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ABSTRACT

A technique for measuring and characterizing tsdosinoise is presented. The
primary goal of the measurements is to locate thadise corner for select transistors in
Silicon-on-Sapphire processes. Additionally, thegmtude of the background channel
noise of each transistor is measured. With thia,dategrated circuit (IC) engineers will
have a qualitative and quantitative resource féecsimg transistors in designs with low
noise requirements.

During tests, transistor noise behavioral changevisstigated over varying channel
lengths, device type (N-type and P-type), threshalttage, and bias voltage levels.
Noise improvements for increased channel lengii® iminimal, 1.0m, and 4.Qam are
measured. Transistors with medium and high thidshmltages are tested for
comparison of their noise performance. The bidtges are chosen to represent typical
design values used in practice, with approximaté)® mV overdrive and a drain-to-
source voltage range of 0.5 to 3.0V.

The transistors subjected to tests are custom rsiqn Peregrine’s Oun (FC)
and 0.2om (GC) Silicon-on-Sapphire (SOS) processes. Ireotd allow channel
current noise to dominate over other circuit notbe, transistors have extraordinarily
large aspect ratios (~2500 - 5000).

The transistor noise produced is amplified and mmeasover a frequency range of
1kHz - 100MHz. This range allows the measuremédntazh device’'s low and high

frequency noise spectrum and resulting noise corner



Table of Contents

LIST OF FIGURES ...ttt e et et ettt e et e e s e e et e e et e s et e e es e esstasesaassstasssenaaees iv
[ O L AN = 1 I ST Vi
ACKN OW LED GEMENT S .ee ittt e et et e e et e e e et e s et et et s set s esnansesaaneasanes Vii
CHAPTER 1 - INTRODUCGCTION ...ttt ettt et e e e et e e et e e e e s s s e e e et e s e e e e s aansenansas -1-
1.1. WHAT’'S SOIMPORTANT ABOUT L/F NOISE? ...ttt e er e e e e 1-
1.2. PREVIOUS WORK ...ttt ettt et et e e et e e e e e st e e e bt e e e et e et s e e e st s st e sa s sbnseansabasnen 3-
1.3. B 15T I LU 1 TN 4 -
CHAPTER 2 — NOISE THEORY ...ttt e et e et e et e e et e s eaaa e e s e e san e eeaneees -6 -
2.1 A BRIEF REVIEW OF TRANSISTOR OPERATION ...cuuiiiinieiitieieieeeie e se et ee s eaeeennneesnnneeees 6-
2.2 NOISE: TYPES AND ORIGINS ...uuiietiiiieieeietee et e et e e st ee e e e eae e e et e e et e e saaeeeba e e e et e e st eeeanss 9-
2.3 NOISE IN TRANSISTORS ....iiteeietieete ettt e e et e e e e et eeeaasee s e set e eeaessaneeeeteerrnesenneeraans -11-
2.3.1  Transistor Broadband NOISE .......cceceiiiieiiii ettt et e sb e e ae e -12-
2.3.2 Generation-RecombiNation NOISE.........cuiiiieciie e s et s eae e s s eaaeee s -15-
P G T N 0= 11 1= 1= (o g ) VLo = ST -17 -
2.4 PARAMETERS FOR VARYING NOISE LEVELS .. cuuiiuiitiiiieii e ieeiee i e e e e s s s e sa s ean 18-
CHAPTER 3 — MEASUREMENT SETUP ...ceiii ettt aera e e -20-
3.1 CONSIDERATIONS OF THE MEASUREMENT SETUP ...cuuiitiiitiiiee e e e e e aeseaenanas -20-
3.2 AMPLIFYING THE TRANSISTOR NOISE.....cuiiiuiiiiiiiiiiiiiieei e e e et e s s s e e s s aa e eens 21-
CHAPTER 4 — TRANSISTOR DESIGN ...ttt e e e e e e s eeaanes -25-
41 TRANSISTOR SIZING ..uiiitnieieiieiete ettt e e e e et e et e e e e e e et e e e st e e st e e et e e eaaessaneesaneesannsannes -25-
CHAPTER 5 — MEASUREMENT RESULTS ....oiiii e - 27 -
5.1 PRESENTATION OF MEASURED DATA ..ouiiiiii ittt et e et e e e e e 27 -
5.2 M EASURED DATA RESULTS FORFC PROCESS.........iietiiiiieieii e ee e e e e eeeteeeanas 28-
53 MEASURED DATA RESULTS FORGEC PROCESS......iitiiiiiiiiieieeiee e eees e e e sas e eaa e 32-
5.4 SUMMARY OF NOISE MEASUREMENTS AND OBSERVED TRENDS......ccuviiviiiiiieiieiieinnens 36-
55 DEVICE 1/F NOISE CORNERS. ... .cetuiittitetee it eeiteeteteseat e aesasesaasasta e ssase st sertseesaneeees 37-
5.6 CALCULATED BROADBAND NOISE AND Y7 ..iiiiiiiiituiiaaeeeeaaeeeeeeetstiiiaaaaaaaaaaaaaaeeeeesssnnnnnns 40-
CHAPTER 6 — CONCLUSIONS ..ttt et e e et e et e e st e s e et e e saa e s et e e nanaas - 44 -
6.1 (O0] N[0l U] (0] N = T 44 -
L ] O i -46 -



