from the above, flicker noise can be a nondestructive, powerful character-
ization tool for the health assessment of LDMOS transistors and serves as a figure
of merit for the device reliability. LDMOS devices have become of great interest
due to their large voltage handling capability. These devices can stand high cur-
rent densities, severe hot carrier injection, on-resistance degradation, fast interface
trap generation and trapping/detrapping mechanism leading to considerable 1/f noise
degradation. In more detail, when the carriers are lying beneath additional dielec-
tric/Si interfaces in the extended drain, drain current fluctuations through further
trapping/detrapping are increased and thus additional 1/f noise is produced .

After this introduction, the fundamental physical procedure that generates 1/f
noise in LDMOS is presented [193, 194, 195] with giving attention to the lack of
complete compact models [196, 197, 198]. After that, the 1/f noise measurement set-
up as well as the devices under test are presented thoroughly and then we focus on the
development of our complete 1/f noise compact model for LDMOSFETs [27] which
is charge-based in agreement with EKV3 formulation. The model validation for a
wide range of devices, dimensions and operating conditions follows [34] whereas,
a detailed 1/f noise parameter extraction procedure which was proposed both for
the LV channel of the device [199] as well as for the whole transistor including
drift region contribution to flicker noise [35] is presented. Finally some important
conclusions are drawn.

4.2 1/f Noise Sources in HV-MOSFETSs - Basic Physics

Despite the fact that until recently, 1/f noise models of standard LV CMOS de-
vices were used to model 1/f noise in HV devices, LDMOS do not follow such
models especially under conditions where flicker noise being contributed by drift re-
gion becomes significant. This noise source arising from drift region and especially
from the extension of gate oxide which overlaps with drift region superficially, was
recently experimentally observed [193, 194, 196]. In more detail, carrier fluctua-
tions due to trapping/detrapping mechanism in the S;/S;0; interface occur not only
in channel part as was expected but also in the overlap region in drift extension. This
is the only additional source of 1/f noise in LDMOS since bulk resistance fluctua-
tions under the field oxide (FOX) of drain region were found to be negligible [194].
Furthermore, for transistors with same channel and gate overlap length, those with
longer FOX are observed to have lower 1/f noise. This occurs because the longer
FOX provides more extent for the carriers underneath the field oxide to spread out
towards bulk and thus the high current density as well as the corresponding carrier
fluctuations are reduced [197].

While flicker noise in drift region arises from the accumulated region below the
gate-drain overlap where electrons can flow at the surface, it becomes significant
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only under low drain and higher gate voltage conditions as well as for longer channel
length devices. For lower gate voltages, drift region is not yet activated while for
short channel devices, the LV channel noise dominates. The latter can be justified
since only a fraction of electrons (or holes) travel along the gate oxide interface in
the gate-drain overlap region, whereas others take the subsurface path through the
bulk. The reduction in the number of electrons which flow across the gate oxide
interface effectively reduces the contribution of noise from this region and this is
the case for short channel transistors [195]. Under saturation, 1/f noise arising from
channel part is still dominant, with the exception that the design of drift region will
have an impact on the flicker noise in LDMOS devices, through its effect on the
quasi-saturation behavior [195]. Furthermore, self-heating effect under high drain
and gate voltage conditions which affect current-transconductance charcteristics of
the device can also affect flicker noise through them [34, 35].

The same conclusions as above can be extracted following a different approach
using DC stress measurements [193, 194, 197]. In the work from this group, the
effect of DC stress on flicker noise was examined while a model for flicker noise
in LDMOS was proposed [196, 198]. In more detail, under low gate voltage condi-
tions where LV channel noise dominates over the contribution from drift region, the
overall flicker noise of the device does not change with stress while for higher gate
voltages when drift region noise becomes significant, the overall noise is increased
with stress. This increase is obtained in the inherent noise of the extended drain,
due to degradation in the extended drain region under the gate oxide region. High-
voltage stressing causes an increase in the interface traps, thus increasing 1/f noise
due to more intense trapping/detrapping mechanism [193]. The group has demon-
strated that the relative percentage of degradation with stressing time in 1/f noise is
much higher and occurs much earlier than that for the DC parameters. From this
degradation behavior, an early lifetime prediction method for the LDMOS devices
was shown in [196] . While DC stressing took part in high-voltage values towards
the limits of the devices, 1/f noise measurements took place in linear region regime
as there the noise contribution from drift region becomes significant as mentioned
above. The model proposed from this group [196, 198] was based on carrier number
and the correlated mobility fluctuation theory as in the well known unified model
[173] but has been modified to account for the fluctuations in the extended drain and
the channel. Unlike [173], nonuniform trap distribution has been taken into account
with respect to position in the gate oxide and band-gap energy. While this work can
be described quite remarkable, the resulting model can not be considered compact
or complete as it will be shown in the following section.
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4.3 A Complete Charge-Based 1/f Noise Compact
Model for LDMOS Devices

4.3.1 General Considerations

In this section, our recently established charge-based 1/f noise model for LD-
MOS [27] is presented. As mentioned before this model is both compact and com-
plete and this is something shown for the first time. Initially the measurement pro-
cedure is described and then the model is introduced in detail. First, the equations
of the model and its validation with experimental data is presented in [27]. A more
detailed analysis emphasizing the behavior of both model and measured 1/f noise
versus drain voltage, containing a very detailed bias range, is then presented in [34].
After this, a complete 1/f noise parameter extraction procedure is established firstly
for the LV channel part when flicker noise from drift region is insignificant [199] and
then for the whole device regardless of operating conditions and device dimensions
[35]. The schematic of the LDMOS device used in this analysis is shown in Figure
2.16 .

The effect of drift region on 1/f noise remained unclear until recently due to the
difficulty of performing 1/f noise measurements under high drain voltages, on the
order of tens of volts. This was mainly due to the lack of adequate measurement
equipment, which usually restricts LF noise to be measured up to just a few volts,
usually generated from batteries. A new dedicated measurement set up provided
by AAMOS which allowed measuring 1/f noise of LDMOS devices up to 200V at
the drain, was used in this work and is presented in detail in the following section.
Flicker noise of many types of both n- and p-channel LDMOSFETSs was measured
over a very large range of gate and drain bias conditions at long as well as short
channel lengths. An important amount of measurement data on different devices and
a large range of bias conditions has been collected. For reasons of clarity, the set of
experimental data is described for each individual analysis, namely:

e 1/f noise model presentation [27]
e detailed evaluation of behavior of 1/f noise model versus drain voltage [34]

e 1/f noise parameter extraction procedure [35, 199]

4.3.2 1/f Noise Measurement Set-up at High Vpg

To palliate the absence of adequate measurement equipment, a new measure-
ment system is described in this work, which allows us to measure 1/f noise of LD-
MOSFETsS up to 100-200V, generated from low-pass-filtered source measurement
units (SMUs). This 1/f noise measurement system was designed by AdAMOS. To
measure noise in semiconductor devices, there are two choices: Either noise current
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or noise voltage may be measured. Since we are dealing with semiconductor de-
vices in which the noise produced depends on their operating point, a specified drain
current should be delivered to a MOSFET, for example.

Measuring Noise Current

S~ Vout = f (Inoise)

DUT 1 l/
| Drain Current Transimpedance Amplifier

Compensation

Measuring Noise Voltage

to SMU

N Vout = f (Vnoise)
cﬁ N~ o
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Voltage Amplifier
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Figure 4.1: a) Set-ups for noise measurements on semiconductor devices. Top: Noise
current measurement using a transimpedance amplifier and a current source. Bottom:
Noise voltage measurement with additional drain resistor and blocking capacitor. b)
Block diagram of the proposed and built noise measurement system to measure low
frequency noise of HV devices.

Figure 4.1a shows both measurement set-ups. The complete measurement set-
up, shown in Figure 4.1b, consists of an embedded low-noise amplifier (LNA) and
fourth-order low-pass RC filters, which are used to prevent the SMU noise entering
the gate or the drain of the device under test (DUT). The LNA consists of several
OP-Amps in parallel, reducing the noise voltage by the square root of the number of
OP-Amps [200, 201]. Apart from the noise of the DUT to be measured, there is a
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series of other parasitic noise sources to be considered: 1) thermal noise from Rp, 2)
amplifier voltage noise, and 3) amplifier current noise. The additional noise sources
disturbing the measurement effort are constant, depending either on resistance or on
individual noise values of the OP-Amps, as well as on temperature. The undesired
noise components can be eliminated from the measurements by implementing a cal-
ibration procedure, which identifies the actual noise of each of the amplifiers and
drain resistors. The measurement system which was built is described by the corre-
sponding block diagram shown in Figure 4.1b and measures current noise. Measure-
ment of noise at a specified voltage delivered to the drain of a MOSFET through a
large-order passive lowpass filter requires RC networks in the current path, while LC
networks are unhandy for frequencies in the subhertz range. Therefore, the voltage
set at the SMU needs to be significantly higher for acceptable drain currents than
the necessary drain voltage for a given bias point. To get reliable and repeatable
measurements, the actual drain voltage needs to be controlled at measurement time
without inserting additional noise sources.

4.3.3 Model Implementation

According to recent work [193, 194, 195, 197], some noise mechanisms are
attributed to the extension of gate oxide in the drift region, as well as to the quasi-
saturation and self-heating effect, influencing the 1/f noise of the whole HV device.
The effect of HV stress on LF noise is analyzed in [193, 194, 197] but is restricted
to noise at low drain bias only; conversely, in [195], flicker noise of lateral double-
diffused MOSFETs (LDMOSFETSs) is analyzed under high drain voltage. However,
the analysis is restricted to n-channel devices, while p-channel devices are not cov-
ered. Although fits of an LF noise compact model to data [195] have been claimed,
no such graphs were actually provided. Furthermore, a new model for 1/f noise in
LDMOSFETs is indeed proposed in [196, 198] but is limited in linear region opera-
tion and does not propose a final analytical and compact equation.

Our new compact 1/f noise model for LDMOSFETS is based on a new charge-
based compact HV-MOSFET model recently established, which describes accurately
the DC and RF behavior of the device covering both the drift region and the low-
voltage (LV) channel [31, 32, 132]. The modeling of the LV part of the HV-MOSFET
is, in many ways, similar to the EKV3 compact model. In standard bulk MOSFETsS,
the three basic contributions to flicker noise are carrier number fluctuations and mo-
bility fluctuations [159, 188]. Recently as shown in the previous chapter, a charge-
based 1/f noise model has been included in the EKV3 model and validated for 90
and 180nm bulk CMOS [22, 24, 33]. This charge-based 1/f noise model for LV
transistors is adapted and implemented in the HV-MOSFET model and extended to
cover additional effects on 1/f noise observed in HV-MOSFETs.
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4.3.3.1 Experimental Data Description
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Figure 4.2: PSD of 1/f noise drain current S;p vs. frequency for 50V long (a,b) and
short (c,d) n- and p-channel LDMOSFETs at different V; values from weak to strong
inversion. Frequency dependence is close to 1/f.

Flicker noise spectra were measured on four types of LDMOSFETS of the 0.35 um
HV-MOS technology from ams AG'. Both n- and p-channel LDMOSFETSs with
Tox = 15nm, rated at 50 and 20V, respectively—designated here with the acronyms
N50, P50, N20 (isolated device), and P20—were measured in the range of 4 Hz—100kH z.
For each device, wide-long transistors with W =40 um, L = 10 um (all types) and
wide-short transistors with W =40 um, L = 0.5 um (N50 and N20), L = 1 um (P50),
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and L = 0.6 um (P20) were measured at five Vp values (from 50mV up to 20-50V)
and seven Vg values (from weak to very strong inversion). The length of the drift
region is constant for a given type of transistor.
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Figure 4.3: Averaged PSD of 1/f noise drain current S;p vs. Vi at 1 Hz for 50V long
(a,b) and short (c,d) n- and p-channel LDMOSFETs at |Vp| = 50m, 3, 20, 35,50V .

In Figure 4.2 [27], the power spectral density S;p for N50 and P50 devices at
Vp =50V is shown. It can be observed that the noise measurements are very re-
liable even for such high drain voltage. The frequency dependence is close to 1/f
throughout the lower decades of frequency. For each transistor geometry, four dif-
ferent devices were measured, and an average value was calculated. To examine the
bias-dependence of measured flicker noise, the procedure described in Figure 3.14
is followed. Thus, Figure 4.3 [27] shows the bias-dependence versus Vi for all five
Vp values for N50 and P50 long and short devices. Noise at the drain and at the gate
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is related as shown in Equation 3.7. As it will be shown later, 1/f noise follows the
behavior of gate transconductance g,. In long devices, the noise bias-dependence
resembles that in LV-MOSFETs. However, particularly in the short N50 device, a
decrease of noise can be observed for high Vp and V; values, which comes from the
dependence of noise on g, as it will be detailed below.

4.3.3.2 Model Equations

The HV-MOSFET compact model [32, 132] provides a coherent description of
all quantities of interest such as current, transconductances, etc., as functions of nor-
malized inversion charges evaluated at source and K-point (Figure 2.16), g5, and g,
respectively. On the other hand, velocity saturation in the drift region, which is the
cause of quasi-saturation in HV-MOSFETs, is modeled by a physics-based descrip-
tion [32]. A reduction of g, due to quasi-saturation will also reduce 1/f noise in
HV-MOSFETs, which is accounted for in the compact model in a natural way. In the
following, the modeling of 1/f noise contributions is divided into two parts, the LV
channel—the main contributor—and the drift region as [27]:

SIEZ, SIEZ, Sllz) Slf)
IT = IT ‘ANLV +IT |A#LV +IT |ANDR1FT 4.1
D D D D

LV Part

In our new HV-MOSFET 1/f noise model, the LV part up to the K-point follows the
approach adopted by the EKV3 1/f noise compact model for conventional CMOS
[22, 24, 33]. Basically, the normalized inversion charge at the K-point g takes the
role of the normalized inversion charge at the drain ¢,. These charges as well as other
quantities such as mobility i and slope factor n are evaluated from the charge-based
DC compact model. The total noise PSD of drain current from source to the K-
point is given by the sum of contributions from carrier number fluctuations AN [159]
and mobility fluctuations Ay [188] in Equation 4.1. The carrier number fluctuation
contribution is caused by the trapping mechanisms into the oxide and is given by
[27]:

O = —INTA
Y kTWLR2CR,
) “4.2)
1 ldle qs+0.5— %Mlc oapN? au
2ld0 1+ A (QS_‘]k) qr+0.5— S ldlc 2 1+gs+qk

which is in full agreement with Equation 3.38 used for the 1/f noise model for LV-
MOS with just replacing g; with g;. N is the oxide volumetric trap density per
unit energy in eV~ lem™3 evaluated close to the Fermi energy level EF, k is the
Boltzmann constant, n is the slope factor, f is the frequency, A = 0.1 nm is the
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tunneling attenuation distance. In Equation 4.2, the term in brackets represents the
bias-dependent part of the noise, depending on the normalized drain current:

= BG4
¢ 1+lc(q_v_q1c)

which is equivalent with Equation 2.35 of LV-MOS with just the replacement of g,
with gx. Ac is given by Equation 2.36 and is related to the velocity saturation of LV
channel. The second and the third term of Equation 4.2 represent the influence of
Coulomb scattering, with o £ 0, (—Qspec) and « is a parameter as in the 1/f noise
model for LV-MOSFETs. The latter effect is notable in strong inversion, where a
significant increase in gate referred noise may be observed.

