Chapter 6
Field-Effect Transistors

OBJECTIVES

1. Derive |-V charocteristics of JFETs, MESFETs, and HEMTs

2. Determine MOS'C-V behavior and threshold voltage; study leakage

~ characleristics of gate dielectrics

&3 E:;ler&fund MOSFET band diagrams, and linear and sofuration

avior :

4. Understond “effecfive” channal mobility, body effact, cnd subthreshold:
SI0pes !

3, Anzﬁ e second-order effects—DIBL, GIDL, charge sharing, and
V; roll-off '

The modern era of semiconductor electronics was ushered in by the inven-
tion of the bipolar transistor in 1948 by Bardeen, Brattain, and Shockley at
the Bell Telephone Laboratories, This device, along with its field-effect coun-
terpart, has had an enormous impact on virtually every area of modern life.
In this chapter we will learn about the operation, applications, and labrica-
tion of the field-effect transistor (FET).

The field-effect transistor comes in several forms, In a junction FET (called
a JFET) the control (gete) voltage varies the depletion width of a reverse-
biased p-n junction. A similar device results if the junction is replaced by a
Schottky barrier (metal-semiconductor FET, called 1 MESFET). Alternative-
ly. the metal pate electrode may be separated from the semiconductor by an
insulator (metal—nsulator-semiconducror FET,called a MISFET). A common
special case of this type uses an oxide layer as the insulator (MOSFET).

In Chapter 5 we found that iwo dominant features of p-n junctions are
the injection of minority carriers with forward bias and a variation of the de-
pletion width W with reverse bias. These two p-n junction properties are used
in Lwo important types of transistors. The bipolar junction transistor (BJT)
discussed in Chapter 7 uses the injection of minority carriers across a for-
ward-biased junction, and the junction field-effect transistor discussed m this
chapter depends on control of a junction depletion width under reverse bias.
The FET is a majorily carrier device, and is therefore often called a unipolar
transistor. The BIT, on the other hand, operates by the injection and collection
al mifnority carriers, Since the action of both electrons and holes is important
in this device, 1t is called a hipolar transistor. Like its bipolar counterpart, the
FET is a three-terminal device inm which the current through two terminals is
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controlled at the third, Unlike the BJT, however, field-effect devices are con-
trolled by a voltage al the third terminal rather than by a current.

The history of BJTs and FETS is rather interesting. It was the FET that
was proposed first in 1930 by Lilienfeld, but he never got it to work because he
did not fully appreciate the role of surface defects or surface states. In the process
of trying to demonstrate experimentally such a field-effect transistor, Bardeen
and Brattain somewhat serendipitously invented the first bipolar transistor, the
Ge point contact transistor. This major breakthrough was rapidly followed by
Shockley's exteasion of the concept to the BIT. It was only much later, after the
problem of surface states was resolved by growing an oxide insulator on Si, that
the first MOSFET was demonstrated in 1960 by Kahng and Atalla. Although
the BIT reigned supreme in the early days of semiconductor inlegrated elec-
tronics, it has been gradually supplanted in most applications by the Si MOS-
FET. The main reason is, unlike BJTs the various types of FET are characterized
by a high inpur impedance, since the control voltage is applied to a reverse-bi-
ased junction or Schottky barrier, or across an insulator, These devices are par-
ticularly well suited for controlled switching between a conducting state and a
nonconducting state, and are therefore useful in digital circuits. They are also
suitable for integration of many devices on a single chip, as we shall see in Chap-
ter 9. In fact, millions of MOS transistors are commonly used together in semi-
conductor memory devices and microprocessors

6.1 We begin this section with a general discussion of amplification and switch-
TRANSISTOR ing, the basic circuit functions performed by transistors. The transistor is a
OPERATION  three-terminal device with the important feature that the current through two
terminals can be controlled by small changes we make in the current or volt-
age at the third terminal. This control feature allows us to amplify small a-c
signals or to switch the device from an on state fo an eff state and back, These
twa operations, amplification and switching, are the basis of a host of electronic
functions. This section provides a brief introduction to these operations, as a

foundation for understanding both bipolar and field-effect transistors.

6.1.1 The Load Line

Consider a two-terminal device that has a nonlinear [~V characteristic, as in
Fig. 6-1. We might determine this carve experimentally by measuring the
current for various applied voltages, or by using an oscilloscope called a curve
tracer, which varies / and V repetitively and displays the resulting curve.
When such a device is biased with the simple battery-resistor combination
shown in the figure, steady state values of I and Vj, are attained. To find
these values we begin by writing a loop equation around the circuit;’

E=ipR +vp (6-1)

"W use T o symbalize the toml currant I for the d value, and i lor the o< componant. A similar
scheame it used fo1 other curment ond volloges.
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A wwolerminal
ronlinear device:
(o) biasing
cirevit; (b) FV
Vi E Vp choracteristic and

{2) (h) load line.

Load e

This gives us one equation describing the circuit, bul it contains two unknowns
(ip and vp). Fortunately, we have another equation of the form i, = f(v5) in the
curve of Fig. 6-1b, giving us lwo equations with two unknowns. The steady
state current and voliage are found by a simultaneous splution of these two
equations. However, since one equation is analytical and the other 15 graphi-
cal, we must first put them into the same form. It is easy to make the linear
equation (6-~1) graphical,so we plot it on Fig. 6-1b to find the simultaneous so-
lution. The end points of the line described by Eq. (6-1) are at £ when i, =0
and at E/R when vy, = (. The two graphs cross at v, = V, and iy = I, the steady
state values of current and voltage for the device with this biasing circuit,
Now let's add a third terminal which somiehow controls the I~V char-
acteristic of the device. For example. assume that the device current-voltage
curve can be moved up the current axis by increasing the control voltage as
in Fig. 6-2b. This results in a family of i,-vy, curves, depending upon the choice
of v, We can still write the loop equation (6-1) and draw it on the set of

fp (mA) LAk W
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(a)

Figure 6-2
A thréeterminal nonlinear device that can be controlled by the voltage at the third terminal vg: a] bias-

ing circuit; {b) I-V characteristic and load line. If Vs = 0.5 V, the d< values of I; and V; are os shown
by the dashed lines.
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curves, but now the simultaneous solution depends on the value of v, In the
example of Fig. 6-2, Vi, is 0.5 V and the d-c values of I, and ¥V, are found at
the intersection to be 10 mA and 5 V, respectively. Whatever the value of the
control voltage v at the third terminal, values of I and V', are obtained
from points along the line representing Eq. (6-1). This is called the load line.

6.1.2 Amplification and Switching

If an a-c source is added to the control voltage, we can achieve large varia-
tions in i by making small changes in vy, For example, as v;; varies about its
d-¢ value by 0.25 V in Fig. 6-2, v, varies about its d-¢ value Vj, by 2 V. Thus
the amplification of the a-c signal is 2/).25 = 8. If the curves for equal changes
in v; are equally spaced on the §p axis, a faithful amplified version of the
small control signal can be obtained. This type of voltage-controlled ampli-
fication is typical of field-effect transistors. For bipolar transistors, a small
control current is used to achicve large changes in the device current, achiev-
ing current amphfication,

Another important circuit function of transistors is the controlled
switching of the device off and on. In the example of Fig. 6-2, we can switch
from the hottom of the load line (ip =0) to almost the top (i = EfR) by ap-
propriate changes in v, This type of switching with control at a third termi-
nal is particularly useful in digital circuits,

6.2 Inajuncrion FET (JFET) the voltage-vanable depletion region width of a
THE JUNCTION  junction is nsed ta control the effective cross-sectional area of a conducting
FET  channel. In the device of Fig. 6-3. the current [, flows through an n-lype
channel between two p' regions. A reverse bias between these p™ regions
and the channel causes the depletion regions to intrude into the n material,
and therefore the effective width of the channel can be restricted. Since the
resistivity of the channel region is fixed by its doping, the channel resistance
varies with changes in the effective cross-sectional area. By analogy, the vari-
able depletion regions serve as the two doors of a gate, which open and close
on the conducting channel.

In Fig. 6-3 electrons in the n-type channel drift from left to right,
opposite to current flow. The end of the channel from which electrons
flow is called the source, and the end toward which they flow is called the
drain. The p~ regions are called gates. If the channel were p-lype, holes
would flow from the seurce to the drain, in the same direction as the car-
rent flow, and the gate regions would be n”. It is common practice to con-
nect the 1wo gate regions electrically; therefore. the valtage V; refers to
the potential from each gate region G to the source 3. Since the condue-
tivity of the heavily doped p’ regions is high, we can assume that the po-
tential is uniform throughout each gate. In the lightly doped channel
material, however, the potential varies with position (Fig. 6-3b). If the chan-
nel of Fig. 6-3 is considered as a distributed resistor carrying a current Iy

CIRRUS EX. 1062 - 108/190



FieldEffect Transistors

235

()

Figure 6-3

Simplified crosssectional view of a junction FET: (a) transistor geometry; (b) defail of the channel ond

vollage variation along the channal with Vi = 0 and small /.

it is clear that the voltage from the drain end of the channel D to the
source electrode § must be greater than the voltage from a point near the
source end to 8, For low values of current we can assume a linear varia-
tion of voltage V, in the channel, varying from ¥, at the drain end to zero
at the source end (Fig. 6-3b).

4.2.1 Pinch-off and Saturalion

In Figure 6-4 we consider the channel in a simplified way by neglecting
voltage drops between the source and drain electrodes and the respec-
tive ends of the channel, For example, we assume that the potential at the
drain end of the channel is the same as the potential at the electrode D.
This is a good approximation if the source and drain regions are relative-
ly large, so that there is little resistance between the ends of the channel
and the electrodes. In Fig. 6-4 the gates are short circuited 10 the source
(Vi = 0), such that the potential at x = 0 is the same as the potential every-
where in the gate regions. For very small currents, the widths of the de-
pletion regions are close to the equilibrium values (Fig. 6-4a). As the
current I, is increased, however, it becomes important that V, is large
near the drain end and small near the source end of the channel. Since
the reverse bias across each point in the gate-to-channel junction is sim-
ply V, when V; is zero, we can estimate the shape of the depletion re-
gions as in Fig. 6-4b. The reverse bias is relatively large near the drain
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Figure 6-4
Depletion regions
in the channel of
o JFET with zera
gate bias for sev-
aral values of Vp !
[a) linear range;
(b} near pinch-oft;
e} beyand pinch-

off.

(T :
Pinteled-td Fchunnel ;

(Ve = —Vp) and decreases toward zero near the source. As a result, the
depletion region intrudes into the channel near the drain, and the effec-
tive channel area is constricted.

Since the resistance of the constricted channel is higher, the -V plot for
the channe] begins to depart from the straight line that was valid at low cur-
rent levels. As the voltage V), and current [;; are increased still further, the
channgl region near the drain becomes more constricted by the depletion
regions and the channeél resistance continues to increase. As V), 1s increased,
there must be some bias voltage at which the depletion regions meet near the
drain and essentially pinch off the channel (Fig. 6-4¢). When this happens, the
current ,; cannot increase significantly with further increase in V. Beyond
pinch-off the current is saturated approximately at its value at pinch-off.?
Once electrons from the channel enter the electric field of the depletion re-
gion, they are swept through and ultimately flow to the positive drain con-
tacl. After the current saturates beyond pinch-off, the differential channel
resistance dV/dl, becomes very high. To a good approximation, we can

ABaturation is used by device anginesrs In mara differen! conlexts thon ony cther ward is usad. We hove
distussnd velorily soturofion, the feverss salrolion corment of @ junchion, ond, now, the solration of FET
chorocteristics. In Chapter 7, we will discuss tha saiuration of @ BJT. The student has probobly ahia
reached sofuration by now in trying ks absorb thesa various meanings|
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calculate the current at the critical pinch-off voltage and assume there is no
further increase in current as Vi, 1§ increased.

6.2.2 Gate Control

The effect of a negative gate bias —V/, is to increase the resistance of the
channel and induce pinch-off at a lower value of current (Fig. 6-5). Since the
depletion regions are larger with V; negative, the effective channel width is
smaller and its resistance is higher in the low-current range of the charac-
teristic. Therefore, the slopes of the I, vs. V; curves below pinch-off become
smaller as the gate voltage is made more negative (Fig. 6-5b). The pinch-off
condition is reached at a lower drain-to-source voltage, and the saturation
current is lower than for the case of zero gate bias, As Vi is varied, a family
of curves is obtained for the /- V characteristic of the channel, as in Fig. 6-5b.

Beyond the pinch-off voltage the drain current /p, is controlled by V.
By varving the gate bias we can obtain amplification of an a-e signal. Since
the input control voltage V; appears across the reverse-biased gate junc-
tions, the input impedance of the device is high.

We can calculate the pinch-off voltage rather simply by representing the.

channel in the approximate form of Fig. 6-6. If the channel is symmetrical and
the effects of the gates are the same in each half of the channel region, we can
restrict our attention to the channel half-width A(x), measured from the center
line (y = L). The metallurgical half-width of the channel (i.c., neglecting the
depletion region) is a. We can find the pinch-off voltage by calculating the re-
verse bias between the n channel and the p* gale at the drain end of the chan-
nel (x = L), For simplicity we shall assume that the channel width at the drain
decreases uniformly as the reverse bias increases to pinch-off If the reverse
bias between the gate and the drain is — Vigp, the width of the depletion region
at x = L can be found from Eq. (5-57):

2e(—Vgp) ]”:
GN4

W(x = L) = [ (Vp negative) (A-2)
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Figure 6-5

Effects of o nega-
tive gote bias: (a)
incraase of deple-
tion region widths
with Vz negative;
(b) fomily of
current-vollage
curves for the
channels as Vg is
varied,
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Figure -6
Simplified diagram of the channel with definitions of dimensions and differential volume for caleulations.

In this expression we assume the equilibrium contact potential V,, is negligi-
ble compared with Vg, and the depletion region extends primarily into the
channel for the p™-n junction. Including V), is left for Prob, 6.1.

Pinch-off occurs at the drain end of the channel when

hx=L)=a—Wx=L)=0 {(6-3)
that is, when W(x = L) = a. If we define the value of — V5, at pineh-off as
V., we have
2eV V2
2] =
aNy
_qaNy .
V_p e | [ﬁ‘:”
The pinch-off voltage V), is a positive number; its relation to Vj, and Vi, is
Vo= —Vgplpinch-offy = ~Vg s Vi (6-5)

where V; is zero or negative for proper device operation. A forward bias on
the gate would cause hole injection from the p* regions into the channel,
eliminating the field-effect control of the device. From Eq. (6-5) it is clear that
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pinch-off results from a combination of gate-to-source voltage and drain-to-
source voltage. Pinch-off is reached at a lower value of V), (and therefore a
lower I5,) when a negative gate bias is applied, in agreement with Fig. 6-5b.

6.2.3 Currenl-Voltoge Characteristics

Calenlation of the exact channel current is complicated, although the math-
ematics is relatively straightforward below pinch-off, The approach we shall
take is to find the expression for ), just at pinch-off, and then assume the
saturation current bevond pinch-off remains fairly constant at this value.

In the coordinate system defined in Fig. 6-6, the center of the channel
at the source end is taken as the origin. The length of the channel in the
x-direction is L, and the depth of channel in the z-direction is Z. We shall
call the resistivity of the n-type channel material p (valid only in the neutral
n material, outside the depletion regions). If we consider the differential vol-
ume of neutral channel material Z2h(x)dy, the resistance of the volume el-
ement is pdx/Z2h(x) [see Eq. (3-44)]. Since the current does not change with
distance along the channel, [, is related to the differential voltage change in
the element dV, by the conductance of the element:

_ 22 av,
£ p dx

The term 2k(x) is the channel width at x.
The half-width of the channel at point v depends on the local reverse
bias between gate and channel — Vi,

since Vi, = Vg — V, and V, = ga”N,/2e. Tmplicit in Eq. (6-7) is the assump-
tion that the expression for W(x) can be obtained by a simple extension of
Eq. (6-2) to point x in the channel. This is called the gradual channel approxi-
mation; it is valid il h(x) does not vary abruptly m any element dx.

The voltage V., will be negative since the gate voltage V; is chosen
zero or negative for proper operation. Substituting Eq. (6-7) into Eq. (6-6),
we have

(6-6)

V,— V'
%[1 - (——5) ]dv. = Ipdx (6-8)
P Ve
We can solve this equation to obtain
-awilye ) -1 )
In= 'GUV‘"[VP 3\ v, NV, \6-9)
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where Vi; is negative and Gy = 2aZ/pL is the conductance of the channel
for negligible W{(x), i.e., with no gate voltage and low values of [. This equa-
tion is valid only up to pinch-off, where V — Vg = V.. If we assume the sat-
uration current remains essentially constant at its value at pinch-off, we have

v Vo
In(S&t.} = GDVP[F? i %("V:) = -;_']

(-]
= = | (= = 10
G"VP[VP + 3 v + z (6-10)
where
Vo _ Ve
Ve Ve

The resulting family of /-V curves for the channel agrees with the resultswe
predicted qualitatively (Fig. 6-5b). The saturation current is greatest when Vg,
is zero and becomes smaller as V; is made negative,

We can represent the devige biased in the saturation region hy an
equivalent circuit where changes in drain current are related to gate velt-

age changes by
' V;,-)'-”':| .
— | === -1
-l 8=

The quantity g, is the mutieal transconductance, with units (A/V) called
siemens (S), sometimes called mhos. As a fipure of merit for FET devices it
is common to describe the transconductance per unit channel width Z. This
quantity g,/Z is usually given in units of millisiemens per millimeter.