List of Figures

Figure 1-1: Result of phase noise in a divide-bgyNthesizer ... B..
Figure 1-2: Degradation of channel resolution tu&/f noise performance............... 7...
Figure 2-1: Transistor schematic symbol and cpoeding IC layout....................... 10.
Figure 2-2: Device operating in triode (a) andisaion (b) regions ..........cccccevvvvneees 12.
Figure 2-3: Typical transistor drain current Ver$hs CUIVES. .........evvveciiiieeeeeeeeenen. 13.
Figure 2-4: Circuit equivalent voltage (a) andreat (b) noise sources ................... 15..
Figure 2-5: Transistor noise power spectral density and naseet.......................... 16
Figure 2-6: Device operating in SAtUration. .............occcccceeeeeeiiiiiiiinneee e e e 17.
Figure 2-7:Direct generation-recombination of a semiconductor.......................... 19

Figure 2-8: Indirect generation-recombination of carriers witps associated with

SIlICON SEMICONAUCTONS. .....uuiiiiiiiiiiiiiiieee e 20
Figure 3-1: Biased test device (a) and its smgltad model (D).........eeeeiiiiiiiinnnnnn. 24
Figure 3-2: Transistor Noise MeasuremMeNnt SEUP e ..uvureeriri e eeeeeeeeeeeeeevieeeee 26

Figure 3-3: Amplifiers used for low (a) and high (b) frequernyise measurements 28.
Figure 3-4: Schematic view of low frequency amplification board........................ 28

Figure 4-1:1C layout of P-type (rows: 1,2) and N-type (rowst)JFabricated

LU= T ] 51 (o PSSP PPURRPRPP 30
Figure 4-2:1C layout of 0.2fam HP transistor with probe pads.............cccceeeeeeennn. 30
Figure 5-1: Measured noise of FC NL tranSiStor..........uvveeiiiiiiiieee e 32
Figure 5-2: Measured noise of FC RN transiStQl..............cceeiiiiineiniiiiiiieeeeeiiiieeeee 33
Figure 5-3: Measured noise of FC PL tranSiStQr..........cccooovviiiiiiiiiiiiiiiiieieeeennn 34
Figure 5-4: Measured noise of FC RP tranSIiStOl .. ..vvveeiiiiiieeieeeceeeeeeeeeeevveeee 35
Figure 5-5: Measured noise of GC RN tranSiStOf.ccc......ccvvvvvviiiiiiiiiiiiieieeeeeeeee e 36
Figure 5-6: Measured noise of GC HN tranSiStor...........ccovvviiiiiiiiiiiiniieeeeeeeeeeeeee 37
Figure 5-7: Measured noise of GC RP tranSIStOf .. ..uueeeiiiiiiieeee e 38
Figure 5-8: Measured noise of GC HP tranSiStOf . ....uuuereiiiiiiieeeeeeeeeeeeeeeeevvieeene 39

Figure 5-9: Estimated 1/f noise corners for N-ty@eand P-type (b) transistors in FC

PO CESS . ittt ettt e et et nm— e et ann e 42



Figure 5-10: Estimated 1/f noise corners for Netya) and P-type (b) transistors in GC

PIOCESS. .. ittt ettt ettt e e et e e e e e e et e et e et e e et aeraans 43

Figure 5-11:Calculated noise-factor versugatoltage of 0.am (a), 1.¢um (b), and
4.0um (C) transistors iN FC ProCESS. ...uuuiiiiieeeeeeeieiiiiiiiieen e e e e e e e aaeeenen 46

Figure 5-12:Calculated noise-factor versugdtoltage of 0.2hm (a), 1.um (b), and
4.0um (C) transistors iN FC PrOoCESS. .....uuiiiiieeeeeeiiiiiiiiienae e 47,



List of Tables

Table 2-1: Threshold naming conventions for Qr@%and 0.5m processes

Vi



Acknowledgements

| would like to thank Dr. William B. Kuhn for hisesemingly unlimited wisdom,
enthusiasm, and support for this research and ghiaut my time as a graduate student at
Kansas State University. His commitment as a nresutdl a friend made this research
possible. | would also like to thank my graduabenmittee, Dr. Don Gruenbacher and
Dr. Andrew Rys, for dedicating their time and thbtsy

| would also like to thank Honeywell KCP and SanN@tional Laboratories for
this opportunity and their support. Finally, | wdudike to thank our integrated circuit

foundry, Peregrine Semiconductor, for allowingagtblish our results.

Vii



CHAPTER 1 - Introduction

1.1. What's so Important About 1/f Noise?

The demand for smaller and faster devices overyd@s has pushed integrated
circuit (IC) processes to astonishingly small sizédthough this trend has its benefits,
miniaturization of the transistor imposes inherenmplications when designing low
noise circuits. To make matters worse, standardu@ply voltages have remained the
same for reasons of compatibility with existingteyss. This can result in even more
complications such as noise performance and défetene.

Although many IC designers couldn't care less alaotransistor producing -100
dBm/Hz at 10 kHz, someone designing a frequencthegizer might cringe at this when
thinking of what it might do to their phase noisé&/hen it comes to circuits like this ,
minimal noise power spectral density (PSD) is thma of the game. Many components
throughout these systems contribute to the toteenoOne of the most fundamental of
these is transistors and their associated noisgrspg namely the frequency of their 1/f
noise corner.

A specific example were 1/f noise characteristitaypa vital role in system
performance is the charge pump in a divide-by-Ntlssizer as seen in Figure 1-1.

Accompanying the diagram are illustrations of n@gectrums throughout the circuit.