Mobility fluctuation is described as in the 1/f noise model for LV devices [22,
24, 33] as [27]:

S __ang’ ! [1 zn<qs/qk>}
B MY KTWLnCyy f 1445+ 4x 2(gs— qx)

4.3)

“4.4)

which is equivalent with Equation 3.41 of LV-MOS with just the replacement of g,
with gg. ay is the unitless Hooge parameter and this fluctuation term appears mostly
in weak-moderate inversion.

Drift Region Part

As it can be seen from Figure 2.16, the drift region has some differences from the
LV part of an HV-MOSFET. In this region and because of the n-type doped drain,
the mobile charge is accumulated. In the following, we propose a new charge-based
model covering 1/f noise in the drift region. The gate oxide is extended by a certain
length Loyp at the surface of the drift region, and this could cause an extra contribu-
tion to 1/f noise because of trapping mechanism as mentioned earlier in this chapter
even though there is no inversion in the drift region part. After the K-point, the cur-
rent flow is spread through the volume underneath gate and field oxides in the drift
region [101, 195, 202, 203]. This means that even though number of charges that
flow at the surface of the gate oxide extension is small in comparison to the total
amount of charges in the drift region, they still can be trapped/detrapped and thus
generate a carrier fluctuation effect and contribute to 1/f noise. We can also assume
that normalized charge at the edge of Loy p is quite low in comparison with g, and
we may neglect it. Carrier number fluctuation contribution from the surface of drift
region across the gate extension can be expressed, following Equation 4.2, as [27]:

SIIZ) q4NTDR)~ 1

7 |AN = 7 .
ILZ) ‘ DRIFT kTWLOVDCOZXf Digrist

In(1+2¢q;) 4.5)

where N7pg is the oxide volumetric trap density per unit energy in eV ~'em ™3 in the
extension of thin oxide in the drift region and iy,;f; is the normalized current in the
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drift region which is expressed as [32]:

Vd — Vi

a—g _Tx
Vd—Vk
1+ o

iqrift = (4.6)

where 71 is the average normalized carrier density in the drift region, vy = Vy(x) /Ur,
and ec = EcLpk /Uy, where Lpg is the length of the depletion area in the drift region.
In saturation region, the quasi-saturation effect causes a dependence of 1/f noise on
Vp at higher values of gate voltage. There, the velocity of electrons in drift region
is saturated, while the channel is not yet saturated. This effect is covered by the DC
model, so no extra noise equations are required.

4.3.3.3 Results

In Figures 4.4 and 4.5 [27], the PSD of 1/f noise is shown for the four N50, P50,
N20, and P20 devices with long and short channel transistors. In each plot, output
and input noise S;p and Sy, referred to 1 Hz, as well as g,zn are presented versus drain
current. For each transistor, all those mentioned earlier are shown for three different
values of Vp from linear region up to saturation with the maximum value of Vp de-
pending on the device. Measured data and model are presented for each case. Note
that one single model parameter set is used for each type of device, irrespective of
channel length. The model shows a consistent behavior in all cases, and it provides
a good overall qualitative fit with measured data. As a basic observation, the drain
current noise follows the behavior of g2,. In cases where g2, decreases, 1/f noise is
also reduced. In long devices and in saturation, where the drift region does not play
a very important role, the fitting is almost ideal. In linear region of long devices
in strong inversion, the good fit was achieved because of the simple carrier number
fluctuation model (Equation 4.5) through the thin oxide extension in the surface of
the drift region. In Figure 4.6 [27], the different contributions to 1/f noise under
linear and saturation modes are shown for long channel devices. The contribution
of the drift part is significant—more clearly for NMOS and less for PMOS—only in
linear mode strong inversion. In saturation, even more so for short channel devices,
the noise from the drift part is dominated by channel noise, by more than an order of
magnitude, at all levels of current. In short devices, results are also quite good with
the exception of the short N20 device, where noise is overestimated in the moderate
current range. In general, the model seems to follow the measurements and in most
cases the results are satisfactory. Table 4.1 [27] shows the corresponding parame-
ters extracted for all four types of devices. One set of parameters covers all channel
lengths and bias conditions of a given type of transistor. Generally speaking, car-
rier number fluctuation model of the LV part is responsible for the increase of noise
in moderate and strong inversion. More specifically in strong inversion, the contri-
bution of Coulomb scattering to the carrier number fluctuation is dominant while in
moderate inversion is insignificant whereas mobility fluctuation effect is dominant in
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weak inversion regime [22, 24, 33, 186]. In p-channel devices, this effect is clearly
apparent (increase of input referred noise in weak inversion) resulting in a nonzero
value of the parameter ¢y, while it is not observed in the present n-channel devices.
As for carrier number fluctuation related to the drift region, it becomes significant in
linear region, strong inversion of long devices as it is clear in Figure 4.6. In sum-
mary, a consistent model of 1/f noise in HV-MOSFETs including the contribution of
the drift part is presented for the first time. Drift region noise is apparent only in long
devices in strong inversion and linear mode.
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Figure 4.4: 1/f noise PSD S;p and Sy, referred to as 1 Hz, as well as g,zn , Versus
drain current I, (with |Vi| up to 4V), for N50 (a,c) and P50 (b,d) transistors. (Upper
row) Long device (W =40 um, L = 10 um). (Lower row) short device (W = 40 um,
L=0.5pum for N50 and W = 40 um, L = 1 um for P50). Linear (|Vp| = 50mV) and
saturation (|Vp| = 20V,50V) modes are shown for both (markers) measurement and
(lines) model.
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Figure 4.5: 1/f noise PSD S;p and Sy, referred to as 1 Hz, as well as g,zn , Versus
drain current I, (with |Vi| up to 4V), for N20 (a,c) and P20 (b,d) transistors. (Upper
row) Long device (W =40 um, L = 10 um). (Lower row) short device (W =40 um,
L=0.5um for N20 and W = 40 um, L = 0.6 um for P20). Linear (|Vp| = 50mV)
and saturation (|Vp| = 5V,20V) modes are shown for both (markers) measurement
and (lines) model.
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Figure 4.6: 1/f noise PSD S;p and Syg, referred to 1 Hz, versus drain current Ip
(with V| up to 4V), for (a) N50 and (b) P50 transistors with W = 40 um, L =
10 pwm both for Linear (|Vp| = 50mV) and saturation (|Vp| = 50V) modes. Effects of
carrier number fluctuation effect from LV part (SIDN;y ) and drift region [(dashed)
(SIDNpgiFr)] is shown. (Markers) measurements; (lines) model.

’ Parameter \ Units \ N50 \ P50 \ N20 \ P20 ‘
Nr eV Tem3 1 1.87.10" [ 6.2.10™ [ 1.87.10™ | 1.87.10™
ac VsC T 3.0.10° 85.10° 2.2.10° 155.10°
ag - 0 1.35.107° 0 5.107°
Ecn V/m 30.10° 5.47.10° | 1.4.10° | 5.87.10°

Nrpr eV Tem™3 [ 1.25.108 | 6.2.107 | 6.2.107 | 6.2.10™

Table 4.1: 1/f Noise HV model parameters for both 50 and 20V devices under test
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As a matter of course, the values of extracted 1/f noise parameters of the LD-
MOSFETSs may need to be re-adjusted if changes are made to the implementation of
the IV model. Furthermore, apart from the simulations of the Verilog-A code with
Spectre simulator, parts of the model evaluation such as parameter extraction proce-
dure, took place by just solving analytically all the equations from IV to 1/f noise
level and this also resulted in different values of the parameters. Moreover, despite
the fact that all the sections of this chapter refer to the same type of devices, each
time we focus on slightly different operating conditions. Finally, in Table 4.1, one set
of 1/f noise parameters was extracted for both long and short transistor of each de-
vice type which is not the case in the rest of this chapter. As a result of all the above
notices, tables with the values of the 1/f noise parameters that follow in following
sections might have different values than in Table 4.1, for the same devices.

4.3.4 Analysis of Vp Dependence of 1/f Noise in HV-MOSFETsS -
Model Validation

The behavior and dependence of 1/f noise versus drain bias in high-voltage (HV-
) MOSFETs is examined in this section of the Thesis. Flicker noise of 50V n- and
p-channel HV-MOSFETs which was measured over a large range of gate and drain
bias conditions, is used for this purpose. Drain voltage steps were chosen very small
in linear region while enough points were also measured in saturation regime up to
20V. Recent work on characterization and modeling on flicker noise of HV devices
proved that while the overall noise is mostly dominated by the noise originating in
the channel, the drift region generated noise is apparent and comparable to channel
noise only in linear operation especially in strong inversion region of long channel
devices [27, 195, 198]. In order this to be clear, we focus here on the behavior of
flicker noise versus drain bias for all inversion regime, providing a comprehensive
analysis and detailed modeling of 1/f noise in LDMOSFETs [34] based on our re-
cently established 1/f noise model presented in the previous Section 4.3.3 [27].

4.3.4.1 Experimental Data Description

Measurements were performed on both n- and p-channel 50 V MOSFETs of
the 0.35 um HV-MOS technology from ams AG as detailed before in Section 4.3.3.
Wide-long transistors with W = 40 um, L = 10 um for both N50 and P50 devices
and wide-short transistors with W =40 um, L = 0.5 um for N50 and W = 40 um,
L =1pum for P50 were measured at different V; and V) values. Steps of drain voltage
were chosen very small in linear region from 25mV up to 1V while enough points
were also measured in saturation regime up to 20V. Gate voltage values were also
chosen from weak to strong inversion regime. The frequency range was from 4 Hz up
to 100kHz. Slope AF of 1/f noise was considered ideally equal to 1. In Figure 4.7,
the measured PSD of drain current versus frequency is presented for N50 long and
short transistors at different bias conditions. Both at low and high gate voltage, noise
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is increasing in linear region while it seems to be saturated for higher Vpg values in
a similar way as an output characteristic of a MOS device [34].
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Figure 4.7: PSD of 1/f noise drain current S;p vs. frequency for 50V long (a,b)
and short (c,d) n-channel LDMOSFETs at Vg = 1V (a,c) and Vg =4V (b,d) for
(Vp =25mV,50mV, 75mV, 100mV, 500mV, 3V, 20V)
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4.3.4.2 Results
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Figure 4.8: Input noise Sy, normalized with WL, referred to 1 Hz, at different Vp
values, vs. area normalized drain current Ip/(W /L), for N50 (a) and P50 (b) tran-
sistors. Long (left subplot) and short device (right subplot) are shown; markers:
measured, lines: model (no drift region noise: dashed lines).

The main goal of the present analysis is to examine thoroughly the behavior
of 1/f noise versus Vp in HV devices. As it has already been mentioned, the only
significant contribution of 1/f noise coming from the drift region in these devices,
takes place in linear region, strong inversion and for long channel devices [27, 195].
It is caused by a carrier number fluctuation effect at gate oxide extension in drift
region which becomes comparable to the noise coming from the channel at the above
conditions. Our recently established model includes this effect through Equation 4.5.
A first validation of the model with the data referred to this section is shown in Figure
4.8 [34] both for long and short n- and p-channel devices. Input noise Syg =S 7 / g%n,
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normalized with device area W L and referred to 1 Hz versus normalized drain current
Ip/(W /L) are shown for all different Vpg values from deep linear to high saturation
region where the model seems very consistent with data. The model without the
contribution of drift region is also shown and as it was expected it differs from the
full model in linear operation and strong inversion of long devices, where noise from
drift is significant [27, 34].
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Figure 4.9: Output noise Syp, multiplied with L3 /W, referred to 1 Hz, at different Vg
values, vs. drain voltage Vp, for N50 (a) and P50 (b) transistors. Long (left subplot)

and short device (right subplot) are shown; markers: measured, lines: model (no drift
region noise: dashed lines).
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Figure 4.10: Input noise Sy, multiplied with WL, referred to 1 Hz, at different Vg
values, vs. drain voltage Vp, for N50 (a) and P50 (b) transistors. Long (left subplot)
and short device (right subplot) are shown; markers: measured, lines: model (no drift
region noise: dashed lines).