It is found experimentally that a square-law characteristic closely ap-
proximates the drain current in saturarion:

dl plsat.)

=@
v Y

gﬂl{.EaL] =

I,(sat.) = I,m(l - -z—{i) . (Vg negative) (6-12)
f
where [yec 18 the saturated drain current with Vi, =)

The appearance of a constant value of channel resistivity (in the Gy
term) in Eqs. (6-9)-(6-11) implies that the electron mobility is constant. As
mentioned in Section 3.4.4, electran velocity saturation at high fields may
make this assumption invalid, This is particularcly likely for very short chan-
nels, where even moderate drain voltage can result in a high field along the
channel. Another departure from the ideal model results from the Fact that
the effective channel length decreases as the drain voltage is increased be-
yond pinch-off, as Fig. 6-4c suggests. In short-channel devices this effect can
cause [ to increase beyond pinch-oif, since L appears in the denominator
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of Eq. (6-10), in G, Therefore, the assumption of constant saturation current
is not valid for very short-channel devices.
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The depletion of the channel discussed above for a JFET can be accomplished
by the use of a reverse-biased Schottky barrier instead of a p-n junction, The
resulting device is called a MESFET, indicating that a metal-semiconductor
junction is used. This device is useful in high-speed digital or microwave cir-
cuits, where the simphicity of Schottky barriers allows fabrication to close peo-
melrical tolerances, There are particular speed advantages for MESFET
devices in ITT-V compounds such as GaAs or InP. which have higher mobili-
ties and carrier drift velocities than Si.

6.3.1 The GaAs MESFET

Figure 6-7 shows schematically a simple MESFET in GaAs, The substrate is
undoped or doped with chromium, which has an energy level near the cen-
ter of the GaAs band gap. In either case the Fermi level is near the center of
the pap, resulting in very high resistivity material (~10° {2-cm), generally
called semi-insidaning GaAs. On this nonconducting substrate a thin layer of
lightly-doped n-type GaAs is grown epitaxially, to form the channel region
of the FET.? The photolithographic processing consists of defining patterns
in the metal layers for source and drain ohmic contacts (e.g., Au-Ge) and
for the Schottky barrier gale (e.g.. Al). By teverse biasing the Schottky gate,
the channel can be depleted to the semi-insulating substrate, and the result-
ing /- V characteristics are similar to the JFET device,

By using GaAs instead of Si, a higher electron mobility is available (see
Appendix 111), and furthermore GaAs can be operated at higher tempera-
tures (and therefore higher power levels). Since no diffusions are involved
in Fig. 6-7, close peametrical tolerances can be achieved and the MESFET
can be made very small, Gate lengths L = 0.25 pm are common in these de-
vices. This is important at high frequencies, since drift time and capacitances
must be kept to a minimum,.

It is possible to avoid the epitaxial growth of the n-type layer and the
etched isolation in Fig, 6-7 by using ion implantation. Starting with a semi-
insulating GaAs substrate, 4 thin n-type layer at the surface of each transis-
tor region can be formed by implanting Si or a column VI donor impurity
such as Se.This implantation requires an anneal 1o remove the radiation
damage, but the epitaxial growth step is eliminated. In either the fully im-
planted device or the epitaxial device of Fig. 6-7, the source and drain con-
tacts may be improved by further n' implantation in these regions. Because

In many coses, o highmuﬁvjlf Cafg epih:m'ul laper [called o buffer layisr is grown between tha bva loy-
ers shown in Fig. 6-7.

6.3

THE METAL-
SEMICONDUCTOR
FET
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Figure 6-7

GaAs MESFET
lormad on on
n-ype GaAs layer
grown epitaxially
an a semi
insulating sub-
sirate. Comman
metals for the
Schottky gate in
GaAs dre Al ar
alloys of T, W.
and Au, The
ohmic source and
drain contacts
may be an alloy
aof Au and Ge. In
this example the
devica is isolated
fram others on the
sume chip by
etching through
the n region 1o the
seml-insulating
substrafe,

Chapter &

o Semi-insiiotmg Guds

of the relative simplicity of implanted GaAs MESFETs and the isolation be-
tween devices provided by the sémi-insulating subsirate, these structures are
commonly used in GaAs integrated eircuits,

6.3.2 The High Electron Mobility Transistor HEMT)

Since the metal-semiconductor field effect transistor (MESFET) is compat-
ible with the use of ITI-V compounds, it is possible to exploit the band gap en-
gineering available with heterojunctions in these materials. In order to
maintain high transconductance in a MESFET, the channe! conductivity must
be as high as possible. Obviously, the conductivity can be increased by in-
ereasing the doping in the channel and thus the carrier concentration. How-
ever, increased doping also causes increased scattering by the ionized
impurities, which leads to a degradation of mobility (see Fig, 3-23). What is
needed is a way of creating a high electron conceniration in the channel of a
MESFET by some means other than doping. A clever approach to this re-
quirement is 1o grow a thin undoped well (e.g., GaAs) bounded by wider band
gap, doped barriers (e.g, AlGaAs), Tlus contiguration, called modulatton dop-
fng, results in conductive GaAs when electrons from the doped AlGaAs bar-
riers fall into the well and become trapped there, as shown in Fig. 6-8a. Since
the donors are in the AlGaAs rather than the GaAs, there ismo impurity scat-
tering of electrons in the well. If a MESFET is constructed with the channel
along the GaAs well (perpendicular (o the page in Fig, 6-8), we can take ad-
vantage of this reduced scattering and resulting higher mobility. The effect is
especially sirong at low temperature where lattice (phonon) scattering is also
low. This device 15 called a modulation doped field-effect transistor (MODFET)
and is also called a high electron mobility vransistor (HEMT).

In Fig. 6-8a we have left out the band-bending expected at the AlGaAs/
GaAs interfaces. Based upon the discussion in Section 5.8, we expect the
electrons to accumulate at the corners of the well due to band-bending at
the heterojunction, In fact, only one heterojunction is required to trap elec-
trons, as shown in Fig. 6-8b. Generally, the donors in the AlGaAs layerare
purposely separated from the interface by ~100 A. Using this configuration,
we can achieve a high electron concentration in the channel while retaining
high mobility, since the GaAs channel region is spatially separated from the
ionized impurities which provide the free carriers.
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[a) Simplified view of modulation doping, showing enly the conduction band. Electrans in the donor-
doped AlGoAs fall into the GoAs potenticl well and become trapped. As a result, the undoped GoAs
beacomes ndype, without the scattering by ionized donors which is typical of bulk ntype material, (b) Use
of a single AlGaAs/GaAs hetersjunction fo Irap electrons in the undoped GaAs. The thin sheat of
charge due fo free electrons ot the interface forms o two-dimensional electron gas (2-DEG], which can

be exploited in HEMT devices.

In Fig. 6-8b, mobile electrons generated by the donors in the AlGaAs
diffuse into the small band gap GaAs layer, and they are prevented from re-
turning to the AlGaAs by the potential barrier at the AlGaAs/GuAs inter-
face. The electrons in the (almost) triangular well form a two-dimensional
electron gas (sometimes abhreviated 2-DEG). Sheet carrier densities as
high as 10" cm? can be obtained at a single interface such as that shown in
Fig. 6-8b. Ionized impurity scattering is greatly reduced simply by separating
the electrons from the donors. Also, sereening effects due to the extremely
high density of the two-dimensional electron gas can reduce ionized impu-
rity scattering further. In properly designed structures, the electron trans-
port approaches that of bulk GaAs with no impurities, so that mobility is
limited by lattice scattering. As a result, mobilities above 250,000 cm?/V-s at
77 K and 2,000,000 em*/V-s at 4 K can be achieved.

The advantages of a HEMT are its ability to locate a large electron
density (~10' ¢m ) in a very thin layer (<100 A thick) very close to the
gate while simultaneously eliminating ionized impurity scattering. The Al-
GaAs layer in a HEMT is fully depleted under normal operating conditions,
and since the electrons are confined to the heterojunction, device behavior
closely resembles that of a MOSFET. The advantages of the HEMT over the
Si MOSFET are the higher mobility and maximum electron velocity in GaAs
compared with 8i, and the smoother interfaces possible with an AlGaAs/
GaAs heterojunction compared with the Si/Si0, interface. The high perfor-
mance of the HEMT translates into an extremely high cutoff frequency, and
devices with fast access times.

Although we have discussed the HEMT in terms of the AlGaAs/GaAs
heterajunction, other materials are also promising, such as the InGaAsP/InP
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system. A motivation for avoiding Al,Ga, -, As is the presence of 4 deep-level
defect called the DX center [or x > 0.2, which traps eléctrons and impairs the
HEMT operation: Since very thin layers are involved, materizals with slight
lattice mismatch can be grown to form psendomoerphic HEM'Ts, An example
of such a system is the use of a thin layer of InGaAs grown pseudomorphi-
cally on GaAs followed by AlGaAs An advantage of this system s that a use-
ful band discontinuity can be achieved using AlGaAs of low enough Al
compaosition to avoid the DX center problem.

The HEMT, or MODFET, is also referred 1o as a two-dimensional elec-
tron gus FET (2-DEG FET, or TEGFET) to emphasize the fact that con-
duction along the channel occurs in a thinsheet of charge, The device has also
been called a separately doped FET (SEDFET), to emphasize the fact that
the doping oceurs in a separate region from the channel.

6.3.3 Short Channel Effects

As mentioned in Section 6.2.3, a variety of modifications to the simple the-
ory of JFET and MESFET operation must be made when the channel lengih
is small (typically < 1 wm). In the past, these short-channe! effects would be
considered unusual, but now it is common to encounter FET devices in which
these effects dominate the -V characteristics. For example, high-field effects
geeur when 1V appears across a channel length of 1 wm (10 * ¢m), giving an
electric field of 10 kV/em.

A simple piecewise-linear approximation to the velocity-field curve
assumes a constant mobility (linear) dependence up to some critical field €,
and a constant saturation velocity v, for higher fields. For Si a better ap-
proximation is

- H%
1+ utlv,

Yy =

(6-13)

where  is the low-field mobility. These two approximations are shown in
Fig. 6-9a. If we assume that the electrons passing through the channel drift
with a constant saturation velocity v,. the current takes a simple form

1, = guv,A = gN ¥, Zh (6-14)

where /s a slow function of V. In this case the saturated current follows the
velocity saturation, and does not require a true pinch-off in the sense of de-
pletion regions meeting at some point in the channel. In the saturated ve-
locity case, the transconductance g,, is essentially constant, in contrast with
the constant mobility case described by Eq. (6-11). As shown in Fig. 6-9b. the
Ip — Vpcurves are more evenly spaced if constant saturation velocity dom-
inates, compared with the Vg-dependent spacing shown in Fig. 6-5b for the
long-channel constant-mobility case.
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Figure 6-9

Effects of electron velocity saturation at high electric fields: {a) approximations fo the saturation of drift
velocity with increasing field; (b} drain curreni-voltage characteristics for the saturated velocity case,

showing almast equally spaced curves with increasing gate vollage.

Most devices operate with characteristics intermediate between the
constant mobility and the constant velocity regimes. Depending on the de-
tails of the field distribution, it is possiblé to divide up the channel into re-
gions dominated by the tTwo extreme cases, or to use an approximation such
as Eq. (6-13).

Another important short-channel effect, described in Section 6.2.3, is
the reduction in effective channel length after pinch-off as the drain voltage
is increased. This effect is not significant in long-channel devices, since the
change in L due to intrusion of the depletion region is a minor fraction of the
total channel length. In short-channel devices, however, the effective chan-
nel length can be substantially shortened, leading to a slope in the saturated
I-V characteristic that is analogous to the Early (base-width narrowing) ef-
fect in bipolar transistors discussed in Section 7.7.2.

One of the most widely used electronic devices, particularly in digital inte-
grated circuits, is the metal-insulator-semiconductor (M1S) transistor. In this
device the channel current is controlled by a voltage applied at a gate elec-
trode that is isolated from the channel by an insulator. The resulting device
may be referred to generically as an insulated-gate field-effect transistor
(IGFET). However, since most such devices are made using silicon for the
semiconductor, SiO, for the insulator, and metal or heavily doped polysilicon
for the gate electrode, the term MOS field-effect transistor (MOSFET) is
commonly used.

6.4

THE METAL-
INSULATOR-~
SEMICONDUCTOR
FET
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6.4.1 Basic Operation and Fabrication

Tsiilation

The basic MOS transistor is illustrated in Fig. 6-10a for the case of an
enhancement-mode n-channel device formed on a p-type Si substrate. The n*
source and drain regions are diffused or implanted into a relatively light-
ly doped p-type substrate, and a thin oxide layer separates the conducting
pate from the 5i surface. No current flows from drain to source without a
conducting n channel between them. This can be understood clearly by
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looking at the band diagram of the MOSFET in equilibrium along the
channel (Fig, 6-10a). The Fermi level is flat in equilibrium. The conduction
band is close ta the Fermi level in the n” source/drain, while the valence
band is closer to the Fermi level in the p-type material Hence, there is a
potential barrier for an electron to go from the source to the drain, cor-
respanding to the built-in potential of the back-to-back p-n junctions be-
tween the source and drain.

When a positive voltage is applied to the pate relative to the substrate
(which is connected 10 the source in this case), positive charges are in effect
deposited on the gate metal. In response, negative charges are induced in
the underlying 5i, by the formation of a depletion region and a thin surface
region contaimng mobile electrons. These induced electrons form the chan-
nel of the FET, and allow current to flow from drain lo source. As Fig. 6-10b
suggesls, the effect of the gate voltage is to vary the conductance of this in-
duced channel for low drain-to-source voltage, analopous to the JFET ecase.
Since electrons are electrostatically induced in the p-type channel region.
the channel becomes less p-type, and therefore the valence band moves down,
farther away from the Fermi level. This obviously reduces the barrier for
glectrons between the source, the channel, and the drain. If the barrier is re-
duced sufficiently by applying a gate voltape in excess of what is known as
the threshold valtage, V;, there is significant current flow from the sourca to
the drain, Thus, ope view of a MOSFET is that it is a gate-controlled poten-
tial barrier. It is very important to have high-quality, low-leakage p-n june-
tions in order to ensure a low off-state leakage in the MOSFET. For a given
value of V; there will be some drain voltage V, for which the current be-
comes saturated, after which it remains essentially constant.

The threshold voltage Vy is the mimmum gate voltage required to in-
duce the chanrel. In general, the positive gate voltage of an n-channel de-
vice (such as that shown in Fig. 6-11) must be larger than some value V'
hefare a conductine channel is induced: Similarly, a p-channel device (made
an an n-type substrate with p-type source and drain implants or diffusions)
requires a gate voltage more negative than some threshold value to induce
the required positive charge (mobile holes) in the channel. There are
exceptlions to this general rule, however, as we shall see. For example, some
n-channe! devices have a channel already with zero gate voltage, and n fact
a negative gate voltage is required to turn the device off, Such a "normally
on” device 1s called a depletiorn-mode transistor, sinee gate voltage is used
to deplete a channel which exists at equilibrivm. The more common MOS
transistor is “normally off” with zero pate voltage, and operates in the en-
hancement mode by applying pate voltage large enough to induce a con-
ducting channel.

An alternative view of a MOSFET is thai it is a gate-controlled resistor.
If the (positive) gate voltage exceeds the threshold voltage in an n-channel
device, electrons are induced in the p-type substrate. Since this channel is
connected to the n' source and drain regions, the structure looks electrical-
ly like un induced n-type resistor. As Lhe gate vollage increases, more electron
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charge is induced in the channel and, therefore, the channel becomes more
conducting. The drain current initially increases linearly with the drain bias
(the linear regime) (Fig. 6-10b). As more drain current flows in the channel,
however, there is more ohmic voltage drop along the channel such that the
channel potential varies from zero near the grounded source to whatever
the applied drain polential is near the drain end of the channel. Hence, the
voltage difference between the gate and the channel reduces from V; near
the souree to (V- Vy) near the drain end. Once the drain bias is increased to
the point that (V;-Vp) = Vy, threshold is barely maintained near the drain
end, and the channel is said to be pinched off. Increasing the drain bias beyond
this point (V; (sat)) causes the point at which the channel gets pinched off to
move more and more into the channel. closer to the source end (Fig. 6-11¢).
Electrons in the channel are pulled into the pinch-off region and trave] at the
saturation drift velocity hecause of the very high longitudinal electric lield
along the channel. Now, the drain current is said to be in the saturation re-
gion because it does not increase with drain bias significantly (Fig. 6-10b). Ac-
tually, there is a slight increase of drain current with drain bias due to various
effects such as channel length modulation and drain-induced barrier lower-
ing (DIBL) that will be discussed in Section 6.5.10.

The MOS transistor is particularly useful in digital circuits, in which it
ig switched from the "off” state (no conducting channel) to the “on" stute. The
control of drain current is obtained at a gate electrode which is insulated
from the source and drain by the oxide. Thus the d-¢ input impedance of an
MOS circuit can be very large.