The synthesizer works by trying to match the plafsa "desired output pha#s,
once divided by N, with a reference phase Any output phase deviation (i@; # ©) is
detected by the phase-frequency detector (PFD)hwdommands the charge pumps (CP)
to source or sync current pulses to or from theplditter. This then applies the
appropriate voltage and resulting frequency andgs@lwianges at the voltage-controlled

oscillator (VCO).

suppressed

from 1/f
i@r >_ f in \‘ f \4
V=R v
|
o | PFD/CP—{1)— ﬁ‘l)t‘;f @ >

\ 4

Figure 1-1: Result of phase noise in a divide-by-N synthesizer.

The problem here arises from the noise associatddtiie charge pump current
pulses, shown as the injection of which ultimately causes jitter in the output
frequency/phase. Jitter in the VCO frequency/phasother concern, but is normally
suppressed by the loop. Unfortunately, the trarfsfiection fromi, to the VCO output
phase noise is the same as that from the refetenit® output (modified by the phase-
detector constant), such that directly modulates the VCO phase. Although the

magnitude of this noise is usually low, it is netable close to the carrier due to its 1/f



nature. To make matters worse, the 1/f noise &dsocwith the reference phase coming
into the PFD also contributes to the overall phasse.

So what does this mean in terms of overall systerfopnance? The figure on the
following page illustrates how a poor 1/f noiserearcan contribute to the phase noise
and degradation of a system. Shown is a cagecgrocal mixing in which a smaller

signal is drowned out due to the presence of & latgrferer.
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Figure 1-2: Degradation of channel resolution due to 1/f npisgormance.

Issues similar to this become paramount in systehese a decent SNR could make all
the difference for signal detection. Ultimatellyettransistor noise is in part responsible

for the overall signal to noise ratio at a deviaasput.

1.2. Previous Work
There have been many publications on MOSFET 1Aeanostly concentrating on
its origins and how to develop more accurate sitiana for analysis purposes [1] — [6].

Although this knowledge is beneficial, it is notrmadiately useful to an IC engineer who



needs to know specific noise values or simply whiehsistor will perform best for them
in a specific process.

The target of this thesis is to characterize thesen@erformance of Peregrine
Semiconductor’s 0{fm (FC) and 0.2om (GC) processes. In doing so, the identification
of the 1/f noise corner, along with the backgrodedice channel noise, will enable the
approximation of noise levels at any desired freqygSection 2.3).

Studies in [7] investigate 1/f noise for weak, m@ade, and strong inversion of
Peregrine’s Silicon-on-Sapphire FC process. Tleeaeh provides data for noise
variations over increasing nFET and pFET channegjties, but failed to go to high
enough frequencies to identify the noise corneddilonally, the experiments do not
cover the noise variations witnessed here in Chdpter varying parameters (e.g. drain-
to-source voltage).Lastly, the background channel noise magnitudeois raported.
With that said, their experimental setup does offegood starting point for the work

conducted here, and was leveraged in this work.

1.3. Thesis Outline

Chapter 2 begins with a brief overview of devicggbs and transistor operation to
introduce common terminology used throughout theaieder of the thesis. It then
introduces different types of noise sources foundiicuits. Since the main focus is the
1/f noise spectrum of transistors, the majoritytto$ chapter concerns the origins of 1/f
noise in semiconductors as described by today'dingatheories. Chapter 2 then
discusses the parameters chosen to vary duringpgesind their expected behavioral

changes on noise.



Chapter 3 covers the design of the tested tramsitdbricated in Peregrine’s Qub
and 0.2m SOS processes. Discussions include how to efiseim@easured noise is the
channel noise produced by a tested transistor amdadditive circuit noise from the
experimental setup.

In Chapter 4, the noise measurement setup is etdumbr The topics covered
include basic circuit topography and methodologycfallecting the noise data.

The acquired noise data is presented and analyzéchapter 5. The analysis
characterizes each transistor offered in the twoptGcesses on a noise performance
basis. This includes broadband noise levels amd thnoise corner for each device over
the varied parameters.

Conclusions of this research are in Chapter 6 aleiti some implications of the
results. An appendix is included in this thesisummarize the equations in the previous

chapters.



CHAPTER 2 — Noise Theory

2.1 A Brief Review of Transistor Operation
Throughout this document various terms will be useference to transistors.
It is therefore beneficial to provide a brief oview of them. Figure 2-1 illustrates the

two basic types of devices offered in the targ&#idon-on-Sapphire IC process.

NFET PFET
drain source
gatil gate4|
‘ source drain

gate
source

Figure 2-1: Transistor schematic symbol and corresponding youa

Shown in Figure 2-1 are fully-depleted N-channell &ichannel transistors with
their respective doping patterns. It should beeddthe typical substrate in CMOS

processes isiS,, however an insulating sapphire substrate is usethe processes



concerned here. This substratduldy insulating, which virtually eliminates the danger
of latch-up, while also increasing performance éguction of parasitic capacitances.

Device operation begins with forming a channelhe tegion under the gate, of
design specified length (L) and width (W), by apptya gate-to-source voltage 4Yy.
The conductivity of the induced channel depend$i@n far Viss has surpassed a device
specific threshold voltage (My). The amount of ¥s needed to form a channel is
dependant upon the doping concentration of a peatiadevice. This study considers
both medium and high threshold transistors of kgples for Peregrine Semiconductor’s
0.25um and 0.pm processes. The table shown below summarizesn#meing
conventions used for both processes.

Table 2-1: Threshold naming conventions for 028 and 0.m processes.