An appropriate way to fully understand the drain bias-dependence of 1/f noise
and examine if our model [27] is adequate, is to express 1/f noise versus drain bias
for different inversion conditions. The results in Figures 4.9, 4.10 [34] are quite
convincing regarding the consistency of the model in all bias conditions. In Figure
4.9, normalized S;p and in Figure 4.10, normalized Sy both referred to 1 Hz, are
shown versus drain voltage from weak to strong inversion both for long and short n-
and p-channel devices. Sy is multiplied by the area W - L to factor out the device
dimension effect, while S;p is multiplied by L?-W to eliminate device dimension
and transconductance effects. Markers represent the measured data while lines the
model. Dashed lines in Sy plots (Figure 4.10) show the model without the drift
region effect on noise. We first notice that in Figure 4.9, output noise S;p versus Vp
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resembles an output characteristic (Ip versus Vp) since it increases in linear region
and it reaches saturation after a specific value of drain voltage. This Vpgsar seems
to increase with inversion level in agreement with the basic IV theory. Furthermore
in the n-channel short device, quasi-saturation and its effect on 1/f noise is apparent.
We have mentioned previously in this chapter that apart from linear region, 1/f noise
arising from drift region can also contribute to the total 1/f noise of the device in sat-
uration mode through the quasi-saturation effect. This had not been clearly observed
until now. Our model can follow this behavior of noise at high gate voltage val-
ues due to quasi-saturation effect, through the correct and complete DC model [32].
Moreover in the same short N50 device where drain current is quite high, there seems
to be a decrease of noise in high drain and gate voltage bias (Vg =4V, Vp =20V).
This is probably due to self-heating effect which is not covered by the model yet.
The contribution of the drift region is best observed in Sy (Figure 4.10) both for n-
and p-channel long transistors. The dashed line represents the model without drift
region effect and as it can be seen it remains constant for linear region and for higher
gate voltages. But measured Sy shows an increase in the above conditions which is
perfectly predicted by the full model. In Table 4.2 [34], the values of the parameters
of the model for each device are addressed. The drift region noise is apparent only
in long channel devices.

’ Parameter \ Units \ N5040x10 \ N50 40x05 \ P50 40x10 \ P50 40x1 ‘

Nr eV Iem=3 | 1.7.10% 1.10™ 5.10™ 2.10™

ac VsCT 4.10° 3.10° 80.10° 135.10°

ay - 0 0 0 1.5.1077
NrDR eV Tem™3 1.10™ 0 5.10'0 0

Table 4.2: 1/f Noise HV model parameters for 50V devices under test

If we compare the values of 1/f noise parameters from Tables 4.1, 4.2, we can
observe some slight but also some more important differences despite the fact that
they refer to the same N50, P50 transistors. At a first glance this does not make sense
but if we look deeper to what happened there is an explanation. First of all, values
in both cases were extracted from simulations of the Verilog-A code implemented
for the new 1/f noise model for LDMOSFETs. While the operating conditions are
similar, they are not the same. In case of Table 4.1 [27], data and model were fitted
at three Vp values (|Vp| =50V, 20V, 50mV) with only one at linear region (|Vp| =
50mV). On the other hand, in Table 4.2 [34], more attention was given to linear
region with more than five Vp values lower than [1| V. Moreover, while in first
case one parameter set was extracted for both long and short channel lengths, in
the second one a parameter set was used for each channel length. Finally, as far as
Verilog-A code implementation is concerned, there is a difference of g calculation
between the two approaches. For all the above reasons, parameters N7, ac, ag have
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some numerical differences which are not very significant though. The parameter
Nrpr on the other hand has a quite remarkable difference - almost two decades -
between the two approaches. This can be justified due to a different implementation
of statement instruction of Verilog-A that was adopted after the work related to Table
4.1, was published [27]. Briefly, while in first approach (Table 4.1), flicker noise was
calculated both between Source and K-point node (LV part) and K-point and Drain
node (Drift part) and the total flicker noise calculation was taking into consideration
these parts, in the second approach (Table 4.2) the total flicker noise was directly
calculated from Source to Drain node. The latter seems physically more correct since
the noise equations are charge-based and thus bias-dependent so they can predict
where each contribution will dominate and where it will be negligible.

4.3.5 Methodology for 1/f Noise Parameter Extraction for High-
Voltage MOSFET's

Flicker noise in high-voltage MOSFETsSs has been given considerable attention
and has contributed to the basic understanding of 1/f noise mechanisms in these
devices [193, 194, 195]. Compact models have been established [27, 34, 198]; how-
ever, no complete procedure has been proposed so far for the extraction of the 1/f
noise parameters related to all noise contributions in a wide range of operation of the
HV devices. Former work has proposed a simple noise parameter extraction method
for standard MOSFETs [170, 184, 186] but in HV devices, additional noise sources
contribute to total 1/f noise.

As detailed before, a physical charge-based model is used to cover the low-
voltage part of the HV-MOSFET - bearing many similarities with the EKV3 com-
pact model [31] — while the drift region part also uses a charge-based modeling
approach [32]. Our recently established 1/f noise model for HV-MOSFETs [27]
exploits this charge-based framework. According to this 1/f model, the channel
region remains the dominant contributor to flicker noise. Carrier number fluctua-
tion, Coulomb scattering, mobility fluctuation and series resistance are the dominant
flicker noise sources from weak to strong inversion region for low-voltage (LV-)
MOSFETs [22, 170, 172, 173, 176, 184, 186] as well as for the LV-channel part
of HV-MOSFETs [27, 34]. The carrier number fluctuation effect, which prevails in
moderate inversion, is the result of the trapping/detrapping effect in the oxide and is
described by parameter Ny which represents the number of trapped charges per unit
area. The Coulomb scattering mechanism contributes to noise in early strong inver-
sion by affecting the mobility of the device and is described by parameter ac which
is the Coulomb scattering coefficient. The mobility fluctuation effect is dominant
in weak inversion and is described by parameter ay. Series resistance contribution
can influence only at high currents and is characterized by the Sag parameter. The
above effects are correctly introduced in the EKV3 1/f noise model for LV-MOSFETs
[22, 24, 33] as well as in our 1/f noise model for LDMOS transistors [27, 34]. Series
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resistance effect was added later with same approach as Equation 3.46 with replacing
qq With gy

Siz)| ~ S w2 Gipec (45 +47) 4.7)
3 ARy = O AR2YUsPEC \4s T 4k :
and thus Equation 4.1 becomes:
Sp S B S S
IT = IT ‘ANLV +IT |A#Lv +[T |ARLV +[T |ANDRIFT (4.8)
D D D D D

Furthermore, short channel effects like quasi-saturation affect 1/f noise and are ac-
counted for via the charge-based IV model [32]. In HV-MOSFETs, an additional
noise source is attributed to the extension of the gate oxide in drift region which
affects the whole device especially for long channel and under low drain bias con-
ditions. A carrier number fluctuation model is applied in this region. This effect is
described by parameter Nypg, which is much smaller than N7 and can be significant
only in linear region for long channel devices, where noise coming from the channel
is low enough to be comparable to noise coming from the drift region [27, 34].

In this section, the 1/f noise parameter extraction methodology is divided into
two procedures. Firstly, a simpler one for flicker noise arising from the LV-channel
of the LDMOS device [199] and after the most complete one which refers to the
whole device including drift region as well as to all possible effects that can create
1/f noise [35].

4.3.5.1 Simple 1/f Noise Parameter Extraction Method for the LV part of LD-
MOSFETs

An 1/f noise parameter extraction method for HV-MOSFETS at 3V drain bias
is presented in this section. In this region the overall noise is mostly dominated by
the noise originating in the channel. The bias-dependence of flicker noise, related
to transconductance-to-current ratio, allows for an easy means to determine related
noise parameters. Though measured data are limited, parameters related to carrier
number fluctuation effect may be found. 50V n-channel HV-MOSFETs are investi-
gated for long as well as short channel lengths. The parameter extraction method is
applied to the recently established 1/f noise model for HV-MOSFETs [27], showing
a good agreement among model and experimental data.

For the purpose of the present case, flicker noise data of both long and short
N50 transistor performed at 3V drain bias for 7 current points, were used. Under
these operating conditions, we assume that channel contribution in 1/f noise will be
dominant. The current ranges from moderate inversion to the lower end of strong
inversion, where carrier number fluctuation is the main noise contributor. The goal
here is to provide a helpful flicker noise parameter extraction methodology when
biasing is such that 1/f noise is dominated by noise generated in the channel region,
due mainly to carrier number fluctuation. Starting from CV-IV data, fundamental
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quantities, such as Ispgc are calculated [204], which are then used in noise equations
for parameter extraction. In Figure 4.11 [199], the power spectral density S;p is
shown both for the measurements and the model [27]. The model is simulated after
the extraction of the parameters in this section and its consistency is good for all bias
conditions.
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Figure 4.11: PSD of drain current noise S;p for long (a) and short (b) N50 transistors
at Vp = 3V for 8 different Ip values from 1 uA to 200 uA. Long device (W =40 um,
L = 10 um) and short device (W =40 um, L = 0.5 um).

Extraction of IV Parameters

It is essential to have a correct DC model in order to implement an 1/f noise model,
since certain quantities of the DC model, such as transconductance (g,,), slope factor
(n), specific current (Isprc) and electron mobility (i), are used in the noise equations.
In order to calculate the noise parameters these quantities must be extracted first. g,
can be calculated as the derivative of the measured drain current. For obtaining n,
Ispec and U, a specific procedure must be followed [204]. Transconductance-to-
current ratio (g,,Ur/Ip) shown in Figure 4.12a [199], is very helpful in the extrac-
tion of these DC parameters. In the weak inversion regime n can be calculated as:
n= m |max While again from the transconductance-to-current ratio plot, Ispgc
corresponds to the current where g,,Ur /Ip equals 0.616 of its maximum value [204].
Specific current is defined as Isprc = 2nU7 UCpy % and given that Tpx = 15nm, elec-
tron mobility can be easily calculated. Figure 4.13 [199] shows a general flowchart of
the parameter extraction procedure where the first three blocks refer to IV parameter
extraction.
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Figure 4.12: a) Transconductance-to-current ratio versus Ip, b) 1/f noise power
spectral density referred to 1 Hz and divided by I3, versus Ip, for a short channel
NMOS 50V device.
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Figure 4.13: 1/f noise parameter extraction flow.

The basic simpler carrier number fluctuation model in the channel region is described
by Equation 3.34 [177, 184, 186]. Of course things are somewhat more complicated
as far 1/f noise in LDMOSFETS is concerned [27], but this formula can be con-
sidered sufficient for a first evaluation of 1/f noise parameters. Figure 4.12b [199]
shows the bias-dependence of 1/f noise referred to 1 Hz. In all cases the normaliza-
tion was applied from 10 Hz to 1 kHz. Each of the noise parameters, Nr, and o,
can be extracted from different inversion levels. For Ip < 5 uA in the moderate in-
version region, the second term of Equation 3.34 related to Coulomb scattering can
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be neglected so that:
S 7

Ip

KT Ny ( 2m > 2
WLCZ f \Ip

In this way the parameter Nr can be determined. For Ip > 100 uA, the Coulomb
scattering effect dominates and from Equation 3.34, the o parameter can be ex-
tracted. This procedure is shown in the last two blocks of Figure 4.13 [199]. All the

parameters that were extracted from IV and 1/f noise data, are shown in Table 4.3
[199], for long and short n-channel devices.

lav= 4.9)

] Parameter \ Units \ N50 40x10 | N50 40x035
n - 1.32 1.35
IspEC A 1.4.10°° 20.107°
u em*(Vs) ™! 740 1230
Nr eV-lem™ | 1.62.10% 2.7.10%
ac VsCT 3.10° 6.10°

Table 4.3: 1/f Noise HV model extracted parameters for n-channel 50V devices
under test

Model Validation

As mentioned above, a new complete 1/f noise model for HV-MOSFETSs was re-
cently established [27]. The values of the noise parameters extracted according to
the previous paragraph were used for the simulations. Modeling results are shown
in Figures 4.14, 4.15, 4.16 [199] both for long and short n-channel devices. Output
noise, output noise divided by I3, as well as input noise Sy versus I are shown. In
each case, the complete model is represented by a thick line and the model without
the Coulomb scattering effect (o = 0) is represented by a dashed line. It is clear
that these two lines almost coincide in moderate inversion regime which means that
indeed in this region the Coulomb scattering effect on noise is negligible. Generally
speaking, the model shows a very consistent behavior especially for long n-channel
devices. For the short device, results are not perfect due to the limited current range
for the extraction of the parameter oc. For such a device, the highest level of mea-
sured current (Ip = 200 pA) is just slightly above the onset of strong inversion. On
the other hand, the decrease of noise observed in Sy for the same short channel de-
vice at lower currents may be regarded as non-typical, and is actually a result of the
slight departure from 1/f in the noise spectra of the short channel device, as seen in
Figure 4.11. We note that in Table 4.3, the 1/f noise parameters for the long and short
channel devices are reasonably close. Furthermore, they are quite close to the values
from Tables 4.1 [27] and 4.2 [34] which confirms the consistency of the method.
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Figure 4.14: 1/f noise PSD Sjp, referred to 1 Hz, vs. drain current Ip, for 50V
transistors. a) Long device (W =40 um, L = 10 um). b) Short device (W = 40 um,
L = 500 nm); measurement (markers) and model (lines).
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Figure 4.15: 1/f noise PSD S;D/Iz, referred to 1 Hz, vs. drain current Ip, for 50V
transistors. a) Long device (W =40 um, L = 10 um). b) Short device (W = 40 um,
L = 500 nm); measurement (markers) and model (lines).
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Figure 4.16: 1/f noise PSD Sy, referred to 1 Hz, vs. drain current Ip, for 50V
transistors. a) Long device (W =40 um, L = 10 um). b) Short device (W = 40 um,
L = 500 nm); measurement (markers) and model (lines).

4.3.5.2 Complete 1/f Noise Parameter Extraction Method for LDMOSFETs

The simple 1/f noise parameter extraction presented in the previous section has
the advantage to be quite straightforward, but nevertheless has some important dis-
advantages. Firstly, it is limited to the extraction of parameters related only to the
channel part and not to the drift region effect on 1/f noise. Even for the LV part,
parameters related to channel carrier number fluctuation effect, Ny, and o, are the
only to be extracted while mobility fluctuation or series resistance effects are not
taken into consideration. A detailed 1/f noise parameter extraction method for high-
voltage (HV) MOSFETs at low (50mV) and medium (3 V) drain biases is proposed
for first time [35]. In Vp = 3V region, noise coming from the channel is dominant
while in linear region there is an extra contribution of noise from the drift region part
especially for long channel devices in strong inversion region. Flicker noise of 50V
and 20V n- and p-channel HV-MOSFETs was measured over a large current range
from weak to strong inversion [27], making possible the extraction of the noise pa-
rameters related to the different noise contributions, such as mobility fluctuations in
low current regime, carrier number fluctuations and Coulomb scattering in medium
and high current regime. In some cases, series resistance noise contribution espe-
cially at high current is apparent as well. The parameter extraction procedure is de-
vised for a recently established charge-based flicker noise model for HV-MOSFETs
[27]. Noise parameters related to the carrier number fluctuation effect in the gate ox-
ide extension in drift region are also extracted in high current regime of long channel
devices under low drain bias condition. For the description of the non ideal slope
of flicker noise spectra 1/fAF, the frequency exponent AF may take values slightly
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different from 1. As a first step, before the noise parameters related to the above
effects are extracted, AF should be determined directly from noise data and used in
the following procedure for the extraction of noise parameters.

