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(e) 

y 

VGB > VT and 

~V03z>Vcs1 ,butVcs2is 
. is sull small enough that 

<psurf(y) surface remains inverted 

(g) 

y 

VGB > VT and 

Vc8:3 > Ycs2, butVCB3is 

,,,,...- is now large enough that 
surface is no longer inverted 

(h) 

y 

Fig. 4-3 (cont.) (e) VGB>O, but is <VT, and VcB >0; (f) VaB>VT and VCB>O, but VcB = 
V CBI, which we assume is small enough so that inversion still exists. (g) VaB is the same as 

in part (-0, but Ven= Vcn2, where Vce2>V cei, but V CB2 is still small enough to keep surface 
inverted. (g) V GB= VT, V CB= V CB3 (]arge enough to suppress the channel inversion layer). 
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existence implies that the MOS structure is no longer in equilibrium because some of 
the carrier energy now depends on an externally applied force, namely the extra electric 
field created in the depletion region by V cs-) However, if V 08 remains fixed at 0V, Ven 
is dropped entirely across the n+p junction. Hence, the surface potential along the 
channel is not altered from when V CB = 0V. Instead, only the potential difference 
between the n+ and p (substrate) regions is increased by V cs (as shown in Fig. 4-3d), 
leaving the channel region to the right of the n+p junction in a flat-band state. In 
addition, Fig. 4-3d indicates that if no inversion layer is present, changing V ca has 
negligible impact on the suiface potential <f!surjalong the channel. This last statement 
also applies to the case illustrated in Fig. 4-3e (i.e., V08>0V, but is less than VT, and 
Ven is increased from 0V to some value greater than 0V). Here we observe that there is 
still no impact on !psurf as long as no inversion layer is present in the channel. 

4.2.1.4 Case When VG 8 ?.VT and Vc 8 >0V. Let us now consider the case 
when Van>VT and a reverse-bias voltage Ven is applied to the induced pn junction 
(such that the surface remains inverted even after V CB is applied). Since the surface is 
inverted, the potential in the inversion region is very close to the potential value in the 
diffused region, as shown in Fig. 4-3f (and as exists in the case shown in Fig. 4-3c). 
That is, a point at the surface is at about the same potential (with respect to the 
substrate deep in the bulk) as a point in the 11+ region. Therefore, the surface is about as 
"attractive" for electrons as is the n+ region. Consequently, electrons have no reason to 
prefer only the n+ region as opposed to the "surface" at the right. As a result, the n+ 
region can "communicate" with the inversion layer (implying that a bias applied to the 
n+ region is also applied to the inversion layer). In addition, just as in the case of a 
MOS-C, the value of the surface potential <j>surf remains clamped at the value it has at 
the onset of strong inversion (i.e., for the case of Fig. 4-3f, at a value of <j>surf - 2q,B + 
Vc81 ). That is, as Yon is increased beyond VT, <j>surf remains unchanged, but the 
mobile charge concentration in the inversion layer continues to increase. 

We also recall from pn junction theory that if a reverse-bias voltage is applied to a 
previously unbiased pn junction, the junction depletion-region width will increase. 
Thus, the depletion region on the p-side of the induced junction will also increase if a 
reverse-bias is applied between terminals C and B. However, if V GB is kept fixed (such 
that V os?.V T) as the reverse-bias voltage V CB is increased (see Fig. 4-3g), the charge on 
the gate terminal will remain the same as when V CB= 0V. Therefore, the total charge in 
the semiconductor must also remain unchanged to maintain balance with the unchanged 
value of charge on the gate. However, since the application of V CB widens the 
depletion region (thereby uncovering more charge in this region of the induced 
junction), fewer electrons are needed in the inversion layer to balance the unchanged gate i/ 
charge. Consequently, electrons must exit the inversion layer, resulting in a lower level 
of inversion. (Looking at it in another way, the increased positive potential at terminal t 
C will attract electrons from the inversion layer, which will start flowing toward the 11+ 

region, and from it into the top terminal of the voltage source.) However, if a 
sufficiently large value of V CB is applied (while holding VaB fixed), this effect can 
entirely extinguish the charge in the inversion layer. In other words, a gate voltage 
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capable of causing inversion in the three-terminal MOS structure when V CB = 0V may 
no longer be able to sustain inversion if a non-zero value of V cs is applied. 