Process
Type-Threshold | 0.25um (GC)| 0.5um (FC)
N-medium RN NL
N-high HN RN
P-medium RP PL
P-high HP RP

This threshold potential is the point where eithegative or positive charge carriers,
depending on device type, are attracted from thecsoregion. Once the channel is
formed, application of a drain-to-sourcepgy voltage allows current to flow through the
channel. The magnitude ofp¥relative to theoverdrive voltage (\ssV,) determines if

the device is operating in the saturation (actiee)riode (linear) regions. Once the



transistor dimensions and overdrive are defined,tthnsconductance of a device is

found (for low overdrive voltages up to a few tentf a volt) as

- IUCOXW (V

Om GS _\/th)- 1)

Figure 2-2 demonstrates an N-type transistor fdh blegions of operation with their

respective equations for DC current.

VDS sVGs _Vth VDS >VGS _Vth
if all
I
G
W V2 _ HCW
I, = ’UC%[(VGS -V, )\/DS - ;S } Iy = ZOI)_( (Ves ~Vi )2
(a) (b)

Figure 2-2: Device operating in triode (a) and saturation éujions.

The segment of the channel in Figure 2-2(b) whsgbinched off is what distinguishes a
device as being saturated. Here, saturation ispiiat increasing ys beyond the point
where the channel is pinched-off has little effentthe devices current (i.e; IS no
longer linearly related to 34 as in triode region). Aspé increases further, the pinched
off point of the channel continues to recede towatte source. The graph below in

Figure 2-3 exemplifies typical drain curreng)(Versus \bs voltage.
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Triode <= Saturation —_—
]

Figure 2-3: Typical transistor drain current versugs\turves [Sedra and Smith].

An important characteristic of thg kturves, especially for sub-micron devices, isrthei
slope in the saturation region whose inverse dsfthe drain-to-souce resistancg) @f a

particular device. This resistance (not captungedhle simplified equations in in Figure
2-2(b)) results from channel length modulatiorVas varies and plays an important role

in calculating the current, as well as the noisslpced by a transistor (Section 3.1).

2.2 Noise: Types and Origins
When someone hears the wondise it is usually associated with something
undesired. In the world of electrical circuitsistidefinition is often not far off from the
truth. It is fundamental and unavoidable as @iperienced in virtually every component
that dissipates power; from passive devices, saeksstors, to active devices. Although
noise is not a primary concern to many circuitsaim cause real problems to small-signal
and highly sensitive circuits as described in Ceaad. As with any problem in

engineering, in order to mitigate something, it trfirst be understood.



The most fundamental of all noise sources is thermose and is in any medium
with resistance capable of dissipating energy. dmeunt of available noise power in a
given system is
P=KTB (W) (1)
where

k Boltzmann’s constant 1.38xTO(J/K);
T temperature (K);
B noise bandwidth (Hz).

The expression in (1) relates energy on a pafslel with a given temperature over
some equivalent bandwidth. In most cases, theensidescribed on a “per-Hertz” basis
which yields a noise power spectral density (PS®hen considering the transference of
(1) to another system through a medium’s resistéRethe rms noise voltage or current

PSD can be given as

V2 =4KTR (V2HZ!) or i2,, =4kTR™ (A?Hz?) @)
In (2), the multiplication by four appears when siolering the transfer of power from
one system to another whose mediums have the sasistance and are in
thermodynamic equilibrium [8].

A standard way to schematically represent noiskyis voltage source in series

with a medium’s resistance as in Figure 2-4 (ajterAatively, the Norton equivalent is

shown in Figure 2-4 (b).

-10 -



Itherm

Viherm

(@) (b)

Figure 2-4: Circuit equivalent voltage (a) and current (b) easurces.

As charged particles travel, they randomly collkdéh one another or with barriers
of their medium. This drift of charged particlesuses random, uniformly distributed
fluctuations in current, and thus voltage, whicé fiequency independent giving thermal
noise its more common name white or broadband noise. As a point of reference, a
1kQ resistor would yield approximately 4.0 nl#4z noise voltage.

The majority of the remaining types of sources liguiavolve solid-state physical
devices, such as diodes or transistors. The spé&gies associated here are known as
shot andflicker (1/f), andgeneration-recombination (g-r) noise. These sources are
usually side effects of defects in the manufactuprocess or inherent in the nature of

the movement of charged particles through semicctodst

2.3 Noise in Transistors

There are three main types of noise in transisttackground channel or
broadband, 1/f, and generation-recombination noidee termbackground channel noise
can be thought of as the noise floor of transist@mce the additional noise mechanisms
typically create noise mainly at lower frequencidse combination of these sources

creates anoise corner at their intersection whose identity in transist@ a primary goal

-11 -



in this research. It is therefore important to\wn@hat causes each noise type and what
sort of parameters promote behavioral changes emth Figure 2-5 illustrates the
common definition of a device’s noise corner. Exaltion of the difference between the

theoretical and actual observed background charmsé will come later in this section.

1 f—lanoise O<a<?2

1
— corner
f a

Loglc(PS D

Theoretical channel noise

v

Logo(frequency)

Figure 2-5: Transistor noise power spectral density and naseet.

2.3.1 Transistor Broadband Noise
As a first step in the analysis of transistor npisee must specify its region of
operation. For purposes of this research, andasmonly seen in most RFIC circuits,
transistor noise will be analyzed in the saturatiegion. The standard diagram of a

transistor in saturation is illustrated in Figuré.2

=12 -



Figure 2-6: Device operating in saturation.