A complete noise parameter extraction procedure demands a reliable evaluation
of some CV-IV fundamental quantities which are then used in noise equations for
parameter extraction, such as the specific current Ispgc [204]. As it has been shown
in Figures 2.25, 2.26, the IV part of the recently established model [32] predicts very
well the DC behavior of such devices for all regions of operation for a 50 V NMOS
device. Figures 4.17, 4.18, 4.19 [35] show the power spectral density S;p both for the
measurements and the model [27]. 50V long and short n- and p-channel transistors
are shown at Vp = 3V while same short devices are shown at Vp = 50mV. The
consistency of the model is good for all bias conditions. The range of frequencies
between 10 Hz and 100 Hz is closest to 1/f and is used for the extraction of noise
parameters. The extracted parameters are used for the simulations shown in Figures
4.17,4.18, 4.19.
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Figure 4.17: Power spectral density of drain current noise S;p for S0V long (a) n-
and (b) p-channel HV-MOSFETs at Vp = 3V, at different Vi values. The model
(lines) accounts for spectral dependence slightly differing from 1/f.
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Figure 4.18: Power spectral density of drain current noise S;p for S50V short (a)
n- and (b) p-channel HV-MOSFETs at Vp = 3V, at different V; values. The model
(lines) accounts for spectral dependence slightly differing from 1/f.
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Figure 4.19: Power spectral density of drain current noise S;p for 50V short (a) n-
and (b) p-channel HV-MOSFETs at Vp = 50mV/, at different V; values. The model
(lines) accounts for spectral dependence slightly differing from 1/f.
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Extraction of IV Parameters
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Figure 4.20: Transconductance-to-current ratio with its 1st and 2nd order derivative
versus normalized drain current, for a long channel NMOS 50V device.

The parameter extraction procedure presented in this work, is based on the recently
established charge-based 1/f noise model for HV-MOSFETs [27]. Some fundamen-
tal IV quantities, such as normalized charges (g5, qx), slope factor (n), specific cur-
rent (Isprc) and electron mobility (i), are used in the 1/f noise equations as pre-
sented above [27]. In order to extract the 1/f noise parameters, these quantities must
be extracted first. As described in previous section, they are calculated by the IV
model but in this work we evaluate them analytically from specific CV-1V data. Val-
ues coming from simulation are just used for confirmation. Tpx of these devices
is known (15 nm) while the slope factor n, the specific current Isppc and mobil-
ity u are calculated from g,,Ur /Ip measured data [199, 204]. In Figure 4.20 [35],
the transconductance-to-current ratio g,,Ur /Ip with its 1st and 2nd order derivative
versus drain current normalized with device aspect ratio is shown for a long NMOS
50V transistor. Effective length and width of the device are taken from the IV model.
In weak inversion regime » can be calculated as: n = m |max While when the
2nd order derivative of transconductance-to-current ratio equals zero, drain current
equals to: Ip = Ispec(l + \@) /2 and from there Ispgc is extracted through which
electron mobility p can be calculated. The following equations permit the calcu-
lation of normalized charges through the measured transconductance (g,,) and the
calculated Ispgc [22]:

8m ZQS_Qk
, Gipec " (4.10)
D
7 =(gs—qi) +(gs+q+1)
SPEC

Steps 1 and 2 of Figure 4.21 [35] describe the extraction of CV and IV quantities.
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1/f Noise Parameter Extraction
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Figure 4.21: 1/f Noise parameter extraction flow chart.
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Figure 4.22: Power spectral density of drain current noise S;p for 50V long a) n- and
b) p-channel HV-MOSFETs at |Vp| =3V, |Vg| =4V for the extraction of frequency
exponent AF of flicker noise.

Step 3 of Figure 4.21 [35] describes the 1/f noise parameter extraction. Firstly, from
flicker noise data versus frequency, the slope factor AF can be extracted. The next
step is to multiply all the noise data with the factor fA for all frequencies to factor
out the frequency dependence. By averaging the obtained data in a certain range
(typically from 10Hz to 100 Hz), one noise value can be extracted for each bias point.
Figure 4.22 [35] shows the extraction of AF in comparison with the ideal flicker
noise slope for long N and P 50V devices for Vp = 3 V. Since normalized charges
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are calculated, 1/f noise equations from [27] above can be used . The output noise
S;p divided by I3 , is used for extracting the noise parameters in different operating
conditions [170, 184, 186]. In moderate inversion, this quantity is constant versus
current and from there the Ny parameter can be extracted, since Coulomb scattering
contribution is not significant. The two last terms in the bracket in Equation 4.2
which contain the au product can be neglected [22, 24, 177, 184, 186, 199]. Then in
early strong inversion, where Syp /I3 starts to decrease at increasing drain current, the
Coulomb scattering related parameter ac is obtained from Equation 4.2. A sudden
increase of Sip/ 112) at highest currents is an indication that there is an effect of series
resistance on noise [22, 186], and the related parameter Spr can be extracted by
Equation 4.7. This effect is usually present in short channel devices. Finally, if
there is an increase of Syp/I3 in the very low current region, mobility fluctuation
mechanism contributes to noise and ay parameter is extracted [22, 24, 186]. This
can be done through Equation 4.4. All the above describe the parameter extraction of
1/f noise coming mainly from the channel region. As previously established [27], the
carrier number fluctuation effect in the extension of gate oxide over the drift region
can be significant only in linear region of long channel devices. There, an increase
of Sip/ Ilz) is noticed in early strong inversion and from there N7pg is calculated via
Equation 4.5. iy,;z; normalized current in drift region is directly taken from the IV
model.

Figures 4.23, 4.24, 4.25, 4.26, 4.27, 4.28 [35] show the SID/ILZ) normalized with
device area, referred to 1 Hz, versus normalized drain current for all devices. Specif-
ically, long transistors are shown for drain bias of 3V and50mV, since at 50mV the
effect of drift region is apparent while short transistors are shown only with drain
bias of 3V. In each of the 12 plots presented, the values of the extracted parameters
are shown as well as the point where these parameters were extracted. In all cases
of Vp = 3V both for long and short transistors, Ny and a¢c parameters are extracted.
It is clear that in moderate inversion the all product is negligible. In long transistors
at Vp = 50mV, Nrpg is extracted. The series resistance parameter Spg seems to
play a role only in the short n-channel 50V device. The mobility fluctuation effect
parameter ay appears only in short 50V and 20V p-channel devices. The different
contributions are shown with dashed line in every plot in order to confirm that each
effect is dominant in a different region, as described above. A simple carrier number
fluctuation model K, (g,/Ip)? is also shown for comparison [177, 184, 186]. As it
can be seen in the Figures 4.23, 4.24, 4.25, 4.26, 4.27, 4.28, this simple approach al-
most coincides with the complete model when apt = 0 in linear region. In saturation
region, there are some slight differences especially at higher currents. Tables 4.4, 4.5
[35] show all the IV and noise parameters extracted for each transistor.
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Figure 4.23: 1/f noise PSD S;p/I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current I, /(W /L), for (a) N50 transistors and (b) P50 transistors.
Long devices (W = 40 um, L = 10 m) are shown at | Vp |= 3 V. Measurement

(markers), full model (lines), with different noise contributions (dashed and dotted
lines).
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Figure 4.24: 1/f noise PSD S;p/I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current Ip /(W /L), for (a) N50 transistors and (b) P50 transistors.
Short devices (W =40 um, L = 0.5 um for N50, L = 1 um for P50) are shown at

| Vb |= 3 V. Measurement (markers), full model (lines), with different noise contri-
butions (dashed and dotted lines).
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Figure 4.25: 1/f noise PSD S;p/I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current I, /(W /L), for (a) N50 transistors and (b) P50 transistors.
Long devices (W =40 um, L = 10 pm) are shown at | Vp |= 50mV. Measurement
(markers), full model (lines), with different noise contributions (dashed and dotted
lines).
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Figure 4.26: 1/f noise PSD S;p/I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current Ip /(W /L), for (a) N20 transistors and (b) P20 transistors.
Long devices (W = 40 um, L = 10 um) are shown at | Vp |= 3 V. Measurement
(markers), full model (lines), with different noise contributions (dashed and dotted
lines).
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Figure 4.27: 1/f noise PSD S;p/I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current I, /(W /L), for (a) N20 transistors and (b) P20 transistors.
Short devices (W =40 um, L = 0.5 um for N20, L = 0.6 um for P20) are shown at
| Vb |= 3 V. Measurement (markers), full model (lines), with different noise contri-
butions (dashed and dotted lines).
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Figure 4.28: 1/f noise PSD S;p /I3 normalized with 1/(WL), referred to 1 Hz, vs.
normalized drain current Ip /(W /L), for (a) N20 transistors and (b) P20 transistors.
Long devices (W =40 um, L = 10 pm) are shown at | Vp |= 50mV. Measurement
(markers), full model (lines), with different noise contributions (dashed and dotted
lines).
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Parameter || Units [ N5040x10 || N5040x05 [ P50 40x10 [[ P50 40x1

n ] - [ 132 [ 13 [ 12 [ 117
| Ispec | A [ 8951077 [ 2.58.107° [ 1.67.107 || 1.61.10°° |
| p | mvs) " | 00579 [ 0132 | oo0118 || 00159 |
[ AF ] [ 095 [ 09 [ 115 [ 115 |
| N [ evilem ] 170" ] 17510 [ 8.05.10" [ 2.69.10" |
| ac | vscm ] 1108 [ 25810° [ 365.10° [ 31.5.10° |
e | - | - [ - [ - [ 6810
[ Nepr [ eV Tem™ [ 24107 - [ 9610 T - \
Csox | @HcT | - [ tsaC [ - [ -
| Ko [ CPeV'em* ] 287.10777 [ 2.96.10 % ]| 1.36.10 %7 ][ 4.54.10 % |

Table 4.4: 1/f Noise HV model extracted parameters for 50V devices under test

| Parameter || Units [ N2040x10 ]| N20 40x05 [| P20 40x10 [| P20 40x06 |
[ n ] - [ 13 [ 133 [ 127 [ 1145 ]
| Leec | A [ 824107 [ 219.10° [ 1.7.10°7 ][ 4.68.10°° |
| u | mPws " | 0054 [ o113 [ ootie [ 0036 |
[ AF ] - [ 1 [ 095 [ 118 [ 118 |
| Nr [ evlem™ [ 15410 [ 1.4.10" [ 3.22.10" ] 3.35.10" |
[ ac [ vsc' ] 228.10° | 1.01.10° [ 135.10° [ 3110° |
Cw | - [ - - [ - 680"
| Nepr || eViem™ || 44100 ] - [ 85.10" ] - |
L Sor | @HT - [ - [ - [ - |
| Ko [ CPev'em* | 26.10777 [ 237.10% [ 5.44.10 %7 ][ 5.66.10 % |

Table 4.5: 1/f Noise HV model extracted parameters for 20V devices under test
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Model Evaluation
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Figure 4.29: 1/f noise PSD S;p, multiplied by L3 /W referred to 1 Hz, vs. normalized
drain current Ip/(W /L), for (a) N50 transistors and (b) P50 transistors is shown
for both linear and saturation regions. Long channel (squares) and short channel
(triangles) are shown in the same plot. Measurement (markers) and model (lines).
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Figure 4.30: 1/f noise PSD Sy, multiplied by WL referred to 1 Hz, vs. normalized
drain current Ip/(W /L), for (a) N50 transistors and (b) P50 transistors is shown
for both linear and saturation regions. Long channel (squares) and short channel
(triangles) are shown in the same plot. Measurement (markers) and model (lines).
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Figure 4.31: 1/f noise PSD S;p, multiplied by L3 /W referred to 1 Hz, vs. normalized
drain current Ip/(W /L), for (a) N20 transistors and (b) P20 transistors is shown
for both linear and saturation regions. Long channel (squares) and short channel
(triangles) are shown in the same plot. Measurement (markers) and model (lines).
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Figure 4.32: 1/f noise PSD Sy, multiplied by WL referred to 1 Hz, vs. normalized
drain current Ip/(W /L), for (a) N20 transistors and (b) P20 transistors is shown
for both linear and saturation regions. Long channel (squares) and short channel
(triangles) are shown in the same plot. Measurement (markers) and model (lines).

In contrast to [27], [34], [199], noise spectral dependence different than 1/f has been
accounted for, in the present analysis. Noise exponents are found to be about 0.95
and 1.15 for n- and p-channel devices, respectively. Long and short channel devices
show a similar spectral dependence, except in the N20 devices, where AF values
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slightly differ. The 1/f noise parameters extracted above (Tables 4.4, 4.5), are used
in the simulations. In Figures 4.29, 4.30, 4.31, 4.32 [35], the results are shown for
all the transistors. Lines represent the model while markers represent the measure-
ments. Noise data for long and short channel devices are normalized and shown in
the same graph, so as to compare the noise for different channel lengths. Long chan-
nel measurements and simulations are shown with red color while short channel are
shown with black. In each case, linear (|Vp| = 50mV) and saturation (|Vp| =3V)
regions are presented in the same plot. Normalized output noise S;p and input noise
Sy are shown. Syg is multiplied by the area WL to factor out the device dimen-
sion effect, while S;p is multiplied by L*W so as to eliminate device dimension and
transconductance effects. Current is also normalized by dividing by the aspect ratio
W /L. Wand L denote effective device dimensions as obtained from the DC model.