Both n-channel and p-channel MOS transistors are in common usage,
The n-channel type illustrated in Fig. 6-10 is generally preferred because it
takes advantage of the fact that the electron mobility in Siis larger than
the mobility of holes. In much of the discussion to follow we will use the
n-channel (p-type substrate) example, although the p-channel case will be
keptin mind also.

Let us give a very simplified description of how such an n-channel
MOSFET can be fabricated. A much more detailed discussion is given in Sec-
tion 9.3.1. An ultra-thin (~5-10 nm) dry thermal silicon dioxide is grown on
the p-type substrate, This serves as the gate insulator between the conducting
gate and the channel. We immediately cover it with LPCVD of polysilicon,
which is doped very heavily n* using P diffusion in order to make it behave
electrically like a metal electrode, The doped polysilicon layer is then pat-
terned to form the gates, and etched anisotropically by RTE to achieve verti-
cal walls (Section 5,1.7). The gate itself is used as an imnplant mask for an 0™
implant which forms the source/drain junctions abutted to the pate edges, but
is blocked from the channel region. Such a schem is called a self-aligned
process because we did not have 10 use a separate: lithography step for the
sotirce/drain formation. Self-alignment is simple and is very useful because we
thereby puarantee that there will be some overlap of the gate with the
source/drain but not too much overlap. The advantages of this are discussed in
Section 6.5.8, The implanted dopanls must be annealed for reasons discussed
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in Seation 5.1,4. Finally, the MOSFETSs have to be properly interconnected ac-
cording to the circuit layout, using metallization. This invalves LPCVD of an
oxide dielectric, etching cantact holes by RIE, sputter depositing a suitable
melal such as Al, patterning and etching it.

As shown in Fig, 6-10a, the MOSFET is surrounded on all sides by a
thick 510, layer. This layer provides critical electrical isolation between ad-
jacent transistors on an inteprated circuit. We shall see in Section 9.3.1 that
such isolation or field regions can be formed in several ways, such as LOCal
Ouxidation of Silicon (LOCOS). Brizily, it involves depositing a LPCVD Si.N;
laver over (he entire substrate before the febrication of the MOSFET', pat-
terning and etching it so that it is rémoved only in the isolation regions, but
not in the active regions where the MOSFETs will be formed subsequently.
A boron channel stop implant is then done in the isolation regions. Exploit-
ing the useful property of Si;N, that it blocks thermal oxidation. a thick
LOCOS oxide is selectively grown by wet oxidation only in the isolation re-
gions. The reason why a thick field oxide layer and a boron channel stop im-
plant leads to electrical isolation 1s discussed in Section 6.5.5.

6.4.2 The Ideal MOS Capacitor

The suriace effects that arise in an apparently simple MOS structure are ac-
tually quite complicated. Although many of these effects are beyond the
seope of this discussion, we will be able to identify those which contral typ-
ical MOS transistor operation. We begin by considering an uncomplicated
idealized case, and then include affects encountered in real surfaces in the
next section.

Some important definitions are made in the energy band diagram of
Fig, 6-12a, The work function characleristic of the metal (see Section 2.2.1)
can be defined in terms of the energy required 1o move an electron from the
Fermi level to ouiside the metal. In MOS work it is more convenient to use
a modified work function g®,, for the metal-oxide interface. The energy g,
is measured from the metal Fermi level to the conduetion band of the oxide.*
Similatly, g@, iz the modified work function at the semiconductor-oxide in-
terface. In this idealized case we assume that ®,, = @, so there is no differ-
ence in the two work funetions. Another quantity that will be useful in Tater
discussions is qdg, which measures the position of the Fermi [evel below the
intrinsic level E; for the semiconductor. This quantity indicates how strong-
ly p-type the semiconductor is [see Eq. (3-25)].

The MOS structure of Fig, 6-12a is essentially a capacitor in which one
plate 15 a semiconductor, If we apply 4 negative voltage between the meial and
the semiconductor (Fig, 6-12b), we effectively deposit a negative charge on
the metal, In response. we expect an equal net positive charge to accumulate

40n the MOS band diagrams of this saction, we thaw a break In the electron ensmgy sealé [rading he the
insulolgr conduction bard, sisce the band gap of SIO; {or sther typical insulots] & mueh grealer ihdn
that of 1he 5i.
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at the surface of the semiconductor. In the case of a p-type substrate this oc-
curs by hole accumulation at the semiconductor-oxide interface.

Since the applied negative voltage depresses the electrostatic potential of
the metal relative 1o the semiconductor, the electron energies are raised in the
metal relative to the semiconductor.® As a result, the Fermi level for the metal
Eg, lies above its equilibrium position by gV, where V is the applied voltage.

Since @, and @, do not change with applied voltage. moving Eg, up in
energy relative Lo Eg, causes a tilt in the oxide conduction band. We expect
such a tilt since an electric field causes a gradient in E; (and similarly in £,
and ) as described in Section 4.4.2:

L dE,

=2

(see 4-26)
The energy bands of the semiconductor bend near the interface 1o ac-
commodate the accumulation of holes. Since

p = melbr Bk (see 3-25)

it is clear that an increase in hole concentration implies an increase in E;, — Ex
at the semiconductor surface.

Since no current passes through the MOS structure, there can be no
variation in the Fermi level within the semiconductor. Therefore,if E; — Ef
is to increase, it must occur by E; moving up in energy near the surface. The
result is a bending of the semiconductor bands near the interface. We notice
in Fig. 6-12b that the Fermi level near the interface lies closer to the valence
band, indicating a larger hole concentration than that arising from the dop-
ing of the p-type semiconductor,

In Fig. 6-12¢c we apply a positive voltage from the metal to the semi-
conductor. This raises the potential of the metal, lowering the metal Fermi
level by gV relative to its equilibrium position. As a result, the oxide con-
duction band is again tilted. We notice that the slape of this band, obtained
by simply moving the metal side down relative to the semiconductor side, is
in the proper direction for the applied field, according to Eq. (4-26).

The positive voltage deposits positive charge on the metal and calls for
a corresponding net negative charge at the surface of the semiconductor. Such
a negalive charge in p-type material arises from depletion of holes from the
region near the surface, leaving behind uncompensated ionized acceptors,
This is analogous to the depletion region at a p-n junction discussed in Sec-
tion 5.2.3. In the depleted region the hole concentration decreases, moving
E, closer to Ef, and bending the bands down near the semiconductor surface.

If we continue to increase the positive yoltags, the bands at the semicon-
ductor surface bend down more strongly. In fact, a sufficiently large voltage can

*Recall that an elecirostotic patential diegeam in drown far porliive s chaiges, (6 cantrast & an elecron
enetgy dingrom, which is drown fer negotive charges.
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bend E; below Ep(Fig. 6-12d), This is a particularly interesting case, since Ep
2 E;implies a large electron concentratian in the conduction band.

The region near the semiconductor surface in this case has conduction
properties typical of n-type material, with an electron concentration given by
Eq. (3-25a). This n-type surface layer is formed not by doping, but instead by
inversion of the onginally p-type semiconductor due to the applied voltage.
This inverted layer, separated from the underlying p-type material by a de-
pletion region, is the key to MOS transistor operation.

We should take a closer look at the inversion region, since it becomes the
conducting channel in the FET. In Fig. 6-13 we define a potential ¢ at any
point x, measured relative to the equilibrium position of £, The energy g
tells us the extent of band-bending at x. and gd, represents the band-bending
at the surface. We notice that ¢, = 0 is the flar band condition for this ideal
MOS case (L.e., the bands look like Fig. 6-12a). When ¢, < 0, the bands bend
up at the surface, and we have hole accumulation (Fig. 6-12b). Similarly, when
d, = 0, we have depletion (Fig. 6-12c). Finally, when &, is positive and larger
than &, the bands at the surface are bent down such that E{x = 0) lies below
E;,and inversion is obtained (Fig. 6-12d).

While it is truc that the surface is inverted whenever d, is larger than
¢, a practical criterion is needed to tell us whether a true n-type conducting
channel exists at the surface, The best criterion for strong inversion is thal the
surface should be as strongly n-type as the substrate is p-type. That is, E,
should lie as far below Erat the surface as il is above E far [rom the surface,
This condition oceurs when

b(inv,) = 24, = 1%1:&—& {6-15)

dJ
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A surface potential of & is required to bend the bands down to the intrinsic
condition at the surface (E, = Eg),and £, must then be depressed another g
at the surface to obtain the condition we call strong inversion,

The electron and hole concentrations are related to the patential d(x)
defined in Fig, 6-13. Since the equilibrium electron concentration is

nl} -_— n‘,EIEf_ E.l}'iT = nre_q‘i"ﬁ‘l’k"r ('h— Iﬁj

we can easily relate the electron concentration at any x to this value:

n = pe WOV — g kT (Hh-17)

and similarly for holes:
py = ne® T (6-1%a)
P = pge AT (6-18h)

at any x. We could combine these equations with Poisson’s equation (6-19)
and the usual charge density expression (6-20) to solve for d(x):

£ (f-14)
dx* €
p(x) = g(N7 = Nz + p=n) (6-20)

Let us solye this equation to determine the total integrated charge
per unit area, G, as a function of the surface potential, ¢,. Substituting
Eqs. (6-16), (6-17), and (6-18) for the electron and hole concentrations in
Eqgs. (6-19) and (6-20), we get

% rof g g
2229 8ol
axt  dx\ax €,

Tt should he kept in mind that

=i
fx

is the electric field, ¥, at a depth x.

Integrating Eq. (6-21) from the bulk (where the bands are flat, the elec-
tric fields are zero, and the carrier concentrations are determined solely by
the doping), towards the surface, we get

4
b6 ﬂui‘*’[m(ﬁi_ )_,‘D(s..i_ )]
L(&x)ﬁ(a:)ﬁ E"L ekl — 1 ekl — 1 )ldd  (6-22)

After integration, we then get

[ - 0
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A particularly important case is at the surface (x = () where the surface per-
pendicular electric field, €,, becomes

VE&T[( UL T T ol 4 gdy ]Ix
g =—— | gThT + 12 —lek ———~— 6-24
G s RV L= L SR

where we have introduced a new term, the Debye screening length,

Lp= ﬂfﬂf—T (6-23)
q P

The Debye length is a very important concept in semiconductors. It gives us
an 1dea of the distance scale in which charge imbalances are screened or
smeared oul. For example, if we think of inserting a positively charged sphere
in an n-type semiconductor we know that the mobile electrons will crowd
around the sphere. If we move away from the sphere by several Debye
lengths, the positively charged sphere and the negative electron cloud will
look like a neutral entity. Not surprisingly, L depends inversely on doping
because the higher the carrier concentration, the more easily screening takes
place. For n-type material we should use n, in Eg. (6-25).

By using Gauss’s law at the surface, we can relate the integrated space
charge per unit area 1o the electric displacement, keeping in mind that the
electric field or displacement deep in the substrate is zero.

Q'r = _Er‘g.r (6-26)

The space charge density per unit area Q, in Eq. (6-26) is plotted as a
function of the surface potential ¢, in Fig. 6-14. We see from Eq. (6-24) and
Fig. 6-14 that when the surface potential is zero (flat band conditions), the
nel space charge is zero, This is because the fixed dopant charges are cancelled
by the mabile carrier charges at flat band. When the surface potential is neg-
ative, it attracts and forms an accumulation layer of the majority carrier holes
at the surface. The first term in Eq. (6-24) is the dominant one, and the ac-
cumulation space charge increases very sirongly (exponentially) with nega-
live surface potential. It is easy to see why by looking at Eq. (6-18), which
gives the surface hole concentration in a p-type semiconductor as a function
of surface potential. Since the band-bending decreases as a function of depth,
the integrated accumulation charge involves averaging over depth and in-
troduces a factor of 2 in the exponent. Mathematically, this is due to the
square root in Eq. (6-24). It must be noted that since this charge is due to
the mobile majority carriers (holes in this case), the charge piles up near
the oxide-silicon interface, since typical accumulation layer thicknesses are
=20 nm, Also, because of the exponential dependence of accumulation charge
on surface potential, the band-bending is generally small or is said to be
pinned 10 nearly zero,

On the other hand, for a positive surface potential, we see from Eq.
(6-24) that initially the second (linear) term 1s the dominant one. Although
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Yariation of spacecharge density in the semiconductor as a funclion of the surface potential &, for
pype silicon with N, = 4 > 10" em™ at room temperature. p,and n, are the hole and eleciron con-
centrations at the surface, &; is the potential difference between the Fermi level and the inkrinsic level of
the bulk. (Garrett ond Brattain, Phys. Rev, 99, 376 (1955).)

the exponential term exp(gd,/kT) is very large, it is multiplied by the ratio
of the minority to majority carrier concentration which is very small, and is
initially negligible. Hence, the space charge for small positive surface poten-
tials increases as ~ V', as shown in Fig. 6-14. As discussed in detail later in
this section, this corresponds to the depletion region charge due to the ex-
posed, fixed immobile dopants (acceptors in this case), The depletion width
typically extends over several hundred nm. At some point, the band-bending
is twice the Fermi potential ¢, which is enough for the onset of strong in-
version, Now, the exponential term exp(gd,(inv.)/kT) multiplied by the mi-
nority carrier concentration ny is equal to the majority carrier concentration
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pq Henee, for band bending beyond this point, it becomes the dominant term.
Asin the case of accumulation, the mobile inversion charge now increases
very strongly with bias, as indicated by Eq. (6-17) and shown in Fig. 6-14. The
typical inversion layer thicknesses are ~5 nm, and the surface potential now
is essentially pinned at 2dy,

[t may be pointed oul that in accumulation, and especially in inversion,
the carriers are confined in the x—direction in narrow, essentially triangular
potential wells, causing quantum mechanical particle-in-a-box states or sub-
bands, similar to those discussed in Chapter 2. However, the carriers are {ree
in the other directions (parallel to the oxide-silicon interface). This leads to
a two-dimensional electron gas (2DEG) or hole gas. with a “staircase” con-
stant density of states, as discussed in Appendix 1V. The detailed apalysis of
these effects is, unfortunately, bevond the scope of our discussion here.

The charge distribution, electric field, and electrostatic polential for
the inverted surface are sketched in Fig, 6-15. For simplicity we use the de-
pletion approximation of Chapter S in this figure, assuming complete deple-
tion for (| < x < W, and nentral material for x > W. In this approximation the
charge per unit area® due to uncompensated acceptors in the depletion re-
gion is —gN,W.The positive charge Q, on the metal is balanced by the neg-
ative charge Q) in the semiconductor, which 15 the depletion layer charge
plus the charge due to the inversion region Q)

Q, =&, =gN,W -G, (6-27)

The width of the inversion region is exaggerated in Fip. 6-15 for illus-
(rative purposes. Actually, the width of this region is generally less than 100 A,
Thus we have neglected it in sketching the electric field and potential distri-
bution. In the potential distribution diagram we se¢ that an applied voltage
V appears partially across the insulator (V) and partially across the deple-
tion region of the semiconductor (d,):

V=V +d, (6-28)

The voltage across the insulatar 1s obviausly related to the charge on
either side, divided by the capacitance:

_-Qd _ -G,
V‘:_- Ef B C

[}

(6-29)

where € is permittivity of the insulator and C, is the insulator capacitance per
umt area. The charge Q, will be negative for the n chanmel, giving a positive V.

Using the depletion approximation, we can solve for W as a function of
i, (Prob. 6.7). The resull is the same as would be oblained for an a'-p junc-
tion in Chapter 5, for which the depletion region extends almost entirely into
the p region:

4y this cﬁﬂpler_ we will ise charge per unil area |G ond copacitance per unll area [C) 1o avoid repealing
A throughout the discussian
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v- B2l

N

This depletion region grows with increased voltage across the capaci-

(6-30)

tor until strong inversion is reached. After that, further increases in voltage

result in stronger inversion rather than in more depletion. Thus the maxi-
mum value ef the depletion width is

"= [ZE—‘?%]—T—Q]W - 2[%@}1&

using Eq. (6-15). We know the quantities in this expression, so W,, can be
calculated.
The charge per unit area in the depletion region (Q, at strong inversion

Q= —gNW,. = —2(eqN.bs)"” (6-32)

(6-31)

s

The applied voltage must be large enough to create this depletion charge
plus the surface potential ¢,(inv.). The threshoid voltage required for sirong
imversion, using Eqs. (6-15), (6-28), and (6-29), is

Vp=——2 +20p (ideal case) (6-33)

This assumes the negative charge at the semiconductor surface Q at inversion
is mostly due to the depletion charge Q. The threshold voltage represents
the minimum voltage required to achieve strong inversion, and is an extremely
important quantity for MOS transistors. We will see in the next section that
other terms must be added to this expression for real MOS structures.

The capacitance-voltage characteristics of this ideal MOS structure
(Fig. 6-16) vary depending on whether the semiconductor surface is in ac-
cumnulation, depletion, or inversion.

Since the capacitance for MOSFETs is voltage dependent, we must use
the more general expression in Eq. (5-55) for the voltage-dependent semi-
conductor capacitance,

dQ _ dQ, .

