The MOS Field Effect Transistor (MOSFET).is the fundamental building block of MOS ©
and CMOS digital mtegrated circuits Compared to the blpolar junction transistor (BJ'I‘) ;
the MOS transistor occupies arelatively smaller silicon area, and its fabrication involves
fewer processing stepsy These technological advantages, together with the relative
simplicity of MOSFET operation, have helped make the MOS transistor the most widely
‘used switching device in LSTand VISIcircuits In this chapter, we will examine the basic
structure and the electrical behavior of nMOS (n-channel MOS), as well as pMOS (p-
channel MOS) devices. (PHERMOS transistor is used as the primary switching device in
virtually all digital circuit applications, whereas the pMOS transistor is used mostly in
conjunction with the nMOS device in CMOS circuits! However, the basic operation
principles of both nMOS and pMOS transistors are very similar to each other.

This chapter starts with a detailed investigation of the basic clectrical and physical
properties of Metal Oxide Semiconductor (MOS) systems, upon which the MOSFET
structure is based. We will consider the &ffects of external bias conditions on charge y
distribution in the MOS system and on the conductance of free carriers! It will be shown
that, in field effect devices, the current flow is controlled by externally applied electric
fields; and that the operation depends only on the majority carrier flow between two’
device terminals’ Next, the current-voltage characteristics of MOS transistors will be
examined in detail, including physical limitations 1mposed by small device geometries
and various second-order effects observed in MOSFETS. Note that these considerations
will be particularly important for the overall performance of large-scale digital circuits
built by using small-geometry MOSFET devices.
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CHAPTER 3 We will start our investi
'cnmnalsMolg:: Investigation by considenng the electrical behavior of the simple two-
-~ '.'.‘ruclurc shown in Fig. 3.1. Note that the structure consists of three layers:

nm. The carrier concentration and its local distribution within the semiconductor
substrate can now be manipulated by the external voltages applied to the gate and
s&_nbslrate terminals. A basic understanding of the bias conditions for establishing
dlffcrc‘nlcanier concentrations in the substrate will also provide valuabie insight into the
Operating conditions of more complicated MOSFET structures.
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Figure 3.1.

Consider first the basic electrical properties of the SEmicondae traté
whichacts asoneofthe eléctrodes of the MOS capacitor The equilibrium concentrations

A 4 -~

of mobile carriers in a semiconductor always obey the M@ss Action Law given by

Fapent o

trations of electrons and Holek. respec-

Here, nand p denote the m 1l

tively, and nydenotes the int mmﬂ'lﬂomgf‘_s_i_ﬁ_‘muwhich is a function of
K

e i .

the tcmEsrmurc T. Atroom temperature, i.e., T=300 ?mmnmmmmm

%1010 Assuming that the

_ the equilibrium electron and hole concentrations in the p-type
substrate are approximated by

(3.2)
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Ihom‘ﬂmwhwll typleally onthe order of 1013 lU"’cm'*‘; thus, it is much 49

Ereater than the intrinsic carrierconcentration 7 yNoto that thd bulkeleciromand holg¥ ———-
::_wnmﬂonl BIVEN In (3.2)are valid in the reglons farther away from the surfaces ﬂ-" MOS Transistor
the semiconductor substrate and the °Z‘,“? l.ygr meet, The conditions on the surface,

howover, are tae more signiticant for the electrionl behavior and the operation of the MOS

lyal;;.;. and wo will dincuns these conditdons In more detail,

Genergy band dingram of the pstype substeate I8 shown in Fig, 3.2, Theband-gap
between the conduction band and the valence Dband for silicon 1s lp,;roxlmmxxl:rov;
Ihe (oeation o tho equilibrium Fermi level £ypwithin the band-gap s determined by the
m;ypq nnd the doping coneentration in thesilicon substrate: The Fermipotential ¢ p,
Which i o function:of temperature and:dopingy denotessthe:difference: between the

Antrinsic: Permi level 46, and the Fermi lovel Ly

By - F
l(!”} - "‘IT"_L ﬁ (3.3)
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Figure 3.2,  Energy bund dlagram of a p-type silicon substrate.

For apriypesemiconductor] thoFermipotentlal can be approximated by

' kT n
¢ by = —.ln—L
. l g TN, ! (3.4)

. whereas for an iFtypesemiconductor (doped with a donor concentraliohiVg)the Bermizy
+ [potential isiven by

. kT N
‘_ ’Tm-,. = ln—"f’- (3.5)

Here, k denotes the Boltzmann constantand g denotes the unit (electron) charge. Note that
the definitions given in (3.4) and (3.5) result in a positive Fermi potential for n-type
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mulcnal and a ncgative Fermi potential for p-lype material. We will use this convcnnon "/‘

[ hE eleciron r”}_i,.n con, 1.|L-lm|
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Figure 3.3.  Energy band diagrams of the components that make up the MOS system.

The ifi m{\‘mr ysilicondioxidelayepbetween the uhcon substrate and the gate has a 1ifgen™ 7
Fand-oa 0 ‘EVandan trom affinity of about 0.9 'BV'Onlhcolhcrhnnd the
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Figure 3.4.
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Energy band diagram of the combined MOS system.
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