The results seem to be very good, since in all cases the model and measurements
show a very consistent behavior. The wide range of noise data allowed for an ex-
traction of the noise parameters for every different noise contribution, and these full
parameter sets are responsible for the very nice evaluation of the model. It is also
apparent that the behavior of the normalized noise for both long and short channel
devices is quite similar after factoring out the size and transconductance effects. In
some cases (N20, P50 short channel devices), the output noise seems to decrease in
saturation at high currents. This happens probably because of the self-heating effect
present in these devices. It is also important to mention that the values of the pa-
rameters shown in Tables 4.4, 4.5, are generally quite close between long and short
channel lengths, implying that the scaling behavior of the 1/f noise model is also
very consistent with geometry. The parameters regarding the noise from drift region
(Ntpr, which will have an impact only in longer channel devices) and from series
resistance (Spr, which will have an impact only in shorter channel devices) could
be applied to all channel lengths. Note that in [27] a single parameter set was used
covering long and short devices, contrary to the present work. Generally, possible
differences with the values from other Tables (Tables 4.1, 4.2, 4.3) from this chapter
can be found which are due to several reasons mentioned before.

4.4 Conclusions

The first objective of this chapter was to successfully explore the LDMOS tran-
sistor and locate any possible sources that generate 1/f noise. In the LV channel
part, flicker noise is caused by the same effects as in standard MOSFETs such as
carrier number fluctuation due to trapping/detrapping mechanism in the oxide inter-
face, mobility fluctuation effect and series resistance effect. In the drift region part,
1/f noise is observed due to the same trapping/detrapping effect as above which is
now generated in the extension of gate oxide which overlaps with drift region. This
carrier number fluctuation effect creates flicker noise which becomes significant and
comparable to the channel noise under linear region and strong inversion modes and
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for longer channel devices. In saturation region, quasi-saturation and self-heating
effect seem to affect 1/f noise. All the above have been experimentally observed in
our work [27, 34, 35] as in works from other groups [193, 194, 195, 198].

The second goal of the present chapter was to develop a complete compact
charge-based 1/f noise model for LDMOSFETs which will include all the above
effects. A few modeling approaches were available in literature until now [198]
without providing a compact solution. As a first step to solve the problem related
to the execution of 1/f noise measurements at high drain voltages, a dedicated set-
up provided by AAMOS allowing to measure 1/f noise in HV devices up to 200V
has been presented. 1/f noise was measured on different n- and p-channel devices
over a wide range of bias conditions for long and short channel devices up to 50V.
The 1/f noise compact model was implemented and its results have been presented
consistently over all bias ranges [27]. Since the basic contribution of drift region
to 1/f noise takes place under low drain voltage conditions, a comprehensive anal-
ysis of 1/f noise behavior versus drain voltage for HV devices was accomplished
based on our new model [34] which can lead to a more accurate understanding of
1/f noise in HV-MOSFETs. Drift region effect on 1/f noise in long channel devices
in strong inversion and linear region can be observed very clearly in this analysis of
1/f noise versus drain bias. Output noise S;p shows an ~ Ipvs.Vp shape while Sy
seems to remain constant versus drain voltage in linear region and strong inversion
when flicker noise is contributed only by the channel in long channel devices. The
effect of drift region causes an increase in noise for low Vp and high Vg, L and this
is fully covered by the model. Furthermore, quasi-saturation effect and how it in-
fluences flicker noise especially in N50 short channel device is also unambiguous
in this analysis [34]. Finally, self-heating effect on 1/f noise is noticed under high-
voltage and current conditions but not yet included in the model. In conclusion, the
present model [27, 34] can cover a wide range of bias and geometrical conditions of
low frequency noise in HV-MOSFETs.

The implementation of an accurate 1/f noise parameter extraction method for
LDMOSFETs follows naturally after the establishment and validation of our new
model. This procedure took place into two different approaches; a simpler one pre-
sented first at [199] and a second more complete that followed [35]. As far as the
first one is concerned [199], a methodology, strongly related to the g,,/Ip ratio, was
applied and despite the somewhat limited available data range, the basic 1/f noise
parameters related to carrier number fluctuation and correlated mobility fluctuation
effects could be easily determined. The recently established 1/f noise model for HV-
MOSFETs [27, 34] showed good results versus experiment. This work was the basis
for the more complete extraction method that follows [35]. The latter is a compre-
hensive methodology for extracting 1/f noise parameters in HV-MOSFETs. Because
of the wide data range in terms of bias and geometry, all noise parameters related to
noise contributions both from channel and drift region are extracted in distinct oper-
ating regions, where each of the effects considered is dominant. The procedure has
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been applied to 50V and 20V long and short channel n- and p-type HV-MOSFETs,
from 1/f measurements covering weak to strong inversion in linear and saturation
regimes. The comparisons of noise data from devices with different geometries and
for different bias conditions provide insight into the overall noise behavior of HV-
MOSFETs. The individual contributions to 1/f noise from carrier number fluctuation,
mobility fluctuation, series resistance fluctuation and drain extension, are shown and
analyzed in detail. The application of the parameter extraction methodology with the
recently established 1/f noise model for HV devices [27] gives excellent results for
a wide variety of different bias conditions. The resulting parameter values for long
and short channel devices are consistent, resulting in a well scalable model.
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Chapter 5

Low-Frequency Noise
Variability Modeling in
MOSFETSs

5.1 Introduction

Physical models, as addressed in previous chapters, describe the mean value be-
havior of LFN. The description of statistical variation of LFN may be considered to
be equally significant as the description of mean value of LFN in MOSFETs. As
mentioned before, LFN is successfully used as a reliable characterization tool to
evaluate the quality of the MOSFET through its dielectric interface. It also is an
important factor limiting the performance of analog and RF applications. Therefore
the creation of correct LFN variability models is really crucial. The scope of our
work was to discover the relation between the effects that generate LFN noise in
MOSFETsS and its variability and then to succeed in implementing a physics-based,
charge-based compact model which describes this variability. Noise performance
may strongly vary between different devices on one chip, and moreover even be-
tween different operating points of a single device. Scaling down of CMOS tech-
nologies leads to both shrinking of device area and operation in subthreshold region.
In smaller-sized MOSFETS, noise fluctuations are area dominated but in moderate-
to large- sized transistors (Area > 1um?), variability of LFN also shows a strong
bias-dependency.

As described in detail in Section 3.4.3, in small devices LFN is dominated by ran-
dom telegraph signals (RTS) which are caused by the capture and subsequent emis-
sion of charges at discrete trap levels near the oxide interface [139, 144, 162, 205,
206, 207, 208]. Each carrier trapped close to the silicon oxide interface causes RTS in
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time domain, corresponding to a Lorentzian spectrum. This trapping/detrapping ap-
proach assumes a distribution of trapping times that arise from the transition of elec-
trons from the semiconductor surface to traps located in the oxide. The Lorentzian-
like spectra are responsible for strong LFN deviation in small area devices where
number of traps is quite low [162].

The power spectral density (PSD) of LFN in moderate- to large-sized transistors
commonly used in analog/RF applications results from the superposition of such
Lorentzians while the increased number of traps ensures the inversely proportional
to frequency behavior (~ 1/f). In more detail, a distribution of time constants within
this superposition can give rise to a spectrum that varies inversely with frequency
when the number of traps is quite high which is the case in large devices [139].
Carrier number (AN) [159] and mobility fluctuations (Au) [188, 189, 190] are con-
sidered as the main causes of low frequency noise. While their incidence on the
bias-dependence of LFN has been well investigated, the way these noise mecha-
nisms contribute to the bias-dependence of variability of LFN has been less well
understood. 1/f noise variability is minimum in high current region whereas it has
been shown to be maximized in weak inversion [209, 210, 211], while increased
drain bias also increases noise variability due to the non-uniformity of channel in
saturation [207, 208]. Our measured data confirm this bias-dependence of 1/f noise
variability [28, 29]. It is also proved that there is little effect on noise deviation due
to current or transconductance dispersion. Until today, no compact model has been
proposed to explain this bias-dependence in detail. In combination with the charge-
based formulation of LFN [21, 22, 24, 33], we propose a new charge-based compact
model for bias-dependence of LFN variability for the first time [28, 30]. In [28],
the complete model including both AN and Au effects is presented while in [30],
the model regards only AN effect and is validated with data taken from bibliography
[211] both for bias and area dependence. Furthermore in [30], fundamental prop-
erties of log-normal distribution are taken into consideration since LFN deviation
seems to follow such a distribution as it is shown in Figure 5.1 [30].

In the introduction above, the main aspects of 1/f noise variability that are cov-
ered in this chapter, are briefed. After this, a short reference in previous attempts
of modeling 1/f noise variability is listed with giving attention to the benefits of our
work. Finally, our physics-based analysis resulting in a complete compact model
for 1/f noise variability in MOSFETs is presented. Despite the fact that the statisti-
cal sample of data is not sufficient in HV-MOSFETs, as presented in Chapter 4, the
model can also be applied to the LV part of HV devices since the effects that generate
1/f noise there (AN and Ap) are the same as in LV-MOSFETs.
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Figure 5.1: Cumulative Distribution Function (CDF) of normalized power spectral
density of the logarithm of drain current noise S;p for 30 moderately-sized nMOS-
FETs, shows a log-normal distribution.

5.2 Existing Approaches

Previous studies of statistical LFN variability have focused mainly on area-
dependence [211, 212, 213, 214, 215, 216], while attempts have been made to de-
scribe the bias-dependence of noise variability [207, 208, 209]. A simple empirical
model relating 1/f variability to transconductance-to-current ratio g,,/Ip [29] which
provides satisfactory results for saturation from weak to strong inversion was pro-
posed from our group and is presented in Appendix A. However, no physics-based
and truly compact model for the bias-dependence of LFN variability in MOSFETs
had been proposed so far until the present work [28, 30].

For additional information, LFN variability studies [212, 213, 215, 216] gener-
ally propose an area scaling of the noise variability, 6[log(Sip)], based ona 1//area-
dependence. In [217], the reasons why o[log(Sip)] deviates from the 1/+/area-
dependence are presented based on the statistics of sums of lognormal distributions,
but eventually it relies on a rather arbitrary empirical function to fit the variability
area scaling. On the contrary, in [211], the fact that LFN variability should not follow
a 1/+/area-dependence is proved due to the fact that LFN follows a log-normal dis-
tribution. Apart from the bias- and area-dependence of LFN variability, it is shown
that it can also be affected by frequency [208, 218] and temperature [218].
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5.3 A Charge-Based Compact Model for 1/f Noise Vari-
ability in MOSFETSs

5.3.1 General Considerations

As stated before, the main goal of the present work was to propose a complete
physics-based compact model of 1/f noise variability in all operating regions of the
MOSFET. A charge-based model of flicker noise including AN and Ay fluctuations
has been described formerly [21, 22, 24, 33]. In this work, we apply the funda-
mental mathematical principles of statistics to the above charge-based model of AN
and Ap fluctuations. The resulting compact model provides new insight into bias-
dependence of 1/f noise variability of MOSFETs. The model is shown to agree with
measurements in n- and p-channel MOSFETSs in all bias conditions, and results are
in general agreement with known literature. The model for noise variability can eas-
ily be implemented in the charge-based EKV3 1/f noise compact MOSFET model
[22, 24, 33].

5.3.2 Devices and Measurements
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Figure 5.2: Relative power spectral density of drain current noise S;p for n-channel
MOSFETs with W/L =5 um/2 um at Vpg = 50mV for (a) Vgg = 0.5V around
threshold and (b) Vs = 1.8V at strong inversion.
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Figure 5.3: Relative power spectral density of drain current noise S;p for n-channel
MOSFETs with W /L =35 pum/2 um at Vpg = 1.2V for (a) Vgs = 0.5V around thresh-
old and (b) Vs = 1.8V at strong inversion.

On-wafer 1/f noise measurements were perofrmed on n- and p-channel devices
in an experimental 180 nm CMOS process flow. The same process was used for the
evaluation of the charge-based EKV3 1/f noise MOSFET compact model [22, 24, 33]
in Section 3.4.8 and the measurements were also performed at our lab with the same
set-up as in Section 3.4.7. Flicker noise spectra of 30 dies of NMOS and PMOS
W /L =5 um/2 um transistors were measured over one wafer. Both saturation and
linear regimes with |Vpg| = 1.2V and 50 mV, respectively are covered from weak
to strong inversion with |Vgs| = 0.35, 0.4, 0.45, 0.5, 0.55,0.6, 0.8, 1.2, 1.8 V. Addi-
tionally, drain bias-dependence is analyzed, with [Vpg| = 0.05, 0.15,0.3, 0.6, 1.2V at
two gate voltage values, |Vgs| = 0.6, 1.2V, to closely examine the bias-dependence
of 1/f noise variability versus bias conditions. The measured frequency range was
from 2 Hz up to 2 kHz. Figures 5.2, 5.3 [28] show the measured spectra of W /L =
5 wm/2 pm transistors in different cases with a slope close to 1/f. Variability of 1/f
noise is clearly seen to be maximized at low gate bias, and at high drain bias. Simi-
lar behavior can be observed in PMOS devices. In order to investigate the effect of
deviation of drain current and transconductance on flicker noise, Figures 5.4, 5.5 are
produced for the same device and the same operating conditions as in Figures 5.2,
5.3. In every case, little effect is observed and this enhances the theory that noise
variability is mainly due to trap statistics [209].

As mentioned above, both area and bias dependence of our model is validated in
[30]. In fact, data from an 140 nm CMOS process, for an N-channel MOSFET with
geometry W /L = 8 um/160 nm were taken from [211]. Operating conditions cover
weak to strong inversion, with Vgg = 0.4,0.5,0.6,0.8, 1, 1.4, 1.8V at three drain
voltages (Vps = 0.1, 0.5, 1.8 V), from linear to saturation. Additionally, standard
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deviation values of natural logarithm of normalized output noise are available for
different area values at three bias conditions, a)Vps = 0.1,V, Vg = 0.8, V, b)Vps =
0.1,V,Vgs =1.4,V, c)Vps = 1.8, V, Vgg = 1.4,V in order to study the geometrical
scaling of deviation of LFN.
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Figure 5.4: Variations of transconductance g, (left) and drain current Ip (right)
with normalized noise WL x Sjp/ Il%, referred to 1 Hz, for n-channel MOSFETSs with
W/L=5um/2um at Vpg = 50mV for (a) Vgs = 0.5V around threshold and (b)
Vs = 1.8V at strong inversion.
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with normalized noise WL S;p /I, 2 referred to 1 Hz, for n-channel MOSFETs with
W/L=35um/2um at Vpg = 1.2V for (a) Vgs = 0.5V around threshold and (b)
Vs = 1.8V at strong inversion.
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5.3.3 Model Implementation for LV-MOSFETSs
5.3.3.1 Physical 1/f Noise Ln-Mean Value Model Extraction

As presented in detail in Sections 3.4.3, 3.4.4, the basic contributors to LFN are
AN and Au effects and a charge-based model for the mean value of LFN covering
these effects has been proposed [22, 24, 33]. AN and Au contributors are being ex-
pressed with Equations 3.37, 3.41 while the total model through Equation 3.47 with
series resistance effect being neglected in the present analysis. Before proceeding to
the 1/f noise variability analysis, the mean value model should be extracted first for
both 180 nm and 140 nm CMOS processes available in this work.