C’_dV-dtb, {6-34)

Actually, if one looks at the electrical equivalent circuit of a MOS capacitor
or MOSEET, it 1s the series combination of a fixed, voltage-independent gate
oxide (insulator) capacitance, and a voltage-dependent semiconductor ca-
pacitance [defined according to Eq. (6-34)], such that the overall MOS ca-
pacitance becomes voltage dependent. The semiconductor capacitance itself
can be determined from the slope of the Q, versus &, plot (Fig. 6-14). It is

7in the pehannal {ntype sebsiofe] coze, for which & Is negotive, we ute Qu = +ghyWa = 2(egMdd) >
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Figure 6-16

Capacitance-vollage relation for an n<hannel |p-substrate) MOS capacitor. The dashed curve for V> V;
is cbserved at high measurement frequencies. The flat band volloge Vis will be discussed in Section 6.4.3.
When the semiconductor is in depletion, the semiconducior capacitance C, is denoted as Cy.

clear that the semiconductor capacitance in accumulation is very high be-
cause the slope is so steep; i.e., the accumulation charge changes a lot with
surface potential. Hence, the series capacitance in accumulation is basically
the insulator capacitance, C,. Since, for negative voltage, holes are accumu-
lated at the surface (Fig. 6-12b), the MOS structure appears almost like a
parallel-plate capacitor, dominated by the insulator properties C, = €/d (point 1
in Fig. 6-16). As the voltage becomes less negative, the semiconductor surface is
depleted. Thus a depletion-layer capacitance C, is added in series with C;:

€
= _15
< W (6-35)
where ¢, is the semiconductor permittivity and W is the width of the deple-
tion layer from Eq. (6-30). The total capacitance is

c= crC (6-36)

The capacitance decreases as W grows from flatband (point 2), past weak
nversion (point 3), until finally strong inversion is reached at V. (point 4). In
the depletion region, the small signal semiconductor capacitance is given
by the same formula |Eq. (6-34)] which gives the variation of the (depletion)
space charge with surface potential. Since the charge increases as ~V,,
the depletion capacitance will obviously decrease as 1/ V@, exactly as for
the depletion capacitance of & p-n junction [see Eq. (5-63)].
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After inversion is reached, the small signal capacitance depends on
whether the measurements are made at high (typically -1 MHz) or low (typ-
ically ~1-100 Hz) frequency, where “high™ and “low" are with respect to the
generation-recombination rate of the minority carriers in the inversion layer.
1f the gate voltage is varied rapidly. the charge in the inversion layer cannot
change in response, and thus does not contribute to the small signal a-c ca-
pacitance. Hence, the semiconductor capacitance is at a minimum, corre-
sponding to & maximum depletion width.

On the other hand, if the gate bias is changed slowly, there is time for
minority carriers to be generated in the bulk, drift across the depletion region
to the inversion layer, or go back to the substrate and recombine. Now, the
semiconductor capacitance, using the same Eq, (6-34), is very large because
we saw in Fig, 6-14 that the inversion charge increases exponentially with
&.. Hence, the low frequency MOS series capacitance in strong inversion is
basically C, once agam (point 5).

What is the frequency dependence of the capacitance n accumulation
{Fig. 6-12a)? We get a very high capucitance both at low and high frequen-
cies because the majorily carriers in the accumulation layer can respond
much faster than minority carriers. While minority carriers respond on the
time scale of generation-recombination times (typically hundreds of mi-
croseconds in S1), majority carriers respond on the tme scale of the dielec-
tric relaxation time, 1, = pe.where p is the resistivity and € is the permittivity.
Ty i analogous to the KC time constant of a system, and is small for the ma-
jority carriers (~107'7s). As an interesting aside, it may be pointed out that
in inversion, although the high-frequency capacitance for MOS capacitors is
low, 1t is high (= C;) for MOSFETs because now the inversion charge can
flow in readily and very fast (~7;) from the source/drain regions rather than
having to be created by generation-recombination in the bulk,

6.4.3 Effects of Real Surfaces

When MOS devices are made using typical materials (e.g.. n™ polysilicon-
Si0,-8i), departures from the ideal case described in the previous section
can strongly atfect Vy and other properties. First, thers is a work tunetion
difference between the doped polysilicon gate and substrate, which depends
on the substrate doping. Here, the heavily doped polysilicon acts as a metal
electrade. Second, there are inevitably charges at the Si-Si0. interface and
within the oxide which must be taken into account.

Work Funetion Difference, We expect O, to vary depending on the doping
of the semiconductor. Figure 6-17 illustrates the work function potential dif-
ference &, = &, — &, for n' polysilicon on 81 as the doping is varied. We note
that &, is always negative for this case, and 15 most negative for heavily
doped p-type Si (i.e., for £;close to the valence band),

If we try to construct an equilibrium diagram with @, negative (Fig. 6-18a),
we find that in aligning £, we must include a tilt in the oxide conduction band

281
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Figure 6~17
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(implying an electric field), Thus the metal is positively charged and the semi-
conductor surface is negatively charged at equilibrium, to accommodate the
work function difference, As a result, the bands bend down near the semicon-
ductor surface. In fact, if @, is sulficiently negative, an inversion region can
exist with no external voltage applied. To obtain the flat band condition pic-
tured in Fig, 6-18b, we must apply a negative voltage to the metal (Vg =®,,).

Interface Charge. In addition to the work function difference, the equi-
librium MOS structure is affected by charges in the insulator and at the
semiconductor-oxide interface (Fig, 6-19), For example, alkali metal ions
(particularly Na™) can be incorporated inadvertently in the oxide during
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Q,, Mobile ionic charge
Q,, Oxide trapped charge
Sy Oside fixed charge
G, Interface wrap charpe

{a)

growth or subsequent processing steps. Since sodium is a common contani-
inant, it is necessary 10 use extremely clean chemicals, water, gases, and pro-
cessing environment (o minimize its effect on dielectric layers, Sodium ions
introduce posilive charges (@,,) in the oxide, which in turn induce negative
charges in the semiconductor, The effect of such positive lonic charges in
the oxide depends upon the number of ons involved and their distance from
the semiconductor surface (Prob. 6.12). The negative charge induced in the
semiconductor is greater iT the Na' ions are near the mterface than if they
are farther away. The effect of this ionic charge on threshold voltage is com-
plicated by the fact that Na® ions are relatively mobile in §i0,, particularly
at elevated temperatures, and can thus drift in an applied electric field. Ob-
viously, a device with Vpdependent on its past history of voltage bias is un-
acceptable. Fortunately, Na contamination of the oxide can be reduced w
tolerable levels by proper care in processing. The oxide also contains trapped
charges (Q@,,) due to imperfections in the Si0..

In addition to oxide charaes, a set of positive charges arises from in-
terface states at the Si-510Qy interface. These charges. which we will call G, re-
sult from the sudden termination of the semiconductor erystal lattice at the
axide interface. Near the interface is a transition laver (510,) containing fixed
charges (Qy). As oxidation takes place in Forming the 810, layer, Si is re-
moved {rom the surface and reacts with the oxygen. When the oxidation is
stopped, some ionic Si is left near the interface. These wons, along with un-
completed Si bonds at the surface, result in a sheet of positive charge Qnear
the mterface. This charge depends on oxidation rate and subsequent heal
treatment. and also on crystal orientation. For carefully treated 5i-510; in-
terfaces, typical charge densities due to @, and Qare about 10" charges/om’
for samples with {100] surfaces. The interface charge density is about a factor
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of ten higher on [111] surfaces, That is why MOS devices are generally made
on (100} Si.

For simplicity we will include the various oxide and interface charpes
in an effective positive charge at the interface @, (Clem?), The effect of this
charge is to induce an equivalent negative charge in the semiconductor, Thus
an additional component must be added to the flat band voltage:

Q
Vir= O =& (6-37)

L)

Since the difference in work function and the positive interface charge both
tend to bend the bands down at the semiconductor surface, a negative volt-
age must be applied to the meltal relative to the semiconductor to achieve the
flat band condition of Fig. 6-19b.

6.4.4 Threshold Vollage

The voltage required to achieve flat band should be added to the threshold
voltage equaltion (6-33) obtained for the ideal MOS structure (for which we
assumed a zero flat band voltage):

Q Q X
Vi=®u - = ‘Ef + 24y (6-38)

Thus the voltage required to create stroug inversion must be large enough
to first achieve the flat band condition (®,,, and GQJC, terms), then accom-
modate the charge in the depletion region (Q,/C,), and finally to induce the
inverted region (24;). This equation accounts for the dominant threshold
voltage effects in typical MOS devices. It can be used for both n-type and
p-type substrates® if appropriate signs are included for each term (Fig, 6-20).
Typically @, is negative, although its value varies as in Fig. 6-17. The inter-
face charge is positive, so the contribution of the ~Q/C, term is nepative for
either substrate type. On the other hand, the charge in the depletion region
is negative for ionized acceptors (p-1ype substrate, n-channel device) and is
positive for ionized donors (n-type substrate, p channel). Also, the term dy,
which is defined as (E, — E;)/q in the neutral substrate, can be positive or neg-
ative, depending on the conductivity type of the substrate. Considering the
signs in Fig. 6-20, we see that all four terms give negative contributions in
the p-channel case. Thus we expect negative threshold voltages for typical
p-channel devices, On the other hand, n-channel devices may have either
positive or negative threshold voltages, depending on the relative values of
terms in Eq. (6-38).

1t is imporiant 1o remember thal nchapnel devices armm made on paype substrates and ther pehanne! des
vices have ntype subsirates.
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All terms in Eq. (6-38) except Q,/C; depend on the doping in the sub-
strate. The terms ®,,, and &, have relatively small variations as £, is moved
up or down by the doping. Large changes can occur in Q, which varies
with the square root of the doping impurity concentration as in Eq. (6-32).
We illustrate the variation of threshold voltage with substrate doping in
Fig. 6-20. As expected from Eq. (6-38), V; is always negative for the p-chan-
nel case. In the n-channel case, the negative flat band voltage terms can dom-
inate for lightly doped p-type substrates, resulting in a negative threshold
voltage. However, for more heavily doped substrates, the increasing contri-
bution of N, to the Q, term dominates, and V' becomes positive.

We should pause here and consider what positive or negative V; means
for the two cases. In & p-channel device we expect to apply @ nepative volt-
age from metal to semiconductor in order to induce the positive charges in
the channel. In this case a negative threshold voltage means that the nega-
tive voltage we apply must be larger than V- in order to achieve strong in-
version. In the n-channel case we expect to apply a positive voltage to the
metal to induce the channel. Thus a positive value for V', means the applied
voltage must be larger than this threshold value to obtain strong inversion and
a conducting n channel. On the other hand, a negative ¥, in this case means
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that a.channel exists at V' = 0 due to the &, and Q, effects (Figs. 6-18 and 6-19),
and we must apply a nepative valtage V5 to turn the device off. Since light-
ly doped substrates are desirable to maintain a high breakdown voltage for
the drain junction, Fig. 6-20 suggests that V' will be negative for n-channel
devices made by standard processing. This tendency for the formation of de-
pletion mode (normally on) n-channel transistors is a problem which must
be dealt with by special fabrication methods to be described in Section 6.3.5.

EXAMPLE 6-1  An n™-polysilicon-gate n-channel MOS transistor is made on a p-type Si
substrate with N, = 5 % 10'5cm ™. The 50, thickness is 100 A in the gate
region, and the effective interface charge @; is 4 % 10'% gC/cm?. Find C,
and C,;, on the C-V characteristics, and find W,,,, Ve, and Vi~

SOLUTION B i mﬁa 0.02 g[n—_s X108 = 0320 eV
#5 qg m NS ETI

edr 12 118 x 885 % 107 x 03297
W.=2 ewoy i =i = 15 : -
qN, 16 x 101 x s x 10P°

= 4,15 X 107%m = 0.415 pm
From Fig. 6-17, &, = —0.95 V, and we have

Q =4%x10"x 1.6 % 107" = 64 X 1072 Clem?*
; R85 % 1071 |
c, - S 22XOB XN 545 5 107 Flen?
d 01 X 107
Vep = @y = Q/C, = —095 — 6.4 X 107%/345 %X 107 = 0969 V
Q= —gN,Wy=—1.6 X 107X 5X 10¥ X 4.15 X 10
= —3.32 X 107 *C/em? _ .
332 x 10

== =25 x 10 Ffem
4= 415 X 107 2

&

c. - CCa _345x107 x25X10%
BTG4 Gy 345% 007 + 25 x 1078

=233 % 107" Flem?

6.4.5 MOS Copacitance-Vollage Analysis

Let us see how the various parameters of a MOS device such as insulator thick-
ness, substrate doping, and V' can be determined from the C-V characteristics
(Fig. 6-21). First, the shape of the C-V curve depends upon the type of substrate
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doping, I1 the high-frequency capacitunce is large for negative gate biases and
small for positive biases, it is a p-type substrate, and vice versa. From the low-
frequency C-V curve for p-type material, as the gate bias is made more posi-
tive (or less negative), the capacitance goes down slowly in depletion and then
rises rapidly in inversion. As a result, the low-frequency C-V is nol quite sym-
metric in shape. For n-type substrates, the C-V curves would be the mirror
image of Fig. 6-21.

The capacitance C, = e/d in accumulation or strong inversion (at low fre-
quencies) gives us the insulator thickness, 4. The minimum MOS capacitance,
C ins 18 the series combination of C, and the minimum depletion capacitance,
Cmin = &/W,,, corresponding to the maximum depletion width. We can in
principle use the measurement of C, to determine the substrate doping,
However, from Eq. (6-31) we see that the dependence of W,, on N, is com-
plicated, and we get a transcendental equation which can only be salved nu-
merically, Actually, an approximate, iterative solution exists which gives us N,
in terms of the minimum depletion capacitance, Cn

Nn =10 [ 3RH A4 L68T g Ty 0081 7T 08 T F) {ﬁ_sg}

where Cymin 15 in Flom®.

Once the substrate doping is obtained, we can determine the flat band
capacitance from it. It can be shown that the semiconductor capacitance at flat
band Cgy (point 2 in Fig, 6-16) is deiermined from the Debye length capacitance

E
Cactye = - (6-40)

where the Debye length is depéndent on doping as described in Eg. (6-25).
The overall MOS flat band capacitance, Cpy, s the series combination of
Conse and C,. We can thus determine Vg corresponding to the Cpg, Once
C,.V 4. and substrate doping are obtained, all termns in the V expression
(Eq. 6-38) are known. Interestingly, the threshold voltage V' does not
correspond to exactly the minimum of the C-V characteristies, C ., but
a slightly higher capacitance marked as point 4 in Fig. 6-16. I'n fact, it cor-
responds to the series combination of C; and 2C,_;,, rather than the series
combinatuon of C, and Cy_;,. The reason for this is that when we change
the gate bias around strong inversion, the change of charge in the semi-
conductor is the sum of the change in depletion charge and the mobile
inversion charge, where the two are equal in magnitude at the onset of
slrong inversion.

We can also determine MOS parameters such as the fast interface state
density, D;,, and mobile ion charges, Q,, from C-V measurements (Figs. 6-21
and 6-22), The term fast interface state refers to the fact that these defects can
change their charge state relatively fast in response to changes of the gate
bias. As the surface potential in a MOS device is varied, the fast interface
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states or traps in the band gap can move abave or below the Fermi level in re-
sponse to the bias, because their positions relative to the band edges are fixed
(Fig, 6-21b), Keeping in mind the property of the Fermi-Dirac distribution
that energy levels below the Fermi level have a high probability of occupan-
cy by electrons, while levels above the Fermi level tend 1o be empty. we see
that & fast interface state moving above the Fermi level would tend to give up
its trapped electron to the semiconductor (or equivalently capturg & hole).