The channel in Figure 2-6 has two distinct regior®n the left (region 1) is the
effective channel length while the right hand regi® the modulated pinch-off region. It
is shown in [9] the only region which contributesttansistor thermal noise is region Il.

The left-hand, ogradual, region is comprised of excess charges as a refkthie
electric field created by gate biasing. When untierinfluence of a ¥s voltage these
charged particles experience collisions as paytidiéscribed by thermal noise. An
expression for broadband noise is given in [9]][HDd [11]. According to [10], while
in moderate saturation, the effective channel lerdtthe transistor is much greater than
the mean free path of the traveling particle. Hemean free path defines the average
distance a charge patrticle travels without anyisiolhs. Under these conditions, particles
have regular collisions with the semiconductoridattand other carriers as with thermal
noise. It is then no surprise the gradual charegibn is responsible for the background

current noise, whose PSD is given as
Sy(f)=is =4KTg,  (A*HZ™) 3)
where

y bias dependant noise factor;

Om conductance of channel (S).

-13 -



The noise-factoy takes into account increased charge density andmdue to gate and
Vps voltage, respectively [10]. This distinguishefram standard thermal noise voltage
equations. Typical values ¢ffor larger channel length transistors are apprexay 2/3

for moderate to strong channel inversions. Itngartant to note thay is usually
associated with g, which gives the transconductance of the channti wero \bs
voltage, instead of.g In essence,qg establishes a more traditional relation of (3) to
thermal noise since there is no transverse eletigid and the random collisions of
particles are due to diffusion. For distinctignyill be replaced withy’ in this thesis due
to non-zero s voltages. The ratio of,gto gy, can be approximated as one for longer
effective channel lengths. However, the ratio bedo decrease as the channel lengths
become shorter and as overdrive voltages incrddgde[[L2].

As Vps voltage increases, the gradual channel shortehgheé point where the
length of this region becomes less then the mesngdath, the noise PSD described in (3)
begins to fall apart. Under these conditions,dharged particles start experiencing less
scattering and the noise tends towardhah noise resemblance. This behavior describes
discrete emission and capture of charged partibktsveen two terminals through a
medium, without considering collisions, in the @ese of an electric field [11]. The
time it takes to deposit this charge between theiteals is random and non-uniform,
giving rise to its broadband nature [13]. The wealbwn equation for shot noise and is

expressed as

2 —

i nshot — 2qIDC (AZHZ_l) (4)
where

q particle charge 1.602 x 18(C);
Ioc dc current (A).

-14 -



Since shot noise, likey’, is broadband, its effects can be incorporatech wite

measurement of the background channel noise thrpugh

2.3.2 Generation-Recombination Noise

A well known mechanism of noise experienced in semiuctors is known as
generation-recombination (G-R) noise. This souixegenerally less discussed in
research literature due to its typical low levdisadal noise contribution when compared
to 1/f noise (Section 2.3.2). The act of generatecombination is simply the
generation of electron-hole pairs and their evdraémaihilation through recombination.
The image in Figure 2-7 illustrates this proces®ugh examination of the electronic

band structure.

1 R S s Ec
Generation:I-!-!:!:!:!: - Résombination).: :!:
Ll -l Band-gap
Energy N R
EETIEEH ::::::::::::::::::::::::::::::::::::::v : EV

Figure 2-7: Direct generation-recombination in a semiconductor.
What Figure 2-7 describes is known disect recombination where free electrons
are generated and pass into the conduction bay)db(Eecombine by filling an available
hole in the valence band (E In order to do this, the electrons must acqoirdose

enough energy to jump the band-gap to the resmediands. Typical mechanisms

-15 -



responsible for this are kinetic energy transferoulgh particle collisions or the

absorption of energy given off by an annihilationdl to another electron [14].
Specifically for silicon semiconductors, this dirgecombination is not probable

due to differences in electron-hole momentums.tebd indirect recombination occurs

as shown in Figure 2-8 [14]. Here, defects from fhbrication process creat@aps in

the band-gap at specific energy levelg.(Hhese traps interact with free carriers through

their capture, hold, and release over certain tiexvals.

before

after

electron | electron hole hole
capture  emission  capture  emission

Figure 2-8: Indirect generation-recombination of carriers witps associated with
silicon semiconductors.
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The specific time incorporated with the capturedhalease nature of the traps
causes carrier number fluctuations giving rise fidfanature of the noise. According to
[15] and [16],0 has a range of approximately 3 with a tendency towards 1/t
higher frequencies. Also shown in [16] is a nqikdeau at lower frequencies which may
suggest G-R saturation conditions.

What governs the ease and amount at which caw#rsnteract with traps is their
energy, trap density, and the positions of traprggnéevels in the band-gap. If a strong
transverse electric field is present across theceoand drain of a transistor, the energy of
the charges increases creatimg electrons or hot holes. The more energy a carrier
attains, the more readily it can surpass potetgatiers and tunnel to traps at higher
energy states. Additionally, if a large gate biatage is present, a higher probability of
trap interaction exists through increased numbeaafiers in the channel.

Due to the target of this thesis, the qualitatixplanation above on what creates
and affects the magnitude of G-R noise is consdistdficient. For more depth on the

subject, the reader should see documents referemd¢kid section.