’ Parameter \ Units \ N5X2 \ P5X2 \ N8X016 ‘

Nr eV lem=3 ] 3.10™ | 1.10"7 | 6.5.10"7
ac VsC! 7.10° | 1.3.10° | 2.10°
ay — 1.10°% [ 2.10°° -

Table 5.1: 1/f Noise model parameters for mean value of 180, 140nm CMOS nodes

180 nm CMOS Process

The model shows a good qualitative fit to the In-mean data shown in Figures 5.6,
5.7, with extracted parameters as in Table 5.1 [28]. The extracted parameters listed
in Table 5.1, are quite different than the ones in Table 3.1 despite the fact that they
both refer to the same experimental 180 nm CMOS process flow. The main reason
for this is that now the In-mean of 30 measured samples is calculated while in the
previous case a simple average of 3 samples was calculated. Furthermore, now the
parameters in Table 5.1, are extracted for one single transistor (W /L =5 um/2 um)
while in Table 3.1, two transistors were taken into account (W /L =5 um/2 um,
W /L = 10 um/180nm). In Figure 5.6, the mean (expected) value E (WL*S;p/I3),
referred to 1 Hz, versus Ip/(W /L) is shown in linear and saturation regions while
in Figure 5.7, the same quantity is shown versus |Vp| at two |[Vis| values (|Vgs| =
1.2V, 0.6 V). Both NMOS and PMOS devices are shown in each case.

As it can be seen from Figure 5.6, the AN effect determines noise level from
moderate to strong inversion at high current, while correlated AN — A noise is also
apparent. Au effect is dominant in subthreshold region and appears as an increase
over the weak inversion plateau of WL Syp/ I,%. As it will be shown in the statistical
noise analysis that follows, these fundamental effects influence the 1/f noise statis-
tics in an analogous way. In Figure 5.7, the modeled and the measured behavior
concur qualitatively well, given that the model handles linear to saturation behavior
without any parameter fitting. Average noise also shows error bars corresponding to
normalized standard error.
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Figure 5.6: Mean value of output noise WL S;p /I3, referred to 1 Hz, in linear and
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of number (Equation 3.37) and mobility (Equation 3.41) fluctuations.
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Figure 5.7: Mean value of output noise WL * Sjp, referred to 1 Hz, at |Vgs| =

1.2V,0.6V, respectively, vs. drain voltage |Vp|, for a) n- and b) p-channel MOS-
FETs with W/L = 5 um/2 um. Markers: measured (In-mean) data (with error bars
indicating standard error of the mean), lines: complete LEN model (Equation 3.47),
dashed: individual contributions of number (Equation 3.37) and mobility (Equation
3.41) fluctuations.
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140 nm CMOS Process

In Figure 5.8 [30], the mean (expected) value E (WL S;p/I}), referred to 1 Hz,
versus Ip/(W /L) is shown at Vpg = 100m, 0.5 and 1.8V respectively. The model
shows a good qualitative fit with extracted parameters as in last column of Table 5.1
[30]. Expected value reaches a plateau in weak inversion which is the same for all
drain voltage levels. This is due to AN effect while Au effect, which would cause
an increase of noise in subthreshold region, is negligible for the specific data. As the
inversion layer gets higher, mean value noise decreases while increased drain voltage
leads to increased noise.
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Figure 5.8: Mean value of output noise WL * S;p /ILZ), referred to 1 Hz, vs. drain
current Ip /(W /L) for an N-channel MOSFETs with W /L = 8 um/160nm at Vpg =
100m, 0.5 and 1.8V respectively. Markers: measured data, lines: model with gt =
0.06 depending on bias, dashed lines: model with acpt = 0.

5.3.3.2 Statistical 1/f Noise Model

The noise of a MOS transistor itself is in fact the standard deviation of drain cur-
rent. In order to model correctly the variations of 1/f noise, the parameters that are
sensitive to these variations must be identified. From the physical LFN noise model
[22, 24, 33], it can be concluded that AN and Apu effects contribute to flicker noise
variability through variations of trap density Ny and of parameter ay in Equations
3.37, 3.41 respectively. The procedure that will be followed for variance calculation,
is to calculate the variance of total noise PSD for each of AN and Ay effects. This
must take place before integration along the channel as in Equation 3.30 since other-
wise, each Alp caused by any fluctuation (e.g. a specific trap) would have the same
effect which is not valid [211]. Local noise sources in our modeling approach [22]
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described in Section 3.4.1 are considered uncorrelated. The variance that will be in-
cluded into the integral as shown below, represents the local deviation corresponding
to an elementary slice Ay of the channel. Finally, by integrating from source to drain,
the total variance is obtained by summing all the local contributions. According to
basic statistics, we have:

9f

Var(() =[5, o7 5.1)

where oy is the standard deviation of y. The deviated parameters that are the number
of traps N;, which will be defined in the next section for AN and ap for Au effect
respectively.

Variance of 1/f Noise due to Carrier Number Fluctuation Effect

In this section, the variance of 1/f noise due to AN effect is calculated. As mentioned
before, the parameter that is deviated is the number of traps:

Ny = WLN; (5.2)

[205, 206] which follows a Poisson distribution [208, 209] and hence G]%rr = WLN;.
Volumetric oxide trap density Ny is connected with the trap density N, through Equa-
tion 3.27. The normalized PSD WLf xSg;/ 112) of alocal noise source due to AN effect
is calculated through Equations 3.25, 3.26, 3.27 and 5.2 as [28]:

2
51 1 Ny,

WLf* —* —+a e, 5.3

fx g = (qi+1/2 3 ) WAXNSpec >

where Ngpgc is the specific carrier density in cm ™2 defined in Section 3.4.3. Ac-
cording to Equation 3.10, the PSD of the total normalized noise current fluctuation
WLf *Sip /I% due to AN effect can be calculated similarly to Equation 3.30 by in-
tegrating Equation 5.3 along the channel. By changing integral variable as £ = y /L
and by using Equations 5.2, 5.3 we end up [28]:

Sp

el
WLf*x —= Ig |ANdX—
1 (L 1 2 Nt,
_ - 4« —  dx= 5.4
Lz/o (%“H/z #) WNGpe oY

1 ! 1 2
— [ (——=+au) N
LWNfPEC/o (%’"‘1/2 H) s

To calculate the variance of Equation 5.4 we have [28]:
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1 2 1 1 2
) | Var|[——tau) Ny|d
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where we have used Var (ax) = a*Var(x). The variance in Equation 5.5 now ap-
pears within the integral since local noise sources are considered uncorrelated and
thus (Var (Ex;) = X (Var(x;))) where x; is the local noise source. To calculate vari-
ance due to number of traps, the partial derivative of the integrand of Equation 5.5
with respect to number of traps N;, should be calculated [28]:

Sp
Var (WLf* i AN) =

1 2
Var |(— v au) N, | =
“ <Qi+1/2 “) '
2 2
(5.6)
6<(q+1/2+a/“l) Mr) 5 1 4
— W LN,
S (Vi) W (qf+1/z+°‘“) ’

By substituting Equation 5.6 into Equation 5.5 and by changing the integration vari-
able d& to dg; according to dq;/dg = —iy/(2g;+1) as in Equation 3.31, we can
calculate the total variance due to AN effect as [28]:

S
Var (WLf* |AN> =
I3

1 2 2[4 1 4
———— | WLN,;,— — 4+« i+1/2)dg; = 5.7
<LWN52‘PEC> [’d /qd (C]H-]/Z /’L) (q /2)dq
1 8(au)’
5 5 (au)4+(7“)
N (gs+0.5)" (g4 +0.5) 1+¢gs+qu

NsppcWL | 12(ap)® (142, 8 (o)
14294 ) (gs+0.5) (g4 +0.5) (1 + g5 +9a)

where the charge-based expression in the last parenthesis can be renamed as Ap |an.

id

Variance of 1/f Noise due to Mobility Fluctuation Effect

In the following, the variance due to Ay effect because of fluctuation of oy parameter
is calculated. The normalized noise PSD WLf % Sg; /112) of a local noise source due
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to Au effect is calculated through Equation 3.39 as [28]:

Ssr2 1 agWL
WLf* —" [ap= — o (5.8)
Iy qi WAYNspec
According to Equation 3.10 and by integrating Equation 5.8 along the channel after
changing integral variable as & = x /L , the PSD of the total normalized noise current
fluctuation WLf % Sip /I,% due to Au effect can be calculated as [28]:

S

2
WLf* 2 D | y= dx =
D
1 1 ogWL
2/ A7~ dx = (5.9)
L2 Jo qi WNspic

1 /1 1
—oyd
Nspec Jo qi nds

To calculate the variance of Equation 5.9 we have [28]:

S112)
Var WLf*I—2|A“ =

D
I 1
< ) / Var {(XH] d&
Nspec ) Jo qi
The variance of the quantity [ OCH} can be calculated by using Equation 5.1 [28]:
| 2
! o (gon)]"
“ [Cli H} (o) | O
1\
(a)

By substituting Equation 5.11 into Equation 5.10 and by changing the integral vari-
able d¢ to dg; according dg; /dg = —iq/ (2q; + 1) , we can calculate the total variance

due to Au effect as [28]:
51[2)
Var WLf>’<I—2 lag | =

(5.10)

5.11)

D

Q 1 [% 2 1
| ( >dq, (5.12)
WLNpgcia Jg, \4i 47

Q 1 : —
i .<2ln <qs>+qs qd)
WLN,N3ppc i qa qd4qd
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No information is a priori available on the standard deviation of oy parameter. We
can assume here that 0'024H = ay/(WLNspgc), so that AN and Ay effects will have
similar geometrical scaling.

Total Variance of 1/f Noise in MOSFETSs

To calculate the total variance of 1/f noise, contributions to variance from AN and Aut
effects should be added since if X, ¥ are uncorrelated and Z = X +Y then Var (Z) =
Var(X)+ Var(Y). In the mean value model, total 1/f noise is calculated by adding
the contributions of AN and Au effects (Equation 3.47). Thus, total variance of 1/f
noise can be calculated by adding Equations 5.7, 5.12 as [28]:

Sp Sp Sp
Var WLf*TzD =Var WLf*I—zD |an | +Var WLf*I—zD |au (5.13)
D D

D

Equations 5.7, 5.12 and 5.13 describe the new statistical charge-based 1/f noise com-
pact model [28]. The new model provides an explicit and truly compact formulation
of bias-dependent 1/f noise variability, formulated as a function of inversion charge
densities at source and drain, g; and g4. The parameters of the physical model pre-
sented in Table 5.1 (Ny, 0¢, Qy), can be used in the statistical model. However,
to allow for some flexibility in the statistical model, the following parameters are
defined:

Ent =~ Nrs/Nr
Eqc = Ocs/0c (5.14)
Eon ~ Qgs/oy

where Nrg, Ocs, 0ys can be used in Equations 5.7 and 5.12.

Standard Deviation of o (l n (WL *Sp / 112)) ) due to Carrier Number Fluctuation
Effect

As mentioned before, 1/f noise data follow a lognormal distribution as it can be seen
in Figure 5.1. Thus the basic properties of this distribution can be used [30, 211]:

S

Var (WLf% -2 |ax

Sp 3

ol in T2D|AN*WLf = |In|1+ 5 (5.15)
E<WLf*II§’|AN>

D

D

where for the purpose of this Thesis we focus on the standard deviation of the natural
logarithm of normalized output noise due to AN effect. Variance is given by Equation
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5.7 while expected value can be calculated by Equations 3.27, 3.37 as:

Sp 4N,
E<WLf*12D AN) = " Kp |aw (5.16)
ID NSPEC

and thus Equation 5.15 becomes:

Sp Evt Ap|
o n| =2 |awWLf)|=/n(1 N D AN 5.17
(”(1,3 law f)) \/”(+16WLN,KDAN (>.17)
if we take into consideration Equation 5.14. The ratio of variance divided by the

squared expected value in Equations 5.15, 5.17 is called normalized variance and is
of great importance as it will be proved later on.

5.3.3.3 Results

The proposed model for 1/f noise variability will be validated both with data
measured at our lab from an 180 nm CMOS process and with data taken from bibli-
ography from an 140 nm CMOS process [211]. In the case of 180nm, both AN and
Au effects seem to be significant as it is shown in Figures 5.6, 5.7 while in 140 nm,
Au effect is negligible as is illustrated in Figure 5.8. Furthermore, in 140 nim CMOS
process, the scaling of the model over different-sized transistors is examined. The
parameters of the statistical model, Eyr, Eqc and Eqg, shown in Table 5.2 [28, 30],
are obtained by fitting Equation 5.13 to measured variance. Bias-dependency of
LFN is very interesting. As it will be shown below, AN and Au effects will deter-
mine variance in the region where each effect is dominant in the LFN model. Thus
AN will affect 1/f noise variance mostly in moderate and strong inversion while A
in subthreshold region.