Conversely, the same fast interface state below the Fermy level captures an

electron (or gives up a hole). It obviously makes sense to talk in terms of elec-
trons or holes, depending on which is the majonity carrier in the semiconduc-
tor. Since charge storage results in capacitance, the fast interface states give
rise to a capacitance which is in parallel with the depletion capatitance in the
channel (and hence is additive), and this combination is in series with the in-
sulator capacitance C,. The fast interface stutes can keep pace with low fre-
quency variations of the gate bias (~1-1000 Hz), but not at sxtremely high
frequencies (~1 MHz). So the fast interface states contribute to the low fre-
quency capacitance C; 5, but not the high frequency capacitance C, Clear-
ly, from the difference between the two, we ought 1o be able to compute the
fast interface state density, Although we will not do the detailed derivation
here, it can be shown that

5 ce
D, ] ( Cir He

= M - 2oyt f-d1
g\¢;—Cr G- CHF) o S Wt
While the fast interface states can respond quickly to voltage changes,
the fixed oxide charges Qy, as the name implies, do not change their charge
state regardless of the gate bias or surface potential, As mentioned above,
the effect of these charges on the flat band and threshold voltage depends
not only on the number of charges bul also their location relative 1o the
oxide-silicon interface (Fig. 6-22). Hence, we must take a weighted sum of
these charges, counting charges closer to the oxide-silicon interface more
heavily than those that are farther away. This position dependence is the
basis of what is called the bias-temiperature stress test for measuring the mo-
bile ion content. Q. We heat up the MOS device to ~200-300°C (to make
the ions more mobile) and apply a positive gate bias to generate a field of
~1 MV/cm within the oxide. After cooling the capacitor to room tempera-
ture, the C-V characteristics are measured, We have seen how Vg can be de-
termined from the C-V curve, using Eq. (6-40) and C.V gy is also given by
Eq. (6-37), The positive bias repels positive mobile ions such as Na' to the
oxide-silicon interface so that they contribute fully to a flat band voltage we
can call V75 Next, the capacitor is heated up again, a negative hids is applied
so that the ions drift to the gate electrode, and another C-V measurement
is made. Now, the mobile ions are too far away to affect the semiconductor
band-bending, but induce an equal and opposite charge on the gate clec-
trade. From the resulting C-V, the new fat band, V g5, is determined. From
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Figure 6-22
Mahbile ion determination: (a) Movement of mobile ions due to positive and negative bios-temperature
stress; [b) C-V characteristics under positive [dashed line) and negative {solid line) biastemperature.

the difference of the two flat band voltages, we can determine the mobile ion
content using

Q= G(Ver — Vi) (h-42)

6.4.6 Time-Dependent Capacitance Meosurements

During C-V measurements, if the gate bias is varied rapidly from accu-
mulation to inversion, the depletion width can momentarily become
greater than the theoretical maximum for gate biases beyond V. This phe-
nomenon is known as deep deplerion, and causes the MOS capacitance to
drop below the theoretical minimum, C,,,, for a transient period. After a
time period characteristic of the minerity carrier lifetime, which determines
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Timedependent MOS capacitance (Cy) due to the application of a step valtage V,, (which puts the ca:

pacifor in occumulation) ta V; (which puls the capacitor in inversion].

the rate of generation of the minority carriers in the MOS device, the de-
pletion width collapses back to the theoretical maximum and the capaci-
tance recovers to C_, (Fig. 6-23). This capacitance transient, C-t, forms the
basis of a powerful technique to measure the lifetime, known as the Zerbst
technique.

6.4.7 Current-Voltage Characteristics of MOS Gate Oxides

An ideal gate insulator does not conduct any current, but for real insu-
lators there can be some leakage current which varies with the voltage or
electric field geross the gate oxide. By looking at the band diagram of the
MOS system perpendicular to the oxide-silicon interface (Fig. 6-24), we see
that for elecirons in the conduction band, there is a barrier. AE, (= 3.1 V).
Although electrons with energy less than this barrier cannot go through the
oxide classically, it was discussed in Chapter 2 that quantum mechanically
electrons can tunnel through a barrier, especially if the barrier thickness is suf-
ficiently small. The detailed calculation of the Fowler-Nordheim tunneling
current for electrons going from the Si conduction band to the conduction
band of Si0,, and then having the electrons “hop” along in the oxide to the
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Figure 6-24
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gale electrode, involves salving the Schrodinger equation for the electron
wave function, The Fowler-Nordheim tunmeling current /ry can be expressed
a5 a [unction of the electric field in the gate oxide:

=B
(13 8

where 8 1s a constant depending on m1} and the barrier height.

As gate oxides are made thinner in successive generations of MOSFETS;
the tunneling barrier in the gate oxide becomes so thin that the electrons
in the conduction band of §i can tunnel through the gate oxide and emerge
ini the gate, without having to po via the conduction band of the gate oxide.
This is known as direct tunneling rather than Fowler-Nordheim tunneling.
The overall physics is similar, but some of the details are different. For
instance, Fowler-Nordheim tunneling involves 4 triangular barrier. while
direct tunneling is through a trapezoidal barrier (Fig. 6-24a). Such tun-
neling currents ar¢ becoming a major problem in modern devices because
the useful feature of high input impedance for MOS devices is degraded.

It is necessary to increase the gate capacitance in successive gener-
ations of MOSFETS in order to increase the drain current, as discussed
later in Section 6.5. One can achieve higher C. by using insulators with a
dielectric constant higher than 5i0; instead of reducing the gate oxide
thickness, d, as can be seen from Eq. (6-29). The advantage of not reduc-
ing d too much is that it keeps the tunneling barrier wide, and the gate
oxide field low, thereby keeping the gate tunneling leakage current low
(Eq. 6-43). Such high dielectric constant insulators such as hafnium diox-
ide, HfO),, are also known as high-k gate dielectrics because & is also some-
times used as a symbol for dielectric constant,

Prolonged charge transport through gate oxides can ultimately cause
catastrophic electrical breakdown of the oxides. This is known as Time-
Dependent Dielectric Breakdown (TDDB). One of the popular models that
explains this degradation involves electrons tunneling into the conduction
band of the gate oxide from the negative electrade (cathade), then gaining en-
ergy from the electric fieid, thus becoming “hot" electrons in the gate oxide. If
they gain sufficient energy, they can cause impact ionization within the oxide
and create electron-hole pairs, The electrons are accelerated toward the (pos-
itive) Si substrate, while the holes travel toward the gate. However, electron and
hole mabilities are extremely small in 8i0,. Hole mobilities are particularly
low (~0.01 em/Vs). Hence, there is a great propensity for these impact-gen-
erated holes to be trapped at defect sites within the oxide, near the cathode. The
resulting band diagram (Fig. 6-25) is altered by this sheet of trapped positive
charge, which causes the internal electric field between this point and the gate
o increase, A similar distortion of the electric field near the Sianode is creat-
ed by the trapped impact-generated electrons. However, the steepest slope
in Fig. 6-25, and therefore the highest field, is near the gate. As a result, the
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Time-dependenl dielectric breakdown of oxides: Bond diagram of a MOS device

showing the band edges in the polysilicon gate, oxide, and Si substrate. Trapped
holes ond electrons in the oxide distorf the band edges, and increase the electric

field in the oxide near the gate. The lunneling barrier width 1s seen to be less than
if there were no charge trapping (dashed line).

barrier for electron tunneling from the gate into the oxide is reduced. More
electrons can tunnel into the oxide, and cause more impact ionization. We get
a positive feedback effect that can lead to a runaway TDDB process.

6.5 The MOS transistor is also called a surface field-effect transistor, since it de-

THE MOS FIELD-  pends on control of current through a thin channel at the surface of the semi-
EFFECT conductor (Fig. 6-10). When an inversion region is formed under the pate,
TRANSISTOR current can flow from drain to source (for an n-channel device). In this section
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we analyze the conductance of this channel and find the 7, — V', character-
istics as a function of gate voltage V. As in the JFET case, we will find these
characteristics below saturation and then assume I, remains essentially con-
stant above saturation.

6.5.1 Output Characteristics

The applied gate voltage V; is aceounted for by Eq. (6-28) plus the voltage
required to achieve flat band:

Q,
VG=VFE_€+¢: (ﬁ—44}

The induced charge Q, in the semiconductor is composed of mobile charge
Q, and fixed charge in the depletion region Q,. Substituting Q, + Q, for Q,,
we can solve for the mobile charge:

QJT - _C‘:[VG = (VF.H + d):. — %)] [:{’ 45:'

At threshold the term in brackets can be written V; — Vi from Eq. (6-38).
With a voltage Vp, applied, there is a voltage rise V, from the source to

gach point x in the channel. Thus the potential ¢, (x) is that required to achieve
strong inversion (2dy) plus the voltage V.:

Qﬂ - _C.rlr V= Yo — 245 — Vi — CLVEQEJN,,[Z'EbF T Vx}] (6-46)
s it

If we neglect the variation of Q,(x) with bias V, Eq. (6-46) can be sim-
plified to

Q"{x} _ _C.!( V.; == V—r == Vl.'] (5*4?]

This equation describes the mohile charge in the channel at point x (Fig. 6-26).
The conductance of the differential element dx is ., Q,(x)Z/dx, where Z is the
width of the channel and ., is a surface electron mobility (indicating the mobil-
ity in a thin region near the surface is not the same as in the bulk material). At
point x we have

Tpdx = iy Z|Q,(x)|aV, (6-48)
Integrating from source to drain,
L ¥y
J I pdx = EFIZCIJ. (Vo= Vy =V, )dV,
a o
' ﬁﬂzc-i

I L

[(Vg = VeVp = 3V3] (6-49)

295
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Figure 6-26
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determines the conductance and transconductance of the n-channel MOSFET
[see Egs. (6-51) and (6-54)].

In this analysis the depletion charge Q) in the threshold voltage Vi is
simply the valug with no drain current, This is an approximation, since Qu{x)
varies considerably when Vy, is applied. to reflect the variation in V, (see
Fig. 6-26b), However, Eq, (6-49) is a fairly accurate description of drain cur-
rent for low values of Vp, and is often used in approximate design calcula-
tions because of its simplicity. A more accurate and general expression is
obtained by including the variation of Q(x). Performing the mwgranonof
Eq. (6-48) using Eqg. (6-46) for Q,(x), one obtains

v
Ip= =
2 V..’!
x{(“;: I VF!:' b "E[Vﬂ)" D= 3 i (Vﬂ + 2-'151“ ﬁ‘l’.&‘}m]} {5"50}

The drain chara¢teristics that result from these guestions are shown In
Fig. 6-10c. If the gate voltage is above threshold (V; > V), the drain current
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is described by Eq. (6-50) or approximately by Eq. (6-49) for low V. Initially
the channel appears as an essentially linear resistor, dependent on V. The con-
ductance of the channel in this linear region can be obtained from Eq. (6-49)
with Vin < (Vg — Vo

_aly

Z_
8= 3y~ T+ Ve = V1) (6-51)

where V; > Vi for a channel to exist,

As the drain voltage is increased, the voltage across the oxide decreases
near the drain, and Q, becomes smaller there. As a result the channel be-
comes pinched off at the drain end, and the current saturates. The saturation
condition is approximately given by

VD(EHI-] = Vﬁ - VT 1‘\6—52]

The drain current at saturation remains essentially constant for larger values
of drain voltage. Substituting Eq, (6-52) into Eq. (6-49), we obrain

fn(ﬁﬂt.] = %E"Cr‘?'{ ‘i"r(;, == V] ]2 = %E“C;VZD{SEL} (fﬁ-53l

for the approximate value of drain current at saturation,
The transconductance in the saturation range can be obtained ap-
proximately by differentiating Eq. (6-53) with respect to the gate voltage:

ifglsat) Z_
glﬂ(sat‘) = ;’(V = E:I'LHCJ’(FI'_]' == V?"} {6"54)
G

The derivations presented here are based on the n-channel device. For
the p-channel enhancement (ransistor the voltages Vi, Vi, and V are neg-
ative, and current flows from source to drain (Fig. 6-27).

6.5.2 Tronsfer Chaorocteristics

The output characteristics plot the drain current as a function of the drain bias,
with pate bias as a parameter (Fig. 6-27). On the other hand, the transfer char-
acteristics plot the cutput drain current as a function of the input gate bias, lor
fixed drain bias (Fig. 6-28a). Clearly, in the linear region, Iy versus ¥ should
be a straight line from Eq. (6-49). The intercept of this line on the V; axis is the
linear region threshold voltage, V; (lin.) and the slope (divided by the applied
V) gives us the linear value of ky, ky(lin.), of the n-channel MOSFET. If we
look at actual data, however, we see that while the characteristics are approxi-
mately linear at low gate bias, at high gate biases the drain current increases
sub-linearly. The transconductance, g, (lin.), in the linear region can he abtained
by differentiating the right-hand side of Eq. (6-49) with respect to gate bias,
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Figure 6-27
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The g,, (lin.} is plotted as a function of V; in Fig. 6-28b. It may be noted that
the transconductance is zero below V., because there is little drain current. It
goes through a maximum at the point of inflection of the Ijy-V; curve, and then
decreases. This decrease is due to two factors that will be discussed in Sections
6.5.3 and 6.5.8: degradation of the effective channel mobility as a function of in-
creasing transverse electric field across the pate oxide, and source/drain series
Tesistance.

For the transfer characteristics in the saturation region, since Eq. (6-53)
shows a quadratic dependence of I, on Vi, we get a linear behavior by plot-
ting not the drain current, but rather the square root of I, as a function of
Vi (Fig. 6-29). In this case the intercept gives us the threshold voltage in the
saturation region, V{sat.). We shall see in Section 6.5.10 that due to effects
such as drain-induced barrier lowering (DIBL), for short channel length
MOSFETs the V{sat.) can be lower than V{lin.), while the long channel
values are similar. Similarly, the slope of the transfer characteristics can be
used to determine the value of ky in the saturation region, ky(sat.) for the
n-channel MOSFET, which can be different from ky(lin.) for short channel
devices:
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EXAMPLE 6-2 For an n-channel MOSFET with a pgate oxide thickress of 10 nm,
Ve =06V,and Z = 25 pm, L = 1 pn. Calculate the drain current at
Ve = 5V and Vp = 0.1 V. Repeat for Vg = 3 Vand Vp = 5 V. Discuss
what happens for ¥ = 7 V. Assume an electron channel mobility of
For = 200 cm{V-s.
14y
SOLUTION G- & _ (3.9)(8.85 _x 10 _l — 3.45 % 10~ Flem?

-5

1078

For ¥; = 5V and it follows that V; = 01V, and V3 = 06V, Vp<
(Vi — Vo), we are in the linear region, Thus,

Z |
In= 7 P J[WG — VrVp — 51"%}
25, =T 1 v -4
= ‘1—{20(})(3.45 X 1077 (5 — 0.6) x 01 — i{ﬁ.l_)‘ =781 X10*A
ForVg =3V, Vp=5V, Vplsat) =Vs— Vp=3—06=24V

Ip=

N

EHCF[{VG = Vp)Vplsar) — %V%(HL}]

={5

(200)(3.45 x 10-7}[;{2.413 - .%{2.4;2} =497 X 02 A

For Vi = 7'V, I, will not increase, because we are in the saturation
region.

6.5.3 Mobility Models

The mobility of carriers in the channel of a MOSFET is lower than in bulk
semiconductors because there are additional scattering mechanisms. Since
carriers in the channe! are very close to the semiconductor-oxide interface,
they are scattered by surface roughness and by coulombic interaction with
fixed charges in the gate oxide. When the carriers travel in the inversion layer
from the source to the drain, they encounter microscopic roughness on an
atomistic seale at the oxide-silicon interface and undergo scattering because, as
discussed in Section 3.4.1, any deviation from a perfectly periodic crystal po-
tentjal results in scattering. This mobility degradation increases with the gate
bias because a higher gate bias draws the carriers closer to the oxide-silicon in-
terface, where they are more influenced by the interfacial roughness.

It is very interesting to note that if we plot the effective carrier mo-
bility in the MOSFET as a functien of the average transverse electric field
in the middle of the inversion layer, we get what is known as a “universal”
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mobility degradation curve for any MOSFET, which is independent af the
technology or device structural parameters such as oxide thickness and
channel doping (Fig. 6-30). We can apply Gauss's law to the region marked
by the colored box in Fig. 6-31, which encloses all the depletion charge and
half of the inversion charge in the channel. We see that the average trans-
verse field in the middle of the inversion region is given by

. 1 1
ﬁ;ﬂ = E_: (G.g + 2 Q,,) (6-350)
While this model warks quite well for electrons, for reasons that are not clear-

Iy understood at present, it has (o be modified slightly for holes in the sense
that the average transverse field must now be defined as

1 1
{cf_f:é_}(aﬂ"l' EGM) (H-35b)
This degradation of mobility with gate bias is often compactly deseribed

by writing the drain current expression as

= ﬁnzc! [EV S }V _lv’.‘.’J [ (=38
L{1 + (Ve — Vol e T gt

where 8 15 called the mobility degradation parameter. Because of the additional
(Vi = V) term in the denominator, the drain current increases sub-linearly with
gale bias for high pate voltages.

In addition to this dependence of the channel mobility on gate bias or
transverse electric field, there 15 also a strong dependence on drain bias or the
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Determinalion of effective transverse field. Idealized charge distribution and transverse electric field in
the inversion layer and depletion layer, as o function of depth in the channel of @ MOSFET. The region
to which we opply Gauss’s law is shown in color, '

longitudinal electric field. As shown in Fig, 3-24, the carrier drift velocity in-
creases hnearly with electric field (ohmic behavior) until the field reaches €,
in other words, the mobility is constant up to %, After this, the velocity sat-
urates at v,, and it can no longer be described in terms of mability. These ef-
fects can be described as:

v=pbfor® < €, (h—57)
andv = v, for € > €, ((-58)

The maximum longitudinal electric field near the drain end of the channel
is approximately given by the voltage drop along the pinch-off region
(Vi — Vip(sat.)), divided by the length of the pinch-off region, AL:

. _{¥= lriJES_a_l-_))
ooy = ( AL (H-54)

From a two-dimensional solution of the Poisson equation near the drain end,
one can show that the pinch-off region AL shown in Fig, 6-11c is approxi-
mately equal to V(3dx,), where d is the gate oxide thickness and x; is the
source/drain junction depth. The factor of 3 is due to the ratio of the dielec-

tric constant for 51 to that of 5i10..

6.5.4 Short Channel MOSFET |-V Characteristics

In short channel devices, the analysis has to be somewhat medified. As men-
tioned in the previous section, the effective channel mobility decreases with
increasing transverse electric field perpendicular to the gate oxide (i.e., the
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gate bias). Furthermore, for very high longitudinal electric fields in the pinch-
off region, the carrier veloeity saturates (Fig, 3-24). For short channel lengths,
the carriers travel at the saturation velocity over most of the channel. In that
case, the drain current is given by the width times the channel charge per
unit area times the saturation velocity:

Iﬂtsat'} = ZCJ{VD - V—r)\"_‘.