2.3.3 Transistor 1/f Noise
The final noise source experienced is the 1/f nbeteavior of transistors. Like G-
R noise, 1/f noise is attributed to traps causeddbéfects during fabrication. What
distinguishes 1/f noise from G-R noise is its mage and where the defects occur. At
the $- SO, interface, a large number of localized energyestaxist due to the abrupt
discontinuity of the lattice structure giving rite their common name ohterface traps

[1] - [3], [5]- This simply states the amount afezgy needed for particles to tunnel and

217 -



interact with traps is less, resulting in the mdminant 1/f noise. Once again, the
amount of 1/f noise is related to how strong aipaldr device is driven into saturation
through the strength of the transverse E-field.

A well accepted expression developed in [5] captule afore mentioned noise

dependencies with

2KTN
S (f)=—ar (5)
2C2, WLaf

where

N:  trap density (eVcm®);
Cox gate oxide capacitance (F);
W,L  width and length of gateun);

o tunneling constant.

2.4 Parameters for Varying Noise Levels

The purpose of the previous section was to intreducat causes transistor channel
noise and what changes might affect its magnitulle.discussed, the level of all noise
sources relies on the amount of charges presetiieirchannel (i.e. gate bias voltage
through @). Also, all types of noise are at least somewlggiendant on M voltage.
With regards to testing, providing the ability tary both transistor bias voltages to see
behavioral changes in noise would prove desirablowable Vss and \bs voltage
ranges of up to nominally 3 V for both device typesvide suitable test sweeps for both
parameters. However to lesson the number of meamnts, \is overdrive is limited to
a typical design value of approximately 400 mV.isThelps ensure the compatibility of

Om With gyo (Section 2.3.1)
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The amount of noise produced by transistors is pteportional to channel area
under the gate. This implies the need for multiiglst devices with different channel
lengths and/or widths. Since typical RFIC desiges channel lengths of 2ufn or less,
varying the lengths from minimal, 1,0n, and 4.Qum would provide a good test sample
set. Also, keeping the aspect ratio constant ahmteis noise changes through, g
allowing the testing of channel length versus noisly. It is with these ideas for altering
noise levels that the design of the measuremenp setd specific transistors can now be

discussed.
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CHAPTER 3 — Measurement Setup

3.1 Considerations of the Measurement Setup
The topics covered in chapter two indicated whaapeters to vary for viewing
possible transistor noise level changes. The tasi at hand is how to apply these
variables and how to amplify the transistor's ndsemeasurement. As a first step, the
channel noise must dominate all other sources éafatan be amplified. Analysis of
how to ensure this begins by applying basic noigecyples as in the figure shown

below.

drain gate drair
+
gate R
G Vgs gV, 3 R )
V1 - mee lor ec IR
T sourc% O~

sourct

(a) (b)
Figure 3-1: Biased test device (a) and its small-signal molgel (
Shown in Figure 3-1 is an example of a voltagediadevice (a) and the corresponding
noise sources located in its small-signal model (bhe variable voltage sources in (a)
represent batteries connected to potentiometens kvibwn resistances. It should be
noted that in (b) the potentiometer noise sourecesac\bs has been omitted for reasons
discussed later. The componengs and k correspond to the noise sources of the

transistor and output resistancg,Respectively. When these sources are driverugiro
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the R, they develop a noise voltage at the drain termiAgplying the proper equations
for broadband noise discussed in the previous ehapteals a total output voltage noise

of

v2=(-g,R.JAKTRS | + (g me.MkTg;ﬂly)2 + (RQQ\/WR;;)2 [Vzhzt].  (6)
The terms in (6), starting from the left, are dtofes: the amplified thermal noise ot:R
device current noise timesdRand the thermal noise otRKk The resistancedgrepresents
the parallel equivalent of the load resistancetaedoutput resistance of the transister, r
The resistance |kcomes from the gate biasing potentiometer. Tha td interest in (6)

is the second. In order to make it dominate, tamastraints arise.

) 9.>>Rs
2 9,>>Ry

Unfortunately, these constraints contradict theation of g, A solution for this is to
follow constraint two by makingn.ggreater than the expected d{Rnd to modify the
circuit to attenuate the gate-resistance noisee ddnductance of 1{gis approximately
0.02 S due to the expected @0nput impedance of following amplifiers, so that must
exceed 20 mA/V. Constraint one can be alleviatg@dding a large shunt capacitor to

ground at the gate to short the noise contributiom Rg.

3.2 Amplifying the Transistor Noise
The analysis of the previous section enabled tesistor noise to dominate over
all other noise sources exterior to the devicee Blas circuit developed and shown in
Figure 3-1(a) can now expand to the full transistmise measurement circuit in Figure 3-

2.
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Vos — Bias T n = 5CQ
E |_ L To Spec An.
GSG probes
Test FET

Ves = —

— C

I T®

¢ v

Figure 3-2: Transistor noise measurement setup.

Shown above are potentiometers used to provideredkesievice bias voltages. The
voltage sources used are standard 9 V batteries superfluous noise at these nodes is
critical, and available supplies had strong nowseds below 10 kHz. In order to separate
the AC noise signal from the DC bias, a Bias-T waerted prior to amplification. The
measured lower corner frequency of the Bias-T wasaximately 300 Hz when used in
the measurement circuit, due to a large seriescttapae. The Bias-T's internal inductor
allows the exclusion of the noise produced by tiae potentiometer at high frequencies,
but is insufficient to block frequencies below ab®00 kHz. Although the potentiometer
noise is therefore present at low frequencies,tatal contribution is comparatively
negligible.