As also shown in Figs. 4-3f and g, as long as the surface remains in inversion as V CB 
is increased, the depletion region under the field induced junction increases (from xct1 in 
Fig. 4-3f to xd2 in Fig. 4-3g). This means that the bands are bent more, and thus 'l'surf 
also increases. This supports the statement that as V cs increases, the n+ region 
communicates this change in V cs to the field-induced junction. However, once a 
sufficiently large number of electrons depart from the inversion layer so that it 
essentially disappears, further increases in V CB no longer influence the channel region, 
and the depletion region no longer widens (as shown in Fig. 4-3h), and remains fixed at 
a value dependent on V CB (e.g., at xd2, see Figs. 4-3g and h) as expressed by Eq. 4-8. 

If a non-zero V CB is applied and it is desired to re-establish inversion, 'l'surf must be 
increased to a value larger than that needed when V CB= 0. Specifically, at the onset of 
inversion, it is necessary to increase V GB so that q(jlsurf ~ q(V CB + 2cpB), Note that the 
effect just described can also be exploited as a technique for raising the threshold voltage 
of a MOSFET, as will be discussed in section 4.6.2. 

4.2.1.5 Summary of the Behavior of the Three-Terminal MOS 
Structure and the Significance of Such Behavior on the 
Operation of the MOSFET. In summary, it is possible to establish 
"communication" with the channel region (i.e., an external bias voltage can be applied 
to the channel region of a MOS structure) if an inversion layer has been induced there. 
On the other hand, if the channel region is not inverted, the application of a bias voltage 
to a diffused region adjacent to the channel region will have no effect on the surface 
potential in the channel. Such "communication" (or lack of) has the following impact 
on the behavior of a MOSFET: 

1. If the gate voltage applied to a MOSFET is less than the threshold voltage, 
the device is said to be operating in the subthreshold regime. From our 
discussion, this means that if a bias is applied to the drain (Vos) of a 
MOSFET being operated in subthreshold, this voltage will be dropped entirely 
across the diffused n+p junction (i.e., the drain-substrate junction), and it will 
have no impact on 'l'surf• Hence, 'l'surf will be determined by the gate potential, 
which is constant everywhere on the gate. Consequently, the potential drop 
along they direction at the surface of the channel will be essentially zero. We 
will use this information when we discuss subthreshold current flow in 
MOSFETs in section 4.7. 

2. If the channel is inverted, and V CB is increased (and the channel remains in 
inversion for the range of applied V CB values), the depletion region of the field­
induced channel increases. If V GB is held fixed, the number of electrons in the 
inversion layer will decrease as V CB is increased. At some value of V cs the 
inversion layer charge will entirely disappear. These effects occur when a drain 
bias Vos is applied to a MOSFET. That is, for a fixed gate voltage (greater 
than the threshold voltage value), as Vos is increased, the depletion region of 
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will correspondingly decrease, making it less inverted. Thus, in a MOSFET 
operating in inversion and with Vos>0, the depletion region near the drain will 
be wider than at the source (i.e., assuming the source is the common terminal). 

3. "Communication" with the channel also permits the diffused region to 
become an additional source ( or sink) of mobile carriers to the channel (i.e., in 
addition to the carriers thermally generated in the depletion regions). As noted, 
two such diffused regions exist in a MOSFET, one which supplies mobile 
carriers (the source), and the other which removes them (the drain). 
Specifically, if a drain bias is applied to a MOSFET in inversion, the channel 
carriers will be attracted to and move into the drain. These are replenished by 
carriers entering the channel from the source. The resultant flow of charge in 
the channel constitutes a current in the drain terminal I0 . Since the channel is 
not a perfect conductor, this current also gives rise to a potential drop along the 
direction of the channel. 