As a result, the saturation drain current does not increase guadratically with
(Ve — V) as shown in Eq. (6-53), but rather shows a linear dependence
(note the equal spacing of curves in Fig, 6-32). Due to the advances in Si de-
vice processing, particularly photolithography, MOSFETS used in modern
integrated circuits tend to have short channels, and are commonly described
by Eq. (6-60) rather than Eq. (6-53).

(6-6i1)

6.5.5 Control of Threshold Veltage

Since the threshold voltage determines the requirements for turning the MOS
transistor on or off, it is very important to be able to adjust V, in designing the
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device. For example, if the transisior is to be used in a circuit driven by a 3-V
battery, it is clear that a 4-V threshold voltage is unaceeptable. Some applica-
tions require not only a low value of V4, butalso a precisely controlled value
to match other devices in the circuit.

All of the terms m Eq. (6-38) can be controlled to some extent. The
work function potential difference &, is determimed by choice of the gate
conduoctor material; & depends on the substrate doping: @, can be reduced
by proper oxidation methods and by using Si grown in the (100) orientation;
Q@ can be adjusted by doping of the substrate; and C, depends on the thick-
ness and dielectric constant of the insulator. We shall discuss here several
methods of controlling these quantities in device fabrication.

Choice of Gate Elecirode, Since V;depends on @, the choice of the gate
electrode material (i.e., the gate elecirode work function) has an impact on
the threshold voltage. When MOSFETSs were first made in the 19605, they
used Al gates, However, since Al has a low melting point, it precluded the use
of a self-aligned source/drain technology because that required a lngh tem-
peralure source/drain implant anneal after the gate formation, Hence, Al
was supplanted by 1" doped LPCVD polysilicon refractory (high melting
puint) gates, where the Fermi level lines up with the conduction band edge
in Si. While this works quite well for n-channel MOSFETS, we shall see in Sec-
tion 9.3.1 that it can create problems for p-chanmel MOSFETs. Therefore,
sometimes, a p~ doped polysilicon gate is used for p-channel devices. Re-
fraciory metal gates with suitable work functions are alse being researched
as possible replacements for doped polysilicon. One attractive candidate 18
tungstenwhose work function is such that the Fermi level happens to lie near
the midgap of Si.

Contrel of C,. Since a low value of V; and a high drive current is usually
desired, a thin oxide layer is used in the gateé region 10 increase C; = e/d in
Eq. (6-38). From Fig. 6-20 we see thal increasing C, makes Vi less negalive
for p-channe| devices and less positive for n-channe] with —Q,; > @, For
practical considerations, the gate oxide thickness is generally 20-100 A
(2-10 nm) in modern devices having submicron gate length. An example of
such a device is shown in Figure 6-33. The gate oxide, easily observable in this
micrograph. is 40 A thick. The interfacial layer between the crystalline sili-
con and the amorphous 510, is also observable.

Although a low threshold voltage is desirable in the gale region of a
transistor, a large value of V; is needed between devices. For example, if a
numbér of transistors are interconnected on a single Si chip, we do not want
mversion layers to be formed inadvertently between devices (generally called
the field). One way to avoid such parasitic chanpels is to incrense Vi in the
field by using a very thick oxide. Figure 6-34 illustrates a transistor with a gate
oxide 10 nm thick and a field oxide of 0.5 pm.

The value of C, can also be controiled by varying €. A Si0, layver
which has some N incorporated in it, leading to the formation of a silicon
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Figure 6-33

Cross section of a MOSFET. This high resolution transmission electran micragraph of o sili-
con Metal-Oxide Semiconducter Fiald Effect Transistor shows the silicon channel and metal
gote separated by a thin (40 A, 4 nm| silicon-dioxide insulator. The insat shows a magni-
fied view of the three raﬁcm in which individual rows of atoms in the crystalline silicon
can be distinguished. [Photogroph courtesy of ATAT Bell laboralories.]

oxynitride.is often used. Such silicon oxynitrides have slighﬁjrhjgher e and
C, than Si0,, with excellent interface properties. Other high dielectric con-
stant materials such as Ta;O5, ZrO, and ferroelectrics (e.g., barium-stron-
tium-titanate) are also being investigated as replacements for $i0, as the
pate dielectric in MOSFETs in order to increase C, = e/d and, therefore, the
drive current of the MOSFET, Generally speaking we cannot use these
high dielectric constant materials directly on the 8i substrate; a very thin
(~0.5 nm) interfacial SiO, layer is needed to achieve a low fast interface
state density. It is clear from the expression for C, that for these high di-
electric constant materials, a physically thicker layer, d, can be used than for
$i0; and still achieve a certain C,. This is very useful for reducing the tun-
neling leakage current through the gate dielectric, discussed in Section
6.4.7.A physically thicker layer implies a wider tunneling barrier with a re-
duced tunneling probability,
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Figure 6-34
Thin oxide in the gate region and thick exide in the field betweean fransistors for ¥; control (net to scale).

Threshold Adjustment by Ien Implantation. The most valuable tool for
controlling threshold voltage is ion implantation (Section 5.1.4). Since very
precise guanlities of impurity can be mtroduced by this method, it is possi-
ble to maintain close control of V. For example, Fig, 6-35 illustrates a boron
implantation through the gate oxide of a p-channel device such that the im-
planted peak occurs just below the Si surface. The negatively charged boron
acceptors serve to reduce the effects of the positive depletion charge Q. As
a result, V7 becomes less negative. Similarly, a shallow boron implant into
the p-lype substrate of an n-channel transistor can make V. positive, as re-
quired for an enhancement device.

If the implantation is performed at higher energy, or into the bare Si
instead of through an oxide layer, the impurily distribution lies deeper below
the surface. In such cases the essentially gaussian impurity concentration
profile cannot be approximated by a spike at the Si surface. Therefore, ef-
fects of distributed charge on the Q term of Eq. (6-38) must be considered.
Calculations of the effects on Vi in this case are more complicated, and the
shift of threshold voltage with implantation dose is often obtained empiri-
cally instead.

The implantation energy required for shallow Vi adjustment implants
is low (50-100 keV), and relatively low doses are needed. A typical V; ad-
justment requires only about 10 s of implantation for each wafer, and there-
fore this procedure is compatible with large-scale production requirements,
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Boron implant through gate oxide
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Figure 6-35 _
justment of V; in a pchannel fransistor by boron implantation: [a) boran iens are implanted through
the thin gate oxide but are absorbed within the thick oxide regions; (b) variation of implanted beron
concentration in the gate region—here the peck of the boron distribution lies just below the Si surface.
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EXAMPIE -3  For a p-channe! transistor with a gate oxide thickness of 10 nm, calculate
the boron ion dose Fp(B™ ions/cm®) required to reduce V5 from— 1.1V to
— 0.5 V. Assume that the implanted acceptors form a sheet of negative
charge just below the Si surface. If, instead of a shallow B implant, it was
a much broader distribution, how would the V; calculation change? As-
suming a boron ion beam current of 10-* A, and supposing that the area
scanned by the ion beam is 650 cm?, how long does this implant take?

SOLUTION  Since the B negative ions are assumed to form a sheet of charge just
below the gaie oxide, they affect the fixed oxide charge term in Veg. Thus,
& _ (39)(8.85 X 1071)

o o 3ac i
Gi== T 3.45 % 107 Flem?
N L}
05=—1.1+ c
S ST e S

1f the B distribution is deeper, we cannot assume il 10 be a sheet charge
in V. If it is approximaltely constant over the muximum depletion width,
we should instead change the substrate doping term in the expression for
Vr. Otherwise, the calculation has to be done by numerically solving Pois-
son’s equation in the depletion region, with a varying doping concentra-
tion corresponding to the B distribution, to obtain the voltage drop in the

semiconductor.
For a beam current of 10 pA scanned over a 650-cm” target area,
107%(Cls) _. Y L -
0 omt t(s) = 1.3 x 10% Emn_s!cm‘f_l % 1.6 X 107(Clion)

The implant time is 1 =13.58.

If the implantation is continued to higher doses, V; can be moved past
zero to the depletion-rmode condition (Fg. 6-36). This capability provides con-
siderable flexibility to the integrated-circuit designer, by allowing enhancement-
and depletion-mode devices to be incorporated on the same chip, For example,
a depletion-mode transistor can be used instead of a resistor as a load element
for the enhancement device. Thus an array of MOS transistors can be fabricat-
ed in an IC layout, with some adjusted by implantation to have the desired en-
hancement mode V; and others implanted to become depletion loads.

As mentioned, Vipcontrol is important not only in the MOSFET' but also
in the isolation or field regions, In addition (o using a thick field oxide, we can
do a channel stop impiant (so called because it stops turning on a parasitic
channel in the isolation regions) selectively in the isolation regions under the
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field oxide (Fig. 6-34). Generally, a B channel stop implant is used for n-chan-
nel devices. (Tt must be noted that such an acceptor implant will raise the field
thresholds for n-channel MOSFETs made in a p-substrate, but will decrease the
field thresholds for p-MOSFETs made in an n-substrate).

6.5.6 Substrate Bios EFfects

In the derivation of Eqg.(6-49) for current aleng the channel, we assumed that
the source § was connected to the substrate B (Fig, 6-27). In fact, it is possi-
ble to apply a voltage between § and B (Fig. 6-37). With a reverse bias be-
tween the substrate and the source (V; negative for an n-channel device), the
depletion region is widened and the threshold gate voltage required Lo
achieve inversion must be increased to accommodate the larger Q. A sim-
plified view of the result is that W is widened unifarmly along the channel,
so that Eq. (6-32) should be changed to

Gd = _[zes'qNu(thF = Vﬁnlﬁ fﬁ‘ﬁ‘l}
The change in threshold voltage due to the substrate bias is
V2 I N-:
AVy = %_q [(2dr— V)7 - (205)'7] (6-62)

I the substrate bias Vi is much larger than 24y, (lypically ~0.6 V), the
threshold voltage is dominated by ¥ and

\fl?.e,qN,_
G
where V¥, will be negative for the n-channel case. As the substrate bias is in-
creased, the threshold voltage becomes more positive, The effect of Lhis bias

becomes more dramatic as the substrate doping i increased. since AV is
also proportional to ¥ N . For a p-channel device the bulk-to-source voltage

AV, = (=V&)'" (nchannel) (6-63)
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Figure 6-36
Typical variation
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sufficient B
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Thrashold vollage dependence on substrate bias resulling from application of o voltage Vj from the sub-
strate [1.2., bulk) 16 the source. For n channel, Va must be zero or negative to aveid forward bigs of the
source junction. For p channel, V3 must be zero or positive.

V', is positive to achieve a reverse bias, and the approximate chanpe AV, for

¥ 2£5qu
G

Thus the p-channel threshold voltage becomes more negative with sub-
strate bias

The substrate bias effect (also called the body effecr) increases Vi for
either type of device. This effect can be used to raise the threshold voltage

AVy= — V¥ (p channel) (6-64)
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of a marginally enhancement device (V= () to a somewhat larger and more
manageable value. This can be an asset for n-channel devices particularly
(see Fig. 6-20). The effect can present problems, however, in MOS integrat-
ed circuits for which it is impractical to connect each source region to the
substrate. In these cases, possible Vy shifts due to the body effect must be
taken into account in the circuit design.

6.5.7 Subthreshold Characteristics

Ifwe lovk at the drem current expression (Eg. 6-53), 1t appears that the current
abruptly goes to zero as soon as Vg is reduced to V. In reality, there is still
some drain conduction below threshold, and this is known as subfhueshold con-
duerion. This current is due to weak inversion in the channel between flat band
and threshold (for band-bending between zero and 2dy), which leads to a dif-
fusion current from source to drain. The drain current in the subthreshold re-
gion is equal to

ZORTNY  —aba\[ d¥a-vy)
1p=wCy + C:r)f(-r;‘)(l e )(B Ll ) {6-63)

c "
e[S

where

It can be seen that I, depends exponentially on gate bias, V.. However, V5
has little influence once Vp exceeds a few kT/q. Qbviously, if we plot
In I, as a funetion of gate bias V;, we should get a linear behavior in the sub-
threshold regime, as shown in Fig. 6-38a. The slope of this line (or more pre-
cisely the reciprocal of the slope) 1s known as the subthreshold slope, 5, which
has typical values of ~70t mV/decade at room temperature for state-of-the-
art MOSFETs. This means that a change in the input Vi; of 70 mV will change
the output f; by an order of magnitude. Clearly, the smaller the value of §,
the better the transistor is as a switch. A small value of S means a small chanpe
in the input bias can modulate the output current considerably.
1t can be shown that the expression for § is given by

dVe; dV RT[ Cy+ C,,}
B o— =3 »
s diioe 1) In 10 din 1) 2. B 1+ c (6-66)

Here, the factor In 10 (= 2.3) is introduced to change from log,, to nat-
ural logarithm, In. This equation can be understood by looking at the electrical
equivalent circuit of the MOSFET in terms of the capacitors (Fig. 6-38b).
Batween the gate and the substrate, we find the gate capacitance, C,, in se-
ries with the parallel combination of the depletion capacitance in the chan-
nel, C;, and the fast interface state capacitance, C, = qD,. The expression in
brackets in Eq. (6-66) is simply the capacitor divider ratio which tells us what

31
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Figure 6-38 _
Subthreshold conduction in MOSFETs: [a) Semilog plot of Iy versus Vs (b) equivalent circuit showing ce-
pacitor divider which determines subthresheld slope.
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fraction of the applied pate bias, Vi, appears at the 5i-8i10; interface as the
surface potential. Ultimately, it is the surface poteéntial that is responsible for
modulating the barrier between source and drain, and therefore the drain
current. Hence, § is a measure of the efficacy of the gate potential in modu-
tating /. From Eq. (6-66), we observe that § is improved by reducing the
gate oxide thickness, which is reasonable because if the gate electrode 15 ¢los-
er 1o the channel, the gate control 18 obviously better. The value of § s high-
er for heavy chanmel doping (which increases the depletion capacitance) or
if the silicon-oxide interface has many fastinterface states.

For a very small gate vollage, the subthréshold current 15 reduced to
the leakage current of the source/drain junctions. This determines the off-
state leakage current, and therefore the standby power dissipation in many coms
plementary MOS (CMOS) circuits involving both n-channel and p-channel
MOSFETs, 1t also underlines the importance of having high quality source/
drain junctions. From the subthreshold characteristics, it can be seen that if
the V¥, of a MOSFET is too low, it cannot be turned off fully at V; =0, Also,
unavoidable statistical variations of V' cause drastic variations of the sub-
threshold leakapge currenl. On the other hand, if Vi is too high, one sacrilices
drive curtent, which depends on the difference between the power supply
voltage and V. For these reasons, the Vi of MOSFETS has historically been
designed 1o be ~0.7 V. However, with the recent advent of various types of
low-voltage, low-power portable electronics, there are new challenges in de-
vice and crrewit design to optimize speed and power dissipation.

6.5.8 Equivalent Circuit for the MOSFET

When we atlempt to draw an equivalent circuit of a MOSEET, we find that
in addition forhe intrinsic MOSFET itself. there are a variety of parasitic €l-
ements associated with it. An important addition (o the gate capacitance is
the so-called Milter averlap capacitance due 1o the overlap between the gate
and the drain region (Fig. 6-39). This capacitance is particularly problemat-
ic because it represents a feedback path between the output drain terminal
and the input gate terminal. One can measure the Miller eapacitance at high
frequency by holding the gate 41 ground (Vi, = 0) so that an inversion layer
is not formed in the channel. Thereby, most of the measured capacitance be-
tween gate and dram is due to the Miller capacitance, rather than the gate ca-
pacitance C,. It is possible to minimize this capacitance by using a so-called
self-aligned gate, In this process, the gate itself is used to mask the source/drain
implants, therehy achieving alipnment. Even in this design, however, there is
still a certain amount of overlap because of the lateral straggle or spread of
the implanted dopants underneath the gate, further exacerbated by the lat-
eril diffusion which occurs during high temperature annealing, This spread
of the sourcefdrain junctions under the gate edge determines what is called
the channel length reduction, AL, (Fig 6-40). Hence, we get the electrical or
“effective” channel length. L g in terms of the physical gate length, L as

L,Ir.r = L = AL“ {f’l-—h_f'.j

33

CIRRUS EX. 1062 - 167/190



314 Chapter 6
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Figure 6-39

Equivalent circult of a MOSFET, showing the passive capacitive and resistive components. The gote ca-
pacitance C, is the sum of the distributed capacitances from the gate fo the source end of the channel
({Ces) ond the droin end (Ceg). In addition, we have an overop capacitance [where the gate elecirode
averlaps the source/drain junctions) from the gate-o-source (Cod and gateto-drain (Copl. Cap is also
known as the Miller sverlop copotilance. We also have p-n junction depletion copacitances associated
with the source (Cys) and drain [Cgl. The porasilic resistances include the saurce/drain series resistances
|Rs and Ry}, and the resisiances in the subsirote between the bulk contach and the source and drain (Rgs
and Rgp). The droin current can be modsled as a [gate] voliage<antrolled constantcurrent source.