The overall goal of Figure 3-2 is to amplify tharisistor noise without adding
substantial noise from the test circuit itselfn& the device background channel noise is
the lowest measured noise level, it is the mainigaaf amplification. Recalling Equation
(2) and using a g value of approximately 0.02 S at room temperattie, expected

background channel noise voltage is approximateiR)-dBm/Hz at the output terminal
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of the transistor when driving into a %D load. Because this level is close to the -174
dBm/Hz room-temperature limit for amplifiers, a walof 0.04S was used in practice,
yielding an expected background noise of -167 dBm/Hhis magnitude still requires at
least 30 dB to 40 dB or more of amplification tamass the noise floor of an average
spectrum analyzer.

To ease this gain requirement on a single amplifi@r a frequency range of 1 kHz
— 100 MHz, two amplifiers were used. A custom bBICB comprised of three LMV751
operational amplifiers in Figure 3-3 (a) providggpeximately 65 dB of gain from 1kHz
to 100 kHz. The schematic of its design is showirigure 3-4 on the following page.
An HP8447A dual amplifier, shown in Figure 3-3 @pplies a suitable gain of 40 dB
for the higher frequency measurements. These &earplivere chosen for their gain and
overall low noise contributions. The low frequerawplifier produces approximately
0.01 pA/Hz of input referred current noise at 1lkdffset which is negligible compared to
the estimated device background current noise opAMHz. For the high frequency
measurements, the HP8447A contributes has an apptx 2 dB noise figure which is

sufficiently small given the expected minimum chaelnmoise of -167 dBm/Hz.
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8447A OPT 001 DUAL AMPLIFIER
HEWLETT-PACKARD 0.1-400 MHz

INPUTS OUTPUTS
500 s0n
GAIN 20dB

Figure 3-3: Amplifiers used for low (a) and high (b) frequernoyise
measurements.
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Figure 3-4: Schematic view of low frequency amplification board
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CHAPTER 4 — Transistor Design

4.1 Transistor Sizing

In order to achieve a transconductance value ofcappately 0.04 mA/V while
keeping overdrive voltages at or below ~400 mV fdiwicated transistors were designed
with W/L ratios of approximately 2500 and 5000 fufETs and pFETS, respectively.
Because of on-chip space constraints, thednOchannel length P-type devices were
limited to W/L of 2500, and were biased with twitlee overdrive voltage as other
devices. The images on the following page illusteportion of the fabricated transistor
IC layouts. Shown in Figure 4-2 is a closer viefnao 0.2um HP transistor with its
150Qum pitch ground-signal-ground (GSG) probes. Thealadevice is the red and blue
patterned area. This pattern arises from the @isauttiple fingers used to create the
large width dimensions required without adding unted gate, source and drain

resistance. The remaining colors correspond ferdifit metal layers of the IC process.
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Figure 4-1: IC layout of P-type (rows: 1,2) and N-type (rowst)3abricated
transistors.

Figure 4-2: IC layout of 0.2am HP transistor with probe pads.

- 26 -



CHAPTER 5 — Measurement Results

5.1 Presentation of Measured Data
The experimental data collected for variationsramsistor channel noise ranged in
frequency, Vs voltage, and channel length. In order to effidiepresent the results,
two different styles of graphs were created. Tinst fdemonstrates the noise trends
versus increasing frequency and channel length tgpiaal \ps value of 1.0 V. The
second graph shows noise variations versus frequiem@ Vps range of 0.5 — 3.0 V at
0.5 V increments. Through the presentation of éhgiaphs and their general trends,

estimated noise levels for the remaining transistat shown can be extrapolated.
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5.2 Measured Data Results for FC Process

FC NL FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-1: Measured noise of FC NL transistor.
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FC RN FET Noise vs. Channel Length (Vds =1.0 V)
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Figure 5-2: Measured noise of FC RN transistor.
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AN2/Hz
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FC PL FET Noise vs. Channel Length (Vds =1.0 V)
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Figure 5-3: Measured noise of FC PL transistor.
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AN2/Hz

FC RP FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-4. Measured noise of FC RP transistor.
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5.3 Measured Data Results for GC Process

AN2/Hz

GC RN FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-5: Measured noise of GC RN transistor.
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GC HN FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-6: Measured noise of GC HN transistor.
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AN2/Hz

GC RP FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-7: Measured noise of GC RP transistor.
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GC HP FET Noise vs. Channel Length (Vds =1.0V)
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Figure 5-8: Measured noise of GC HP transistor.
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5.4  Summary of Noise Measurements and Observed Trends

The plotted results above indicate the amount &fenproduced is highly dependent
upon on \hs bias voltagegespecially for smaller channel lengths. For nearly all desic
at least a 10 dB increase was observed in thepb€taum for \bs voltages beyond
approximately 1.0 V and in some cases, the increaseeds 20 dB. Transistors with
larger channel lengths exhibited more resiliencetoeased Ws voltage. This correlates
with a suspected transverse electric field strenggicrease as the channel length
increases. An increase in channel length by 4X¥lted in an average of approximately
10 dB less noise for frequencies below the noismero With this, the observed 1/f
corners were reduced by approximately /16 each 4X increase.

On average, over all tested frequencies for devatedl channel lengths and types,
higher threshold devices produced approximatelyd 3esds noise than medium threshold
devices. The probable cause of this affect isbaitied to difference in the doping
concentration of devices.

