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Chapter 2  
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Basic MOS Device Physics  
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In studying the design of integrated circuits, one of two extreme approaches can be taken:  (1) begin with quantum mechanics and understand solid-state physics, semiconductor device  physics, device modeling, and finally the design of circuits; (2) treat each semiconductor  device as a black box whose behavior is described in terms of its terminal voltages and  currents and design circuits with little attention to the internal operation of the device.  Experience shows that neither approach is optimum. In the first case, the reader cannot  see the relevance of all of the physics to designing circuits, and in the second, he/she is  constantly mystified by the contents of the black box.  
In today's IC industry, a solid understanding of semiconductor devices is essential,  more so in analog design than in digital design because in the former, transistors are  not considered as simple switches and many of their second-order effects directly im pact the performance. Furthermore, as each new generation of IC technologies scales  the devices, these effects become more significant. Since the designer must often decide  which effects can be neglected in a given circuit, insight into device operation proves  invaluable.  
In this chapter, we study the physics of MOSFETs at an elementary level, covering  the bare minimum that is necessary for basic analog design. The ultimate goaI is still  to develop a circuit model for each device by formulating its operation, but this is ac complished with a good understanding of the underlying principles. After studying many  analog circuits in Chapters 3 through 13 and gaining motivation for a deeper understanding  of devices, we return to the subject in Chapter 16 and deal with other aspects of MOS  operation.  
We begin our study with the structure of MOS transistors and derive their W char acteristics. Next, we describe second-order effects such as body effect, c hannel-length  modulation, and subthreshold conduction. We then identify the parasitic capacitances  of MOSFETs, derive a small-signal model, and present a simple SPICE model. We as sume that the reader is familiar with such basic concepts as doping, mobility, and  pn junctions. 
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Preface

I thepast o decades, CMOS technology has apidy embracd the icld of anlog nte-
e circuts,providing lov-<os, high-perormance soltions and risng (0 dominat the
market Whike slicon bipolar and 11V device il find niche applicatios,only CMOS
processeshave emerged a5 viabl choce for the integation of oday's complex mixed-
signalsysems, Withchannelengtss projcted oscaledownio .03 um, CMOS technology
will onine 1 srvecircuit design forprobably anoher o decades,

Anslo ciruit design sl has evolvd with hetechnology s el Hih-voltage, igh-
poweranlog cicits contaning fw tens ofransistors and processing smal contnuous.
time signas hve graduall beenrepaced by low-volage, low-power systens comprising
housands of devices and procesinglrge, mostlydiscet.time sgnals, Fo cxampie, many
analog techniques used only ten yearsago have boen abndoned becaus they do ot lend
themselvs o low-volage opraton

This book deals with the analyss nd desgn o anlog CMOS integrsted circuis, e
phasving fundamenal as well s new paradigms that students and prcticing engineers
need 0 maste in oday'sindusty. Since analog desig requires both inuiton an rigor,
cach concep i it inroduced from an ntviive perspeciv and subscquently tresed by
carefulaalyss, The objeciv i (0 develop both sl foundaion and methods of -
Iyring circuits by inspecionso that the resde esms what pproximationscan b made n
‘whiccircutsand how much eror 1 expect i each approximation. This spproach also
enabls the rader 10 appy the conceps t bpolar circuts wit tle addiioal efort.

1 have taught most o the matrial n this book bothat UCLA and i ndustry. olshing.
ihe o, the format,andthe conent with very offering. As th eaderwil e throughout
he ook, follow furgolden ol in wriing (and teahing): (1) explsin why the reader
necs 10 Know the concpt hat i t b studicd: (2) | put mysef i the reader' position
andprcict thequestions tha he/she may e while readingthe material for th it e
(3) Wih Rule 2 in mind. | pretnd to know oy 25 much a the (irstime) reader and
iy to “grow” with himher, therby cxperiencing the same through proces: (4) | begin
Wilhhe“core”conceptinasmple (even mprecis) lnguage and gadualy ad necesary
modificatons (o amiveat the final (prcis) idea The st rle s ariclarly important n
Leaching circuits because i allows the reader o obseve the cvluton o a topology and
hence leamboth analysis and synthesis,

e ext compriss 18 chapters whose conents and rderae caefuly chosen o provide
natura flow for both sel-stdy and classroom adopion in quarer or semestcr systems
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Unlike some other books on analog design, we cover only a bare minimum of MOS deviee
physis at the beginning, Ieaving mor advanced propertes nd fabricaion deailsfor aer
chapiers. Toan expert the elementary device physics reatment may sppear oversimplifie.
but my experience suggests that (u) fist-time readers simply do not absorb the high-order
device effects and fabrication technology before they study circuits because they do not
see the relevance: (b)if properly presented, even the simple treatment proves adequat for
a substantal coverage of bsic circuis; () readersleam advanced device phenomena and
processiag steps much more eadily afer hey have been exposed Lo a significant amount
of circuit analysis and design.

‘Chapter | provides the reader with motivation or leaming the material in this book.

Chaptr 2 describes basi physics and opeation of MOS devices

‘Chapters 3 through 5 deal with single-stage and diffrential amplifiers and curcen mir
for,fespectively, developing efficient analytica oolsfor quanifying the behaviorof basic
circuits by inspection.

‘Chapters 6 and 7 iniroduce two imperfections of circuis, namely. frequency response
and noise. Noise i treated at a early stage 50 that it “sinks in” s th reader accouns for
it effectsin subsequent ciruit developments.

‘Chapters § through 10 describe eedback, operational amplifies, and sabiliy in fca-
back systems, respectively. With the useful propertes of feedback analyzed. the reader
is motivated t0 design high-performance, stable op amps and understand the trade-offs
between speed, precision. and power dissipaion.

‘Chapters 11 through 13 deal with more achanced topics: bandgap references, clemen-
ary switched-capacitor ircuits, and the effect of nonlineariy and mismaich. These three
subjects are included here because they prove essential in most analog and mixed-signal
systems today

Chapters 14 and 15 concentrate on the design of oscilltors and phase-locked loops,
respectively.In view of the wide usage of these circuit,  detailed study of their behavior
and many examples of thei operation are provided.

Chapter 16 is concemed with high-order MOS device effcts and models, emphasizing
the circut design implications. I preferred. this chaptr can direcly follow Chaptr 2 as
well Chapter 17 describes CMOS fabrication technology with a brief verview of layout
design rles.

‘Chaptr I8 presents the layout and packaging of analog and mixed-signalcircuits Many
pracicalisues that directly impactthe performance of the circuit are described and arious
techniques are introduced.

“The readeris assumed 0 have abasic knowledge o electroniccircuits and devices, ..,
pn junctons,the concept of small-signal operation, equivalen circuts, and simple biasing.
For a senior-level elective course, Chapters | through 8 can be covered in a quarter and
Chapters 1 through 10 in  semestr. For a frst-year graduate course, Chapers | through
11 plusone of Chapers 12 through 1S can b taught in one quarter,and the frs 16 chaptrs
in one semestr.

“The problem sets at the end of cach chapter are designed to extend the reader's un-
derstanding of the material and complement it with additional practical considerations. A
solutions manual is availabe forintructors.

Behzad Razavi
July 2000
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