There can also be a width reduction, AZ, which changes the effective width,
Z 40 from the physical width Z of the MOSFET. The width reduction re-
sults from the electrical isolation regions that are furmed around all tran-
sistors, generally by LOCOS, The LOCOS isolation technique is discussed
in Section 9.3.1.

Another very important parameter in the equivalent circuit is the
source/drain series resistance, Rgy = (Rg+ Rp). because it degrades the drain
current and transconductance. For a certain applied drain bias to the source/
drain terminals, part of the applied voltage is “wasted” as an ohmic voltage
drop across these resistances, depending on the drain current (or gate bias).
Hence, the actual drain voltage applied to the intrinsic MOSFET itself is
less: this causes /j to increase sub-linearly with V.

We can determine Ryp. along with ALy, from the overall resistance of
the MOSFET in the linear region,

()
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This corresponds 1o the intrinsic channel impedance Rz, plus the
source-drain resistance Ry, Modifying Eq. (6-51) we get

_L—-ALg 1
Z~-AZ wC(v, - Vr)

+ Ryp  (6-68)

We can measure Vp/l, in the linear range for various MOSFETSs having the
same width, but different channel lengths, as a function of substrate bias,
Varying the substrate bias changes the V- through the body effect, and there-
fore the slope of the straight lines that result from plotting the overall resis-
tance as a function of L. The lines pass through a point, having values which
correspond to ALy and Ryp, as shown in Fig. 6-40,

6.5.9 MOSFET Scaling ond Hot Electron Effects

Much of the progress in semiconductor integrated circuil technology can
be atiributed to the ability to shrink or scale the devices. Scaling down
MOSFETs has a multitude of benefits. From Table 6-1, we see the bene-
fits of scaling in terms of the improvement of packing density, speed and
power dissipation. A key concept in scaling, first due to Dennard at IBM,
15 that the various structural parameters of the MOSFET should be scaled
in concert if the device is to keep funcltioning properly. In other words, if
lateral dimensions such as the channel length and width are reduced by
a factor of K, so should the vertical dimensions such as source/drain junc-
tion depths (x,) and gate insulator thickness (Table 6-1). Scaling of de-
pletion widths is achieved indirectly by scaling up doping concentrations,
However, if we simply reduced the dimensions of the device and kept the
power supply voltages the same, the internal electric fields in the device
would increase. For ideal scaling, power supply voltages should also be
reduced to keep the internal electric fields reasonably constant from one
technology generation to the next, Unfortunaiely, in practice, power sup-
ply voltages are nol scaled hand-in-hand with the device dimensions, part-
ly because of other system-related constraints, The longitudinal electric
fields in the pinch-off region, and the transverse electric fields across the
gate oxide, inerease with MOSFET scaling. A variety of problems then
arise which are penerically known as hot electron effects and short chan-
nel etfects (Fig. 6-41).

When an electron travels from the source to the drain along the channel,
it gains Kinetic energy at the expense of electrostatic potential energy in the
pinch-off region, and becomes a “hot” electron. At the conduction band edge,
the electron has potential energy only; as it gains more Kinetic energy,
it moves higher up in the conduction band. A few of the electrons can become
energetic enough to surmount the 3.1-eV potential barrier between the Si
chammel and the gate oxide (Fig. 6-25). Some of these injected hot electrons
can go through the gate oxide and be collected as gate current, thereby re-
ducing the input impedance. More impartantly, some of these electrons can
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Figure 6-40
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be trapped in the gate oxide as fixed oxide charges. According to Eq. (6-37),
this increases the flat band voltage, and therefore the V. In addition, these
energetic not carriers can rupture Si-H bonds that exist at the Si-8i0; in-
terface. créating fast interface states that degrade MOSFET parameters such
as transconductance and subthreshold slope, with stress. The results of such
hot carrier degradation are shown in Fig. 6-42, where we see the increase of
V', and decrease of slope, and therefore transconductance, with stress. The so-
lution to this problem is 1o use whal is known as a lightly deped drain (LDD),

CIRRUS EX. 1062 - 170/190



Field-Efect Transistars

Tehle -1 Scaling rules tor MOSFETs according o o constant facter K. The herizantal and
vertical dimensions ara scaled by the same facior. The vollages are also scdled 1o keep the
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Short channel effects in MOSFETs. As MOSFETs are scaled down, potential problems due to short channel
effects include hot carrier generation [electror-hale pair creation) in the pinch-off region, punch+hrough
breakdown belween source and drain, and thin gate oxide breakdown.
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Figure 6-42
Hot carrier degradation in MOSFETs: The lineor region transher characteristics before and after hot carrier
stress indicafe an increase of V; and decrease of ronsconductance [or channel mohility) due to hot electron

dumage. The damage can be due to hot electron injection inlo the gole oxide which increases the fixed
oxide charge, and increasing fost inferface state densilies af the oxide-silicon interface [indicated by x].

As discussed in more detail in Section 9.3.1, by reducing the doping concen-
tration in the source/drain, the depletion width at the reverse-hiased drain-
channel junction is increased and the electric field is reduced.

Hot carrier effects are less problematic for holes in p-channel MOSFETS
than for electrons in n-channel devices for two reasons. The channel mobility of
holes is approximately half that of electrons; hence, for the same electric
field, there are fewer hot holes than hot electrons. Unfortunately, the lower
hale mobility is also responsible for lower drive currents in p-channel than
in n-channel. Also, the barrier for hole injection in the valence band between 51
and Si0, is higher (5 eV) than for electrons in the conduction band (3.1 eV), as
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shown in Fig. 6-25. Hence, while LIDD is mandatory for n-channel, it is often
not used for p-channel devices.

One “signature” for hot electron effects is substrate current (Fig. 6-43).
As the electrons travel towards the drain and become hot, they can create
secondary electron-hole pairs by impact ionization (Fig, 6-41). The secondary
eleclrons are collected at the drain. and cause the drain current in saturation
to increase with drain bias at high voltages. thereby leading to a decrease of
the output impedance. The secondary holes are collected at the substrate as
substrale current. This current can create circuit problems such as noise or
latchup in CMOS circuits (Section 9.3.1). It can also be used as a monitor for
hot electron effects. As shown in Fig, 6-43, substrate current initially increas-
es with gate bias (for a fixed, high drain bias), goes through a peak and then

102}
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Figure 6-43
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decreases, The reason for this hehavior is that initially, as the gate bias in-
creases, the drain current increases and thereby provides more primary car-
riers into the pinch-off region for impact ionization. However, for even higher
gate bias, the MOSFET goes from the saturation region into the linear te-
gion when the fixed V; drops below V(sat) = (Vg — V). The longitudinal
electric field in the pinch-off region drops; thereby reducing the impact 1on-
ization rates, Hot electron reliability studies dre done under “worsl case™ con-
ditions of peak substrate current, These are penerally done under accelerated
conditions of mgher-than-normal operaling voltages so that if there are any
potential problems; they show up in a reasonable time period. The degrada-
tion data is then extrapolated to the actual operating conditions.

6.5.10 Drain-Induced Barrier Lowering

If small channe! length MOSFETS are not scaled properly, and the source/drain
junctions ave too desp or the channel doping is too low, there can be unintended
electrostatic interactions between the source and the dram known as Drain-
Induced Barrier Lowering (DIBL). This leads 1o punch-through leakage or
breakdown between the source and the drain, and loss of gate control. The phe-
nomenon can be understood from Fig, 6-44, where we have schematically plot-
ted the surface potential along the channel for a long channel device and a short
device, We see that as the drain bins is increased, the condugtion band edge
(which refleats the electron enermes) in the drain is pulled down. and the drain-
chiannel depletion width expands. For a long channel MOSFET, the drain bias
does not affect the source-to-channel potential barner. which corresponds to the
built-in potential of the source-channel p-n junction. Henee, unless the gate bias
is increased 1o lower this porential barrier. there is little drain current. On the
other hand, for a short thanne! MOSFET, as the drain bias 13 raised and the
conduction band edge in the drain Is pulled down (with a concomitant increase
ol the drain depletion width), the source-channel potential barrier is low-
ered due o DIBL. This can be shown numerically by a solution of the two-
dimensional Poisson equation in the channel region. Simplistically, the onsat
ol DIBL s somelimes considerad to correspond 1o the drain depletion region
expanding and merging with the source depletion region, and eausing punch-
thyough breakdown between source and drain. However, it must be keptin
mind that DIBL is ultimately caused by the lowering of the source-junction po-
tential barrier below the built-in potential. Hence. if we get DIBL ina MOSFET
for a grounded substrate, the problem can be mitigated by applying a substrate
reverse bias, because that raises the potential barrier at the source end, This
works in spite of the fact that the drain depletion repion inieracts even more with
the source depletion region under such back bias, Once the source-channel bar-
rier {5 lowered by DIBL, there can be significant drain leakage current, with
the gate being unable to shut it off.

What are the solutions to this problem? The source/drain jurictions must
be made sufficiently shallow (1.e.. scaled properly) as the channel lengths are
reduced, to prevent DIBL. Secondly, the channel doping must be made
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Figure 6-44

|

Drain-induced barrier lowering in MOSFETs. Cross sections and potential distribution along the channel

for a long channel and short channel MOSFET.

sufficiently high to prevent the drain from being able 16 control the source
junction. This is achieved by performing what is known as an anti-punch-
through implant in the channel Sometimes, instead of such an implant
throughout the channel (which can have undesirable consequences such as
raising the V53 or the body effect), a localized implant is done only near the
source/drains. These are known as hale or pocket implants. The higher doping
reduces the source/drain depletion widths and prevents their interaction.
For short chanpel MOSFETs, DIBL is related to the electrical modu-
lation of the chanmel length in the pinch-off region, AL. Since the drain current
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is inversely proportional to the electrical chennel length, we get

. 1 1 AL
fpmm—z(1+—£") (b-0Y9)

for small pinch-off regions, AL. We assume that the fractional change in the
channel length is proportional to the drain bias,

AL .
— =W¥p (6-70)
L
where N is the channel length modulation parameter. Hence, in the satura-
tion region, the expression for the drain current becomes

Z . . _
57, WGV — V(1 + AV ) (6-71)

.lrﬂ=

This leads 10 a slope in the output characteristics, or a lowering of the out-
put impedance (Fig. 6-32).

6.5.11 Short Channel Effect and Narrow Width Effect

If we plot the threshaold valtage as a function of channel length in MOSFETS,
we find that V' decreases with L for very small geometries. This effect is called
the short channel effect (SCE). and is somewhat similar to DIBL. The mech-
anism is due (o something called charge sharing between the source/drain and
the gate (Fig. 6-45)°. From the equation for the threshold voltage (6-38), we
notice that one of the terms is the depletion charge under the gate.

"Shirud " chuarge
b

i
P 0 p = = ey —

T s

potential -

e
Depletion edge

Figure 6-45
Short channel effect in @ MOSFET. Cross-sectional view of MOSFET clong the length showing depletion
charge sharing {colored regions) between the gate, source and drain,

%L Yau, “A simple theary to predict the threshold voltoge of sharichonnel IGFETs,” Solid-State Elucironics,
17 (1974): 1059.
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The equipotential lines in Fig. 6-45 designating the depletion regions
curve around the contours of the source/drain junctions. Keeping in mind
that the electric field lines are perpendicular to the equipotential contours,
we see that the depletion charges that are physically underneath the gate in
the approximately triangular regions near the source/drains have their field
lines terminate not on the gate, but instead on the source/drains. Hence, elec-
trically thase depletion charges are “shared” with the source and drain re-
gions and should not be counted in the V7 expression, Eq. (6-38). We can deal
with this effect by replacing the orgmal Q in the rectangular region under-
neath the gate by a lower Q, in the trapezoidal region in Fig. 6-45. Clearly,
for a long channel device, the triangular depletion charge regions near the
source and drain are a very small fraction of the total depletion charge un-
derneath the gate. However, as the channel lengths are reduced, the shared
charge becomes a larger fraction of the total, and this results in a Vi roll-off
as a function of L (Fig. 6-46). This is important because it 15 hard to control
the channel lengths precisely in manufacturing. The channel length varia-
tions then lead to problems with ¥y control.

In the last several years, another effect has been observed in n-channel
MOSFETs with decreasing L. The Vo initially goes up before it goss down due
to the short channel effect. This phenomenon has been dubbed the reverse
short channel effect (RSCE), and is due to interactions between Si point defects
thar are created during the source/drain implant and the B doping in the chan-
nel, causing the B to pile up near the source and drains. and thus raise the V.

Another related effect in MOSFETS is the narrow width effect, where
the V5 goes up as the channel width Z is reduced for very narrow devices
(Fig. 6-46). This can be understood from Fig. 6-47, where some of the deple-
tion charges under the LOCOS isolation regions have field lines electrically ter-
minating on the gate. Unlike the SCE, where the effective depletion charge is
reduced due o charge sharing with the source/drain, here the depletion charge
belonging to the gate is increased. The effect is not important for very wide de-
vicas, butf becomes quite important as the widths are reduced below Ljum.

6.5.12 Gate-induced Droin Lleakage

If we examine the subthreshold characternistics shown in Fig. 6-38, we find that
as the gate voltage is reduced below V. the subthreshold current drops and
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P Ve (long and wide MOSFET )
/ Short

Lot Z
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Figure 6~44
Rollsff of V; with
decreasing chan-
nel length, and in-
creose of Vi with
decreasing width.
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then bottoms out at a leve!l determined by the source/drain diode leakage.
However, for ¢even more negative gate biases we find that the off-state leak-
age current actually goes up as we try to turn off the MOSFET more for high
Vi this is known as gate-induced druain leakage (GIDL), The same effect is
seen at a fixed gate bias of near zero, for increasing drain bias. The reason for
GIDL can be understood from Fig. 6-48, where we show the band diagram
as a function of depth in the region where the gate overlaps the drain junction.
As the gate is made more negative (or alternatively, for a fixed gale bias, the
drain 18 made more positive}, a depletion region forms in the n-type drain.
Since the drain doping is high, the depletion widths tend to be narrow, If the
band-bending is more than the band gap E, across a narrow depletion region,
the conditions are conducive (o band-to-band tunneling in this region, there-
by creating electron-hole pairs. The electrons then go lo the drain as GIDL.
It must be emphasized that this funneling is not through the gate oxide (Sec-
tion 6.4.7), but entirely in the Si drain region. For GIDL to occur, the drain
doping level should be moderate (~10' em ™). If it is much lower than this,
the depletion widths and tunneling barners are too wide. On the other hand,
if the doping in the drain is very high, most of the voliage drops in the gate
oxide, and the band-bending in the Si drain region drops below the value E,.
GIDL is an important factor in limiting the off-state leakage current in state-
of-the-art MOSFETS,

6.1 Three-terminal active devices capable of pewer gain are key ta the switching and
amiplification of electronic sipnals. The input impedance is (desirably) high for
voltage-controlled field-effect transistors and low for current-controlled hipo-
far junction transistors. The power gain of the a-c signal comes from 1he d-c
power supply. [tis also desirable to have a high ontput impedance and a lineat
dependence of output current with respect to input voltage (or current).

6.2 Field effect devices such as the JFETs (or MESFETs and HEMTS) use a reverse-
biased p-n junction (or Schotiky diode) as a gare 1o control the undépleted pari
of a.channel and thereby modulate the current flow betwesn a source (S) of car-
riers and & drain (D) of carriers.

6.3 The MOSFET uses an oxide-isolated gate (MOS capacitor) (hat has a very
high input impedance te modulate the barrier between S and D and to change
the conduclivity of the chamel,

6.4 Anenhancement-made NMOSFET has 4 p-lype channel between the n* source
and the drain regions. At the flar band conditions (V gg), there is no band-bending
as a function of depth in the channel, A gate bias more negative than Vi causes
exponentially more holes to be accumulated near the surface with band-bending,

6.5 More positive gate voltages initially repel the majority carrier holes and create
a depletron region. Then, nbove the threshold voltage (V). they attract minor-
ity carrier electrons near the surface and invert the surface, thereby forming a
conductive channel between source and drain. PMOSFETS have the opposite
polarities.

SUMMARY
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6.6 The Vi can be increased by increasing the channel dopmg and the gate oxide
thickness (lower C ), Tt is also affected by Vpy, which depends on the gate work
function and oxide charges, and increases with substrate reverse bias (body
effect) as well.

6.7 The overall MOS capacitance is the series combination of a fixed gate capaci-
tance C, and the voltage-dependent semiconductor capacitance in the channel,
The inversion charge per unit area is approximately C{Vs - Vo).

6.8 For long channel MOSFETs, initially Iy, increases linearly with V, and then it
saturafes once the inversion channel is pinched off near the drain end.

6.9 There is a quadratic dependence of I, on V; for long channel MOSFETs For
short channel devices that operate m the velpoity-saturated region or source-
injection regime, the dependence of I, on V,; is approximately lingar.

6.10 Far short L, 1y, often mereases slightly with ¥, due to various short channe]
effects, leading to a decrease of output impedance. Short channel effects in-
clude dratn-induced barrier lowering (DIBL) and charge sharing, which leads
to Vi roll-off with L.