Parameter | N5X2 | P5X2 | N8X016

Ent 1 4 6.1
Exc 03 | 0.25 0.1
Eant 0.1 0.1 -

Table 5.2: 1/f Noise variability model parameters of 180 nm, 140 nm CMOS nodes

180 nm CMOS Process

The bias-dependence of the proposed model (Equation 5.13) is analyzed in Figures
5.9, 5.10 [28], for the same data for which the In-mean data have been shown in
Figures 5.6, 5.7. In Figure 5.9, the variance of normalized output noise at 1 Hz
— Var (WLxS;p/I3) — is shown versus drain current for both NMOS and PMOS
W /L =5 um/2 pm transistors in linear and saturation regimes. It is clear from our
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data that, for both low and high Vpg, variance is minimum in strong inversion and
it becomes maximum in weak inversion, following a trend bearing similarity with
In-mean 1/f noise trend in Figure 5.6. In addition, in saturation region, variance is
higher in comparison to linear region for every drain current value [207, 208, 211].
The complete model follows the data qualitatively well and with an appreciable con-
sistency. Dashed lines representing the different noise deviation contributors provide
interesting insight. The AN effect is seen to be dominant in moderate to strong inver-
sion. In weak inversion, the deviation due to AN effect in linear mode and saturation
coincides. Furthermore, as the inversion level increases, the correlated number and
mobility fluctuation (au product) — most clearly apparent in PMOS — is seen to con-
tribute to statistical 1/f noise variance. This has been mentioned in [207, 208, 209],
however, no physics-based compact model had been proposed. Detailed data are
shown for both linear and saturation regimes in weak inversion. The increased de-
viation under high Vpg conditions in comparison to linear region is well modeled
through the mobility fluctuation (Ap) effect. The In(qy/qq) term in Equation 5.12
is dominant in weak inversion and leads to higher variation in saturation, where
(gs/qq) becomes very large. Conversely, in linear region, g, is comparable to g;. In
Figure 5.10, variance of flicker noise is shown versus drain voltage for both NMOS
and PMOS devices at two gate voltage values; one near threshold voltage and one
at strong inversion region (|Vgs| = 1.2V, 0.6 V), corresponding to Figure 5.7. The
model again shows qualitatively good results.
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Figure 5.9: Variance of output noise WL  S;p/ I3, referred to 1 Hz, in linear and
saturation region (|Vps| = 50mV, 1.2V) vs. drain current Ip /(W /L), for a) n- and b)
p-channel MOSFETs with W /L = 5 um/2 um. Markers: measured, lines: complete
model (Equation 5.13), dashed: individual contributions of number (Equation 5.7)
and mobility (Equation 5.12) fluctuations.
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Figure 5.10: Variance of output noise WL * S;p /I3, referred to 1 Hz, at |Vgs| =
1.2V, 0.6V, respectively, vs. drain voltage |Vp|, for a) n- and b) p-channel MOS-
FETs with W/L = 5 um/2 um. Markers: measured, lines: complete model (Equa-
tion 5.13), dashed: individual contributions of number (Equation 5.7) and mobility
(Equation 5.12) fluctuations.

Some interesting observations can be made by examining the normalized vari-
ance of output noise, Var (WLSI%/I%) JE (WLSI%/II%) as shown in Figures 5.11,
5.12. As noted in Section 5.3.3.2, the number of traps N, = WLN; is supposed to
follow a Poisson distribution and hence Var (N;,) = WLKT Nr. In weak or moder-
ate inversion (in absence of Au effect, supposing o ~ 0), we find that normal-
ized variance Var (WLSII% /I%) /E (WLSIIZJ /112)> = 1/WLN,. This quantity is in-
dicated in Figure 5.11. For the NMOS case, this observation is reasonably well
confirmed, if we ignore the incidence of Ay effect. Hence, this indicates that the
above reasoning is correct and supports the Poisson distribution of number of traps
N;r. For PMOS, the Eyr parameter differs from unity; the normalized variance is
Var (WLSI[z) /1,2)) JE (WLSI[z) /112)) — Exr/WLN, , illustrating the usefulness of in-
troducing some flexibility in the statistical model. Accordingly, in the PMOS case,
the assumption of Poisson distributed N, is less well supported [28]. The latter ex-
pression is confirmed by Equation 5.17 since Ap |ay / (16 x Kp |an) equals to unity
in weak and early moderate inversion [30]. Interestingly, the AN (ocit = 0) model in
linear mode is shown to be practically independent of drain current (hence V) from
weak to strong inversion. In strong inversion saturation, the AN(opt = 0) shows
increased normalized variance with respect to weak-moderate inversion. In either
case, the non-zero au product is responsible for the drop of normalized variance in
strong inversion.
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Figure 5.11: Normalized variance of output noise WL x S;p /12, referred to 1 Hz,
in linear and saturation region (|Vps| = 50mV, 1.2V) vs. drain current Ip/(W /L),
for a) n- and b) p-channel MOSFETSs with W /L = 5 um/2 um. Markers: measured,
lines: complete model (Equation 5.13), dashed: individual contributions of number
(Equation 5.7) and mobility (Equation 5.12) fluctuations.
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Figure 5.12: Normalized variance of output noise WL S;p /12, referred to 1 Hz, at
[Ves| = 1.2V,0.6V, respectively, vs. drain voltage |Vp|, for a) n- and b) p-channel
MOSFETs with W/L =5 um/2 um. Markers: measured, lines: complete model
(Equation 5.13), dashed: individual contributions of number (Equation 5.7) and mo-
bility (Equation 5.12) fluctuations.

Generally speaking, the noise measurements are very sensitive, particularly in
weak inversion [210]. As a consequence the handling of statistical noise quantities is
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very sensitive, particularly so the normalized variance of noise, but even for variance
and average noise. Based on the log-normal distribution of noise [30, 211, 213, 214,
215, 216], In-mean data is shown for average noise while variance is calculated from
c (ln (WL* S el /I,%)) and normalized variance is obtained inverting the Equation
5.15[30, 211].

Figure 5.13 [28] presents the detailed data of measured normalized flicker noise
WLxSip /Ig at 1 Hz versus normalized drain current, for NMOS and PMOS tran-
sistors with W/L = 5 um/2 um with |Vps| equal to 1.2V and 50 mV. The model
is shown to represent well the mean value of noise as well as its standard deviation
o (WL *Sip/ Ilz)). In each case, the markers represent the measured noise values for
all devices on the wafer, while lines represent statistical (average) noise model in-
tegrated in the EKV3 charge-based compact model, extracted from the In-averaged
noise data. The dashed red and green lines represent the +20 standard deviation
as extracted by the model (Equation 5.13) proposed in the present work, and give a
reasonable estimate of the respective data spread (markers). This representation con-
firms the consistency among physical and statistical charge-based 1/f noise models.
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Figure 5.13: Output noise WL x SID/Iz, referred to 1 Hz, vs. drain current
Ip/(W/L), measured for a) N-channel and b) P-channel devices with geometry
W/L=5um/2 pum in linear region at |Vps| = 50 mV (left subplot) and saturation
region at |Vpg| = 1.2V (right subplot). Measured noise: crosses. Measured In-mean
noise, =2-sigma deviation: open markers. EKV3 model: average noise (lines), £2-
sigma deviation (dashed).

Finally, Figure 5.14 illustrates the geometrical scaling inherent in the present sta-
tistical LFN model. Either AN and Ay effects show a scaling of variance vs. area
Var (WL*Sip/I3) ~ (WL)™'= or equivalently, a scaling of standard deviation vs.

area 0 (WL* S,D/ILZ)) ~ (WL)fl/z, as is observed e.g. in [208] for smaller area de-
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vices. The same applies for normalized variance Var (WL *Sip/ Ig) JE (WL *Sip/ 1[2,) ~
(WL)™' [212].
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Figure 5.14: Variance (a) and normalized variance (b) of normalized output noise
vs. area in linear mode, showing the same 1/(WL) scaling trends for variability
due to AN and Ap variations. At Vgg = 1.2V, AN effect dominates, while Ay effect
dominates at Vgg = 0.4 V. Lines: entire model (AN+AL), dashed: AN contribution.
dotted: A contribution, markers: measured data of W/L = 5 um/2 um NMOS
device.

140 nm CMOS Process

The bias-dependence of the proposed model (Equation 5.13) is also confirmed for an
NMOS short channel device with W /L = 8 m/160 nm from an 140 nm CMOS pro-
cess [211]. The variance, as well as the standard deviation of the natural logarithm
of normalized output noise referred to 1 Hz, are shown versus drain current in Figure
5.15 [30], for the same data for which the mean data have been shown in Figure 5.8.
The model shows a good qualitative fit to the variability data with extracted parame-
ters as in Table 5.2. As in 180 nm case, variance behaves similarly to mean-value as
far as AN effect is concerned since Ay effect is negligible here. As far as standard
deviation of logarithm of noise is concerned, it has a similar behavior with normal-
ized variance for the 180 nm CMOS process as it is shown in Figure 5.11. This is
reasonable due to Equation 5.15 which connects these two quantities. The effect of
au product is confirmed in this process also since the standard deviation of natural
logarithm of noise demonstrates a high sensitivity to it.
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Figure 5.15: a) Variance and b) standard deviation of the natural logarithm of of
output noise WL * S;p /I3, referred to 1 Hz, vs. drain current Ip/(W /L) for an N-
channel MOSFETs with W /L = 8 um/160nm at Vpg = 100m, 0.5 and 1.8V respec-
tively. Markers: measured data, lines: model with ot = 0.06 depending on bias,
dashed lines: model with it = 0.
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Figure 5.16: Normalized standard deviation of LFN for NMOS devices vs. area
at different bias conditions. Open markers: measured data of 140 nm CMOS, lines:
model. The dotted line indicates 1/+/WL scaling.

In order to confirm the geometrical scaling of the model with gate are, Figure
5.16 shows data from 140 nm CMOS process [211] for NMOS devices. In this
graph, data is plotted versus area at various bias points including linear and satu-
ration regions as well as moderate and strong inversion. The same parameters are
used as in Figure 5.15. The consistency of area scaling of the variability model
is expected due to the adoption of lognormal statistics of LFN variability as in
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[30, 211]. It is clear that the model follows the scaling properties of [211], namely

oln(Sip) ~ /In[1+K/(WL)] resulting in oln(Sip) ~ 1/v/WL for large area de-

vices.

5.3.4 Model Implementation for HV-MOSFETSs
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Figure 5.17: Variance of output noise WL * Sip /12, referred to 1 Hz, in linear and
saturation region (Vpg = —50mV, —3V) vs. drain current Ip/(W /L), for a P50
HV-MOSFET with W /L =40 um/1 um. Lines: complete model (Equation 5.20),
dashed: individual contributions of number (Equation 5.18) and mobility (Equation
5.19) fluctuations.

As it was shown in Chapter 4, 1/f noise in HV-MOSFETSs is mostly generated
by the channel part while noise from drift region becomes significant under specific
circumstances such as low drain voltage and long channel length. The channel part
of a HV device is quite similar with a conventional LV-MOS transistor and thus
carrier number fluctuation as well as mobility fluctuation effects that are the main 1/f
noise generators in LV-MOSFETS, also prevail in the channel part of the HV device.
Equations 4.2, 4.4, which describe AN and A effects in LV part of HV-MOSFETSs
respectively [27], are equivalent with Equations 3.38, 3.41 which refer to the LV 1/f
noise model [24, 33] with just replacing normalized drain charge g; with normalized
K-point charge g;. Since the fundamental principles of 1/f noise generation are the
same in the channel part of both LV and HV devices, we can assume that the physics-
based model for the variability of 1/f noise in MOSFETsS presented above [28] can
be applied to HV-MOSFETs as well. Unfortunately, this modeling approach can not
be validated here with data since no sufficient sample of measurements is available
in LDMOS devices under test.

Nevertheless, Equations 5.7, 5.12 and 5.13, referring to LV-MOSFETs can also
be used for HV-MOSFETs with g replacing g, as the “inner” drain of the LV part
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of the HV device. Thus for AN effect we can assume:
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and for Au effect:
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while the total variance can be calculated as:

Statistical 1/f noise parameters similar to Equation 5.14, can also be used for the 1/f
noise variability model for HV-MOSFETs. In Figure 5.17, the variance of 1/f noise
in a P50 short device, with W = 40 um, L = 1 ptm, is shown versus normalized drain
current for linear and saturation regions (Vps = —50mV, —3V). 1/f noise parameters
from Table 4.2 were used for the mean value model while for the variability model,
the 1/f noise statistical parameters of the PMOS device from Table 5.2 were used
and the specific device was chosen since both AN and A effects seem to be active.
In accordance to LV-MOSFETs (Figure 5.9), the same conclusions can be drawn for
this HV device as far as 1/f noise statistics are concerned. Thus, 1/f noise variability
increases in weak inversion due to Ay effect while noise variability from moderate
to strong inversion is dominated by the AN effect. Furthermore, as the inversion
level increases, the correlated number and mobility fluctuation (¢t product) is seen
to contribute to statistical 1/f noise. Furthermore, 1/f noise variability is higher in
saturation than linear regime at all levels of inversion. This is covered by AN effect
in moderate to strong inversion but in weak inversion, deviation due to AN effect
seems to coincide. It is Ap effect that seems to explain the increased variability in
saturation region in weak inversion.
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5.4 Conclusions

This chapter of our Thesis investigates in detail the bias-dependence of 1/f noise
variability in large-area, standard bulk MOSFETs. An analytical statistical compact
model is developed, based on number and mobility fluctuation mechanisms AN and
Au, where the flicker noise variability is obtained from the variability of trap density
Nr and Hooge parameter i, respectively. Variability affecting current, transcon-
ductance (via the inversion charge densities at source and drain) is naturally reflected
also in the noise model, however, the total noise variability is mainly due to variabil-
ity of number of traps and mobility fluctuations, which are essentially uncorrelated
with the former. The resulting compact model allows for the first time to cover the
observed variability of 1/f noise over all bias conditions, from weak to strong in-
version, as well as from linear to saturation regions. Data measured at our lab are
from an experimental 180nm CMOS process on n- and p-channel devices while data
are also taken from bibliography from an 140 nm CMOS process [211]. AN and Ap
effects affect 1/f noise statistics in a consistent and similar way they affect 1/f noise
In-mean value. AN effect is responsible for noise variance behavior in moderate and
strong inversion, while Ay effect (if present) may dominate in weak inversion. This
work leads to a consistent model of variance of 1/f noise , containing both AN (in-
cluding correlated AN-Au noise) and A components. The noise variability model
is highly consistent with the noise model at all bias conditions. Its parameters can
actually be estimated from the parameters of the noise model itself, and may be fur-
ther refined based on measured data. The bias-dependence of the statistical 1/f noise
model has been validated for both gate and drain bias dependence [28, 30]. The geo-
metrical scaling of the statistical noise model is also validated [30] and proved to be
consistent with [211]. Finally and due to strong similarity of LV MOSFETs with the
LV part of HV-MOSFETSs, the developed 1/f noise variability model can be applied
to HV-MOSFETs by just replacing normalized drain charge g; with normalized K-
point charge g;. Unfortunately, not enough data were available in order the model to
be validated in such power devices.
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Chapter 6

Conclusions

The fundamental original contributions of this Thesis are presented in this con-
clusive chapter. Low frequency noise is very crucial in modern analog and RF design
which makes the need of reliable compact models very important. Charge-based
compact modeling of both mean value of 1/f noise in HV MOSFETS presented in
Chapter 4, and variability of 1/f noise in moderately-sized MOSFETs in Chapter 5,
constitutes a state-of the art situation since no physics-based compact models were
available until now to the best of our knowledge. An attempt to model the statistics
of 1/f noise in HV-MOSFETs is also presented based on the similarity of the channel
part of a HV-MOSFET with an LV-MOSFET, but no sufficient data are available to
validate this effort.