When comparing P-type versus N-type devices, theTgFoutperformed nFETs by
an average of 10 dB at 1 Vp¥Y At lower bias values, the two types of transisto
perform similarly. However, the noise levels ire tN-type transistors starts to increase
significantly more than their P-type counterpariis behavior can be attributed to the
difference in attainable energy of charged pari¢idectron vs. hole) for a given electric
field. As discussed in Chapter 2, the amount efrgy a particle has determines the ease

of interaction with oxide traps.
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55 Device 1/f Noise Corners

One of the fundamental goals of this research icharacterize the available
transistors with their noise corners. Regarding, tthe corner of each transistor was
estimated by finding the frequency where the noiseeased by 3dB from the respective
background channel noise floor at a givessVoltage. Figures 5-10 and 5-11 display
the results of the corners found. It should beeddhat devices with corners at or above
100 MHz were unattainable due interference of theldfoadcast band. Since the results

are for qualitative purposes, no information ig.los

FC N-type Transistor 1/f Corner vs. Vds
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FC P-type Transistor 1/f Corner vs. Vsd
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Figure 5-9: Estimated 1/f noise corners for N-type (a) and fretfb) transistors in FC
process.
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GC P-type Transistor 1/f Corner vs. Vsd
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Figure 5-10: Estimated 1/f noise corners for N-type (a) and [petfb) transistors in GC
process.

The trends observed in the noise corner plots fsigiow frequency noise is more
susceptible to ¥s voltage increases than device background charmiséns. This is
exemplified through increasing corner frequenc®e¥ss voltage increases. For reasons
discussed in Section 5.4, P-type transistors angelochannel length devices allow lower
frequency corners.

The behavior of a decrease in corner frequen®yr aftcertain Ys is reached is
characteristic only to N-type devices. The exaatse of this is still under speculation,
however likely suspects are effects, such as ouggistance degradation and velocity
saturation, experienced when devices approach biheakdown limits. It could also be
possible that the interface states responsibldffonoise have become saturated at high

Vps values. Concurrently, the ever increasing enafthe carriers could now have
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enough energy so that interactions with deeperstrapre readily occur allowing G-R
noise to surpass 1/f noise. Since the trends appately match those seen in [17], this

is likely the case.

5.6  Calculated Broadband Noise ang”

As a final measure in transistor noise performatioe,value ofy” was calculated.
Recall this is a multiplicative factor on the lonlgannel device noise which compensates
for additional channel noise experienced underptiesence of a M5 bias. The value of
y" was calculated by taking the amount of noise nreasat 100 MHz divided by the
theoretical value of Equation 3. At & gf 0.04 mA/V withy” set to 1, Equation 3 is
6.40x10% A’Hz*. Ideally, the measurements fgr should have been taken at > 100
MHz, however the FM broadcast band coupled withk la€ a screen-room facility
interfered with the background noise at these feegies. The following graphs in
Figures 5-11 and 5-12 represent the calculatedesatiy” versus \4s voltage at 100
MHz for all the tested transistors and may theeefaxceed the true value in some cases.
In addition, it should be noted that gnd g, are likely not equal for the shorter channel
devices due to the 400 mV overdrive used. Hesroaller values of” may be expected

for lower overdrive designs.
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Gamma Values for FC 0.5um Channel Length FETs
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Gamma Values for FC 4.0um Channel Length FETs
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Figure 5-11: Calculated noise-factor versugdtoltage of 0.5m (a), 1.Qum (b), and
4.0um (c) transistors in FC process.
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Gamma Values for GC 1.0um Channel Length FET
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Figure 5-12: Calculated noise-factor versugadioltage of 0.2pm (a), 1.um (b), and
4.0um (c) transistors in GC process.
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The graphs above approximately match the trends sef8] [9]. Specifically,
the results found in Figure 5-11 (a) are found iffed only by a factor of 1.5. The
differences in the’ values are likely due to a maximum frequency mesasent at 100
MHz here as opposed to 120 MHz in [8]. Additiogalhigher gate biasing of the
transistors in [8] produces lower gamma values.

As suspected, longer channel length devices produedlery” and less noise
increase for increases inpyvoltage. This result confirms the amount of baokgd

channel noise is inversely proportional to the dearea underneath the gate as shown in

[3].

CHAPTER 6 — Conclusions

6.1 Conclusions
This thesis presents measured noise performandeafwistors in 0.2am and 0.5
um SOS processes. The tested devices for eachsgraceluded medium and high
thresholds with minimum, 1.0m, and 4.Qum channel lengths. Gate bias voltages were
selected to represent typical design overdrivesppiroximately 0.4 V while varying the
drain-to-source voltage from 0.5 to 3.0 V. Tesbules show 1/f noise corner
improvements of approximately one decade, or 10a$8 noise at low frequency, for

each factor of four increase in channel length.e T noise spectrum was found to
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increasedramatically for Vps voltage values past approximately 1 to 1.5 V fbtested
transistors. With this, P-type and larger chanlegigth devices proved to be less
susceptible to increasedhyVvoltages. Suspected causes are electron verseiehergy
differences and decreased field strength througleased distance, respectively.

The noise factor increase,;, was calculated for each transistor. As with flie
spectrum, the P-type transistors' broadband baokgrmoise showed greater resilience
to increased ¥s voltages.  Additional average noise improvemefitapproximately 5
dB were found over the tested frequency rangeifgir threshold devices.

The characterization of the transistors condutie@ indicates low noise circuit
design preferences of P-type, high threshold devimgerating well below maximum
allowed \ps for the process. Channel lengths should alsceleet®d as large as circuit

operating frequency will allow.
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