6.11 There is some conduction below Vi, characterized by a subthreshold slope,
that 1 a measure of the effectiveness of the MOSFET as a switch.

6,12 Conduction abave Vin the channel inversion region reflects an effective chan-
nel mobility lower than that in bulk due to surface roughmess scantering. and in-
creasingly so at higher V.

6.13 In highly scaled MOSFETS, there can be gate-nimneling leakage currents (mit-
igated by high-k dielectrics) and hor electron (and, to a lesser extent, hole) el-
fects, mitigated by lower power supply voltages and lightly doped drains
(L.DDs). The resulting high-S/ID parasitic series resistance is minimized by Self-
Aligned siLICIDEs (SALICIDE), described in Chapter 8.

PROBLEMS 6.1 Assume the JFET shown in Fig. 6-6 is Si and has p' regions doped with 10%
acceptors/cm” and a channe! with 10" donors/em®. If the channel half-width a
i5 1 pm, compare Vp with V. Whal voltape Vi, is required 1o cause pinch-off when
V, is included? With V; = —3 V, at what value of Vj does the current saturate?

6.2 [ftheratio Z/L =10 for the JEET of Prob. 6.1, and p,, = 1000 em®/V-s, calculate
In(sat.) for Vi = (1, =2, —4, and -6V, Plot f(sat.) vs, Vp(sat.).

6.3 For the JFET of Prob, 8.2, plot f;, vs. ¥}, tor the same four values of V;, Ter-
minate each plot at the point of saturation

6.4 Use Eqs (6-9) and (6-10) lo calculate and plot 1p(Vp. Vi) at 300 K for a Si JFET
witha=1000 A, N, =7 % 10" em™, Z = 100 pm, and L = 5 pm. Allow ¥ to range
from () to 5V, and allow V;to take on the values0,-1,-2,-3, 4, and -5 V.

.5 Use the field-dependent mobility expression to calculate and plot [p( Vi Vi)
for the 8i JFET described in Prob. 6.4 for pate lengths of 0.25, 0.50, 1.0, 2.0,
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and 5.0 um and a gate voltage of 0 V. The field-dependent mobility model of
Eg. (B-12) takes the form

Vd Ko
“g =—= —
ME = =TT (o)
where p is the low-field mobility (as given in Fig. 3-23) and v, is the saturation
velocity (107 cmi/s). Assume that € = V /L, and assume that the drain current sat-
urates when it reaches a maximum. Discuss the advaniages of having a shorl
gate length device.

The current I, varies almost linearly with ¥V in a JFET for low values of V.

{a) LUse the binomial expansion with Vp/(-V;) < 1 to rewrite Eq. (6-9) as an
approximation to this case. 1

{b) Show that the expression for the channel conductance /p/V, in the lmear
range Is the same as g,.(sat.) given by Eq. (6-11).

(¢) What value of gate voltage Vo, turns the device off such that the chanrel
conductance goes to zeral

Show that the width of the depletion region in Fig. 6-15 is given by Eq.

(6-30), Assume the carriers arc complelely swepl oul within W, as was done
in Section 5.2.3.

6.8 Find the maximum depletion width, minimum capacitance C,_ and threshold

6.9

6.10

6l

6.12

voltage for an ideal MOS capacitor with:a 10-nm gate oxide (5i0Q;) on p-type
Si with N, = 10" ¢m~. Next, include the effects of flat band voltage, assuming
ann’ polysilicon gate and fixed oxide charge of 5 % 10" g (Clem?),

An Al-gate p-channel MOS transistor is made on an n-type Si substrate with
N,;=35 % 10" cmr®. The Si0, thickness is 100 A in the gate region, and the ef-
fective interface charge Q;is § X 10" ¢ Clem’®. Find W, Vi, and V. Sketch the
-V curve for this device and give important numbers for the scale.

Use Eq. (6-50) to calculate and plot fp(Vg, Vi) at 300 K for an n-channel Si
MOSFET with an oxide thickness d = 200 A, a channel mobility L, = 1000 em®
V-5, Z = 100 pm, L = 5 wm, and N, of 104, 10%, 10", and 10" em ™. Allow V,,
to range from 0to 53V and allow V; to take on values of 0,1, 2,3, 4. and 5V,
Assume that @, =5 % 10" g Clem™.

Calculate the V5 of a Si-P-channel MOS transistor for an n™-polysilicon gate
with silicon oxide thickness =50 A, N, =1 X 10" em ™ and a fixed charge of 2 %
10" Cfem?. 1s it an enhancement- or depletion-mode device? What B dose is
required to change the V10 0V? Assume a shallow B implant.

{a) Find the voltage Vg required to reduce to zero the negative charge in-

duced at the semiconductor surface by a sheet of positive charge Q,; lo-
cated &' below the metal,

327
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(b) Inthe case of an arbitrary distribution of charge p(x') in the oxide, show that

1 iy
Viige o | o g '
(i C“L‘ d p(x")dx

6,13 Redraw Figs 6-12, 6-13, and 6-15 for the p-channel case (n-type substrate)

6.14 Calculate the Vi of an MOS capacitor where we deposit a high-k gate dielec-
tric, HIO,, whose relative dielectric constant is 25, on a govel p-iype semicon-
ductor whose electron affinity is 4 eV, band gap 15 1.5 eV, relative dielectric
constant is 10, and intrinsic carrier concentration is 102 em™, The gate is made
of a metal whose work function 1s 5 €V, gate axide thickness is 100 A, and N
is 10" em* and that has a fixed oxide charge of 5 % 10'% g Clem® At Vi, what
are the electron and hole concentrations at the oxide-semiconductor interface
and deép in the substrate? Sketch a labeled band diagram normal to the sur-
face at Vo and mark oll the relevant values on the basis of the numbers given.

Skeich the low- and fugh-frequency C-V charactenistics of this capacitor, and
explain their differences. How would the characteristics change at large nega-
tive pate bias if we doubled the gxide thickness? How about if we doubled the
subsirate doping?

6.15 A Si MOS capacitor hay the high frequency C-V curve shown in Fig. P6-15
pormalized to the capacitance in strong accumulation. Determine the oxide
thickness and substrate doping assuming a gate-to-substrate work function dif-
ference of =035V,

Figure P&-15 10~
09~
M =
3 07
& U7 Post positive bias-temperatire
‘g - stress C-V curve
5' ' Initial and post negative has-temperature
8 05 " siress -V curve
g
A =
£ 03k area = 0.00] erm?
z
':mln-‘rcl
i L 1 | i | 1 i 1 I}
=7 =0 =5 =4 =¥ =2 =1 ] 1 2 3 4 3
Gate bias (V)
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6.16 For the capacitor in Prob. 6.15, determine the initial flat band voltage.

6.17 For the capacitor in Prob, 6.13, determine the {ixed oxide charge, Q and the
mobile ion coptent.

6.18 For a long channel n-MOSFET with V7 = 1V, calculate the Vi required for an
1p(sat.) of 0.1 mA and V(sat.) of 5 V. Calculate the small-signal output con-
ductance g and the transconductance g,(sat.) at V= 10 V. Sketch the cross
section of this MOSFET, and schematically show the inversion charge and de-
pletion charge distributions for Vi, = 1V, 5V,and 10V.

Recalculate the new [ for V- Ve=3Vand Vp=4V.

6.19 Caleculate the Vyof a Si n-channel MOSFET for a pate-to-substrate work func-
tion difference ¢, =—1.5 eV, gate oxide thickness = 100 A, N, = 10™em™, and
fixed oxide charge of 5§ ¥ 10" g Clem?, for a subsirate bias of 2.5 V.AL V, what
are the electron and hole concentrations at the oxide-Si interface and deep in
the substrate? Skeich a labeled band diagram normal Lo the surface at Vo,
showing the Fermi poiential.

6.20 Calculate the Vi of a Si n-channel MOSFET for an n’-polysilicon gate with
gate oxide thickness = 100 A, N, = 10" em™, and a fixed oxide charpe of 5 x
10" g Cfem?.

0.21 For e MOSFET with V=1V and Z = 50 pm, L = 2 pm, calculate the drain cur-
rent at Vi =5V, Vp =01 V. Repeat for V; =3V, V), = 3V Assume an electron
channel mobility i, = 200 em%V-s, and the substrate is connected to the source.

6.22 For the MOSFET characteristics shown in Fig, P6-22, calculate:

Iy (mA)

30

10

Vo (V)

329

Figure P6-22
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I. Linear Vyand ky
2, Saturation Vyand &y,
Assume channel mobility, f{t, = 500 e/ Ves and Vi, = 0.

6.23 For Prob. 6,22, caleulale the gate oxide thickness and substrate doping, either
graphically or iteratively.

6.24 Assume that the inversion layer in a Si MOSFET can be treated as a 2-D elec-
trom gas trapped in an infinite rectangular potential well of width 100 &, (In re-
ality, it looks more like & triangular well.) Caleulate the inversion charge per urit
area assuming that the Fermi level lies midway belween the second and third
subbands. Assume 7' =77 K, and effective mass = (.2 mg, Assume algo that the

Fermi function can be treated as a rectangular function. Also sketeh (E, k) for
the Tirst three subbands. Refer to Appendix TV.

6.25 Ann-channel MOSFET with a 400-A gate oxids requires its Vi to be lowered
by 2 V. Using a 50-keV implant of a singly charged species, and assuming that
the implant distribution is peaked at the oxide~5i interface and can be reparded

-a8 a sheet charge at that interface, what implant parameters (species, energy.
dose, and beam current) would vou choose? The scan area is 200 cm?® and the
desired implant time i 20 s, Assume similar range statistics in oxide and Si.

6.26 Plot [y vs Vp with several values of Vi, for a thin-oxide p-channel transistor with
a 10-pm oxide and V= -1.1 V. Assume that Ip(sat.) remaing constant beyond
pinch-off. Assume that jx, =200 em*V-5 and Z = 101,

027 A typical figure of merit for high-frequency operation of MOS transistors is the
cutoff frequency f =g,/ 2wCqLZ, where the gate capacitance Cg; is essentially
C, vver most of the voltage range. Express f, above pinch-off in terms of ma-
terials parameters and device dimensions, and caleulate f; for the transistor of
Prob. 6.20, with L = | pm.

6.28 When an MOS transittor 15 biased with V), > V), (sat.), the effective channel
length is reduced by AL and the current [’ is larger than Iy(sat.), as shown in
Fig. 6-32. Assuming that the depleted region AL s described by an expression
similar 1o Eq. (6-30) with V, - Vis(sat.) for the volluge across AL, show that the
conductance beyond saturation is

, _ al'p ¢ L
§0= Sy, = o) 5 (L = M_)

and find the expression for g'p in terms of Vp.

6.29 From Fig. 6-44,its clear that the depletion regions of the source and drain junc-
tions can meet for short channels, a condition called prnch-through. Assume that
the source and drain regions of an n-channel Si MOSFET are doped with 10%
donors/em’ and the 1-um-long channel is doped with 10™ acceptorsicm®, If the
source and substrate are grounded, what drain voltage will cause punch-through?
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Very useful applets for understanding device operation are available at READING LIST
http/(jas.eng.buffslo.edw

Information abouwl MOS devices used in integrated circuits can be found at
httpdfpublic.itraned/
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ing, MA: Addison-Wesley, 1987
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bridge Unversity Press, 1998,

Tsividis, Y. Operaiion and Modeling of the MOS Transistor. Boston: MeGraw-Hill
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Question 1 SELF QUIZ
(a) What is the main distinction between an active device and a passive device?

{b) IIa device has power gain, where is the higher energy of the a-c signal at the
autpul coming from?

{c) Whatis the distinction between a current-controlled versus voltage-controlled
three-terminal active device? Which is preferable?

Question 2

For parts (a) through (¢) below, consider the following low-frequency gate capacitance

{per unil area) vs. pate vollage characteristic for a metal gate n-channel MOSFET.
(a) On the below Ligure label the approximise regions or points of

= weak inversion (1) * decumulation (4)
= flat band (2) = threshold (5)
» zirong inversion (3) = depletion (6)
(b) What is the oxide capacitance per unit area? uFfem?®
(c) On the curve below, sketch the high-frequency curves for this MOSFET with
grounded source/drain,
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Question 3

Label—in the "answer" space provided above the [igure—the following MOS capae-
itor band diagrams as corresponding to accumulation, weak inversion, depletion,
strong inversion, flat band or threshold. Use each possibility only once.

AIIEWET:

positicn

ANEWET

ANSWET: awer:
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Question 4 2 V=15V
Consider the following MOSFE -

=
!
e : Ve=10V
LE—
R V=05V
1.0 —
¥ V’G-= 0oV
= Va (V)
05 ] [ I
] 40 60
|

0 iannel device?
2 ng channel or short channel device?
Phold voltage Vo 7

- enhancement-mode MOSFET?
{a) Is this an n-channel or p-~ .

{h) Does this appear tobe a la
() What is the apparent thr&,,;,lSFET decreased (improved) by:
(d) Ts this a depletion-mode « » oxide thickmess?

" ¢ substrate doping?

Question 5 nme one thing/factor/effect that limits the extent to
Is the subthreshold slope ofa M reduce subthreshold swing.

{a) Increasing or decreasing
{b) Increasing or decreasing

For each of these two methods,

; erature increase, decrease; or leave unchanged (tir-
which the method can be used t

:nt of a p-n diode?

Question 6
Would increasing the device ten FIRORTERNE /) WREIRE
cle the correct answers): -drain leakage current of MOSFET?

i 5k
(a) the reverse saturation cu' ¥ - diteids | wact d

increase

(b) the subthreshold suurce:-z:E

increase
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Question 7

Assuming no interface charge due to defects and/or traps, would decreasing the pxide
thickness/increasing the oxide capacitance of an n-channel MOSFET increase, decrease,
or leave essentially unchanged the following parameters (circle the correct answers):

{a) the flat band voltage, V57

incresse /[ decrease / unchanged
(b} the threshold voltage, V%

imcrease /| decrease / unchunged

{c) the subthreshold slape?

increase [ decresse / umchanged

Question 8
Consider the lollowing MOSFET characteristic.

I (mA)
=1 =]
= V‘}s -13¥
=10—
- Ve=-10V
—[.5—
= V{;'_—F -5V
0 Va(V)

(&) What is the transconductance g,, a1 V3 =10V (in units of mhos)?

(b) What is the apparent threshold voltage at Vi =-1.0V7?

(¢) Does this MOSFET appear to be a long channel or short channel device?
(d) Is this an n-channel or p-channel device?

(e) Is this a depletion-mode or enhancement-mode MOSFET?

Question 9

A senior in electrical and computer engineering in a device fabrication course pre-
sented the following characteristics as those of an n-channel MOSFET that he had
fabricated imd characterized at a temperature of 300 K.
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fn(mA) 1y (mA)
¥ — VG = Blmy ln_.:. ety
LS — .
- 1071 —
i i t—
w~ Vg=0my 104 —
7 3 iy
s _: 4 Va = =250 mV “:.-1 —id
= Vg=—SImVY 106 —
f1= | I |. Pﬂ IV) T I T e ll T 1 i| F{; (mv}
0 0.5 1.0 1.5 — M ~500 — A
(a) 1If we were to believe this student, would this be normally on/depletion mode or

()

(©)

(d)

a normally efffenhancement mode MOSFET? Circle one choice below.

noymally off / normally on

If we were to beligve this student, would this MOSFET appear to be a long
channel ar short channel device? Circle one.

long channel / short channel

If we were to believe this student, what would be the subthresheld slope/swing,
S, of this MOSFET?

This student, however, was subsequently expelled from the university for fal-
sifying this data, lzaving him with nething to show for his years at school but
huge college Joan debts. What clearly physically unrealistic aspect of these
MOSFET characteristics (besides less than smooth curves) should have drawn
suspicion?
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This classic introductory. textbook in its sixth edition retains the two basic
goals: (1) develop the hasic semiconducror physics concepts to understand
current and future devices and (2) provides a sound understanding of
current semiconductor devices and technology so thar their applications
to elecrronic and optoeléctronic circuits and systems ¢an be appréciared,
The book is useful for advanced unfl:q’mduarc and postgraduate students
of electrical and electronics engineering and should also prove useful for

I practicing engineers and scientists, interested in updaring their

1 undcmandmg of modern clectronics.

Key Fearures

+ The basics of semiconductor materials and conduction processes in solids. Incorporated to help
studenrs understand p-n junctions, bipolar and mezal oxide semiconductor transistors, oproelectronic
and other devices.

» Extensive discussion of cireuit ind other application examples to provide students with feedback aboue
the pracrical relevance of the theory.
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» Frovides a summary of key concepes at end of each chaprer, and chaprer objectives at the beginning

« Approximately 200 problems along with current references that extend concepts in che text,

New ta this Edition

» Discussion of advanced MOS and bipolar processes and structures such as high-k gare dielectrics,
polyemitter B]Ts and graded SiGe base HRS.

v Consolidated treatment of oproelectronic devices, discusses sources such aswhite LEDs for
lumination, deeciors such as SACM and waveglide phorodiodes, and advances in solar cells.

s Updated discussion of device fabrication processes and CMOS integrated circuir technology provides
a useful undesstanding of how semiconductor devices are made.

« Summary of key concepts atend of each chaprer.
»  Answers to Selected Probiems in the back of the book.
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