Before addressing the innovative issues of this work in Chapters 4, 5 mentioned
above, an explicit analysis of 1/f noise physics in MOSFETs is presented in Chapter
3. It is proven throughout our research, that the main phenomena that generate LFN
in MOSFETs such as carrier number fluctuation, mobility fluctuation and series re-
sistance effects, are responsible for creation of LFN in HV-MOSFETs and are also
connected with LFN variability. A new charge-based 1/f noise compact model is
addressed in Chapter 3 [24, 33] describing the above effects which is of great impor-
tance since it will be the basis for the rest of the modeling work in this Thesis. This
model was successfully validated at two different experimental CMOS processes at
180 nm, 90 nm.

In Chapter 4, a new complete 1/f noise compact model for LDMOS transistors
is proposed and validated for the first time [27, 34, 35] as the few modeling ap-
proaches available until now do not establish a compact solution. Until recently,
LV part of the HV-MOSFETSs was considered to be the only source generating LFN
and as a result LV 1/f noise models were used for these devices. Recent research
has revealed additional 1/f noise sources in the extension of gate oxide in the drift
region of an LDMOS device which were unexplored until now mainly because of
lack of adequate 1/f noise measurement set up under high-voltage conditions. In
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the context of this Thesis, the 1/f noise of an LDMOS transistor was measured and
characterized for a 350 nm HV-MOS process provided by AMS. For the purpose of
this characterization, a new measurement set-up was provided by AAMOS permiting
1/f noise measurements up to 200V and this was an important breakthrough for the
accomplishment of our research. The next step would be to explore and locate all
the 1/f noise sources both in channel part and drift region of the LDMOS transis-
tor. In the channel part which is similar with a conventional LV-MOSFET, flicker
noise is caused by the same effects as in standard MOSFETs such as carrier number
fluctuation due to trapping/detrapping mechanism in the oxide interface, mobility
fluctuation effect and series resistance effect. A similar trapping/detrapping mecha-
nism in the extension of the gate oxide which overlaps with drift region can create
an additional 1/f noise source in the HV part of the device. Flicker noise which is
generated by this carrier number fluctuation effect, becomes significant and compa-
rable to noise arising from the channel in linear region and strong inversion of long
channel transistors. Furthermore, the quasi-saturation effect which is a characteristic
effect taking place only in HV-MOSFETs also affects flicker noise.

All the above effects are successfully included into the new complete charge-
based 1/f noise compact model for LDMOSFETsS [27] and the validation of the model
gives outstanding results over all possible operating conditions from weak to strong
inversion, for linear and saturation modes and for a lot of different device geometries
[34]. In more detail, when 1/f noise is shown versus drain bias, the effect of the drift
region on it under linear regime and strong inversion of long devices can be spotted
very clearly. In fact, S;p ressembles an output characteristic while Sy remains
constant when drift region contribution is de-activated and starts to increase when it
becomes active. Furthermore, quasi-saturation and self-heating effect are also clearer
when 1/f noise is shown versus drain voltage.

The next accomplishment of our work presented in Chapter 4, is the proposal
of an accurate 1/f noise parameter extraction methodology for LDMOSFETsS, some-
thing that is also implemented for the first time [35]. A simpler methodology was
firstly proposed [199] focusing mainly on the LV part of the transistor while the most
comrehensive one followed [35]. In the latter, a wide bias and geometry data range
was used and as a result each 1/f noise parameter is extracted from the operating
region that is dominant. The usage of the values of the extracted parameters to the
new 1/f noise model gives excellent results.

1/f noise variability modeling is considered of equal importance with the mean
value 1/f noise models in MOSFETs. In fact, there is a strong relation between the
effects that are responsible for creating 1/f noise such as carrier number fluctuation
and mobility fluctuation, and the statistical behavior of flicker noise. A more impor-
tant and useful observation is that each effect affects 1/f noise variability under the
conditions where it is dominant. All the above are analyzed in Chapter 5 while a new
charge-based compact model for LFN variability in moderately-sized MOSFETS is
proposed for first time [28], [30].
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In more detail, the bias-dependence of 1/f noise variability is investigated for
both n- and p-channel MOSFETSs with W /L = 5 um/2 um from an 180 nm CMOS
process with data measured at our lab. Furthermore, data taken from bibliography
from an 140 nm CMOS process [211], is also used for the validation of the model.
More specifically, the bias-dependence of 1/f noise variability is investigated for an
N-channel MOSFET with geometry W /L = 8 um/160 nm while area-dependence is
also studied since standard deviation values of natural logarithm of normalized out-
put noise for different area values at three bias conditions are also taken from[211].
The proposed compact 1/f noise variability model covers all the operating conditions,
from subthreshold to higher current region as well as linear and saturation modes for
the first time while it also provides an excellent geometrical scaling behavior. The
model is developed, based on carrier number fluctuation and mobility fluctuation ef-
fects where the 1/f noise variability is caused by the deviation of trap density Ny and
Hooge parameter oy respectively. The most important experimental conclusion that
is also covered by the model in a perfect way, is that carrier number fluctuation and
mobility fluctuation phenomena affect 1/f noise statistical behavior in a similar way
they affect the mean value of noise. AN effect is responsible for the behavior of 1/f
noise variability in moderate and strong inversion while Aul is dominant in weak in-
version. The new 1/f noise variability model gives excellent results while it is highly
consistent with the mean value model over all operating regions.
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Appendix A

Empirical Model for Low
Frequency Noise Variability in
Moderately Sized MOSFETSs

In this Appendix, an empirical model for the gate voltage dependecne of 1/f
noise variations in moderately-sized transistors and saturation region is proposed
[29]. We show that the gate voltage dependence may be related to transconductance-
to-current ratio g,,/Ip. Extensive measurements of low frequency noise variability
in an experimental 180 nm CMOS confirm the newly proposed model.

A.1 Introduction

As explained in detail in Chapter 5, in smaller-sized devices, noise fluctuations
are area dominated. In moderate- to large-sized transistors (Area > 1 um?), normal-
ized noise fluctuations are roughly independent of area, but show a distinct degrada-
tion towards weak inversion (subthreshold). Althoug a new charge-based 1/f noise
variability compact model was recently proposed [28] and presented in Chapter 5,
this empirical formulation described here might be quite useful from design point
of view since it relates bias-dependence of flicker noise variability with the very
important g,,/Ip ratio. In fact the standard deviation of the logarithm of normal-
ized noise follows this g,,/Ip trend. Devices under test are the same as the ones
analyzed in Chapter 5 (NMOS-PMOS with W /L = 5 um/2 pm) while the measure-
ments were executed in our lab and for the specific task only the high drain voltage
data (|Vps| = 1.2V) were used while gate voltage values covered from weak to strong
inversion with |Vgg| = 0.35, 0.4, 0.45, 0.5, 0.55,0.6,0.8, 1.2, 1.8V.
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A.2 Model Implementation

The first step in this work was to calculate the standard deviation for each device
at each bias point measured. Initially, output noise divided by squared drain current
normalized with device area — WL *S;p/ 112) — was extracted at 1 Hz. Because of the
log-normal behavior of the statistics of LF noise [210, 211], it is more relevant to
calculate the standard deviation of log (WL f*Sip /I%). The most widely used car-
rier number fluctuation model from FBP approach is given by Equation 3.34 and
is described by two basic parameters introduced in Section 3.4.3: Ny and o¢. The
statistical deviation of these two parameters plays a significant role in the variability
of flicker noise. Former work [162, 206, 208, 209, 212, 213, 215, 216] has shown
the correlation between Ny parameter and noise variability coming from device di-
mensions. Small-area devices have a low number of traps and therefore RTS noise is
observed, which leads to increased noise variability. Ny parameter follows Poisson
statistics [208, 209], and therefore the relative standard deviation of the number of
traps equals:

1
oy, = A.l
Nt \/m ( )

where N; is the trap density in cmm~2. Equation A.1 can describe the dependence
of 1/f noise variability with device dimensions but not with gate voltage. Since the
mean value 1/f noise model in Equation 3.34 connects 1/f noise with g,, /I ratio, the
motivation of this work was to test if the same is valid for the variability of 1/f noise.
Based on the above observation, a new complete statistical LFN model is proposed
in this work, which covers both the area-dependent and the bias-dependent statistical
behavior of 1/f noise as follows [29]:

zgmUT A?

Sip
Lf*x—— =4 /B — A2
G[log(W S * 112) )} A +WL (A2)

where A = 1/4/N; and B are the statistical model parameters. The bias-dependent,
unitless term g,,Ur /Ip maximizes noise variability in weak inversion for large-area
devices. Equation A.2, without the bias-dependent term reduces to the formerly used
equation [213, 215, 216].

A.3 Results and Discussion

The behavior of the proposed model is presented in Figure A.1 [29]. The stan-
dard deviation of flicker noise versus normalized drain current I /(W /L) for both
NMOS and PMOS transistors with W /L =5 um/2 ym is shown. In these moderately-
to large-sized devices, the bias-dependent term plays an important role. Variability
of 1/f noise follows a g,,Ur/Ip behavior as discussed before and proposed in the
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present work. NMOS devices show a higher noise variability than PMOS. The pa-
rameter B can be determined by matching the model to these measurements. Table
A.1[29] includes the extracted parameters for both NMOS and PMOS devices. The
consistency of the model seems quite good in all cases of device type, size, and bias
conditions.

o(log(WLSpf /1,2)

E|VDS|=1.2V
01 | WIL=5um/2ym
ANMOS O PMOS

0.0

1E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04
I,/ (WIL) (A)

Figure A.1: Normalized standard deviation of the logarithm of output noise
log (WL*S;p/I5), referred to 1 Hz, measured in saturation region ([Vps| = 1.2V)
vs. normalized drain current Ip /(W /L), for n- (blue) and p-channel (red) MOSFETs
with W /L =5 um/2 um. Measurement (markers), full model (lines).

’ Parameter \ NMOS \ PMOS ‘

A(um) | 0.11 0.9
B 098 | 053

Table A.1: Parameters of 1/f Noise variability model

Figure A.2 [29] presents a more detailed analysis of flicker noise and its stan-
dard deviation versus normalized drain current. Both NMOS and PMOS transistors
with W /L = 5 um/2 um are shown in left and right plot, respectively. Output noise
Sip/I3 is normalized with device area and referred to 1 Hz. In each case, the mark-
ers represent the measured noise values for all devices on the wafer, while blue solid
lines represent statistical noise model integrated in the EKV3 charge-based compact
model, extracted from the log-averaged noise data. The noise parameters extracted
for the physical EKV3 model are comparable to Table 5.1 with the usage of Equa-
tion 3.34. The dashed red and green lines in Figure A.2, represent the +2¢ standard
deviation as extracted by the model proposed in the present work. To produce the
420 plots, we first calculate the 10¥2°() for each case just to take out the log term
and then multiply the result with the extracted average noise of the compact model.
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Note that the statistical noise model proposed in this work gives overall very good
results. The behavior of simulated £20 plots follows qualitatively well the disper-
sion of noise measurements. The choice of =20 values of variation is however just
indicative, and the model user may choose a larger spread, e.g. +30.

1.0E-17 1.0E-16
X NMOS WIL=5pm/2um PMOS WI/L=5ym/2ym
_ 1.0E-18 Q\g x A - pt20 0BT « A - pt2o
& Y B~ - & X x O-p
E 10819 | E AN 0 -
o g, 10E-18 TS '
= 10E-20 E = &
S S
o o 1.0E-19 ¢
0 10E-21 ¢ (%]
- -
2 102 | = 10820 ¢
10E23 Lo v i i i 10E-21 Lo i i i i 1
1E09 1E-08 1E-07 1E-06 1.E-05 1E-04 1E-10 1E-09 1E-08 1E-07 1.E-06 1E-05

Ip/ (WIL) (A) o/ (WIL) (A)
(@) (b)

Figure A.2: Output noise WL * S;p /12, referred to 1 Hz, measured in saturation at
Vps = 1.2V, for transistors with geometry W /L =5 um/2 ym vs. normalized drain
current Ip /(W /L), for a) NMOS and b) PMOS. Measured noise: crosses. Measured
log-mean noise, +2-sigma deviation: open markers. EKV3 model: average noise
(lines), +-2-sigma deviation (dashed).

A.4 Conclusions

A thorough investigation of low frequency noise variability was performed in an
experimental 180nm CMOS process. Shrinking of device dimensions leads to higher
noise variability due to RTS noise caused by decreased number of traps. Conversely,
in moderately- to large-sized transistors, the normalized variability of 1/f noise is not
anymore area related, but becomes strongly bias-dependent: a distinct increase of
normalized noise variability is observed when lowering the gate voltage, and a max-
imum plateau is reached in weak inversion. A new, simple and explicit statistical 1/f
noise model is proposed to describe these effects, relating flicker noise variability to
both area and gate bias [29]. While maintaining the habitual area-dependent param-
eter, A, for small area devices, the model proposes the area-independent term, B, to
be bias-dependent with the transconductance-to-current ratio g,,/Ip. This provides
for the first time a simple means for evaluating the noise dispersion in moderately-
to large-sized devices, depending on level of inversion and device area. This simple
hand calculation model may be used independently of a compact model, providing
the parameters A and B are known.
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