4.2.1.6 Body Effect. Until now we have chosen the substrate to be the reference 
terminal in the three-terminal MOS structure. However, when MOSFETs are used in 
circuits, the source terminal S (corresponding here to tenninal C), is normally chosen to 
be the reference. Hence, body effect is the term used to describe the increase in the 
threshold voltage of a MOSFET (with reference to the source) upon the application of a 
reverse bias to the inversion layer. If, as shown in Fig. 4-4b, we choose terminal C to 
be the reference terminal (instead of the body terminal), the bias voltages are now 
applied between the gate and C (V oc), and between the body and C (V ncl- In this case, 
for a given value of V BC, a value of V oc greater than that needed when V BC = 0V must 
be applied to the MOS structure to establish strong inversion. In section 4.2.2.2 we 
will derive an expression that determines the increase in VT as a function of V BC· 

4.2.2 Quantitative Description of Effects of Biasing the 
Inversion Layer of MOS Structures 
For the three-terminal MOS structure introduced above, it is possible to develop the 
quantitative relationships in a general manner for all cases of inversion. However, these 
can also be simplified somewhat for the more limited (but still most widely used form) 
of the strong inversion case. Note that in deriving these expressions we also include· 
V FB, which accounts for the work-function difference and oxide charge that can exist in 
'real' MOS structures. 

4.2.2.1 General Inversion Case. In the general inversion case (which covers 
weak as well as strong inversion), five equations characterize the phenomena in the 
channel region (i.e., the Si region in the vicinity of the Si-SiO2 interface to the right of 
then+ junction in Fig. 4-3a) of three-terminal MOS structure (as they do for the MOS­
C). If we invoke the charge-sheet and depletion approximations, four of these equations 
are identical to those for the expressions derived for the charge-sheet model of the MOS­
C, and are repeated here for the readers convenience: 
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Vc, 
(> 0) 

+ 

0 
(a) 

++++++++++ 

0 
(b) 

Fig. 4~4 Bias notation when: (a) terminal B is the reference terminal; (b) terminal C as the 
reference terminal instead of terminal B.5 Reprinted with pennission of McGraw-Hill Co. 

Yan ; <jlsurf + VFn + <jlox (3-10) (4 - la) 

Oc ; Qi +On (3-20) (4- lb) 

Qc ; - Cox<jlox (3-19) (4 - le) 

On ; - 'Y Cox✓ <jlsurf (3-29) (4- ldl) 

; [2qNAKsiEo(<jlsurf)] 112 (4 - ld2) 

The fifth equation is a modified form of Eq. 3-53, in which we replace 2<j>n by 
(2<jln + Ven) to get 

Q,; ~ 2q NAKs£0(Y q,.,, + q,, e(<p.,r- 2<pn- Vrn)/<p, - ~q,.,, ) (4 - 2) 

Then, combining Eqs. 4-la, 4-lc, and 4-lb we get 

(4 - 3) 
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Next, using Eqs. 4-ldl and 4-2 in Eq. 4-3, VaB can be written as 

(4 - 4) 

Now, if V GB and V CB are given, Eq. 4-4 can be solved iteratively for 'Psurf· This value 
can then be inserted into Eq. 4-2 to calculate Q1, or into Eq. 4-ld2 to calculate Q8 . 

An expression for Q1 in terms of 'Psurf and V GB can also be derived from the above 
equations. That is, by inserting Eqs. 4- lc and 4-ldl into Eq. 4-1 b above, we get 

(4- 5) 

Then, solving for 'Pox, and substituting the result into Eq. 4-la, we obtain 

(4 - 6) 

4.2.2.2 Strong Inversion Case. For the three-terminal structure biased to 
strong inversion, the above general analysis can be simplified. That is, with V CB = 0V, 
'Psurf of the three-terminal MOS structure at the onset of inversion is 2qi8 • With a 
reverse bias applied to the induced junction, the surface potential at the onset of strong 
inversion becomes 

'Psurf(inv) ~ 2<pB + V CB (4 - 7) 

Since the applied V CB extends the range of gate voltages under which the surface region 
remains in depletion, dmax is now larger. The expression for dmax for the case of an 
applied V CB is (assuming the depletion approximation): 

(4- 8) 

and the depletion layer charge (per unit area), Qamax, when d = dmax is expressed as 

(4 - 9) 

The expression for the inversion layer charge per unit area Q1 in strong inversion in 
terms of V 08 and V ca is 

(4 - 10) 

Assuming again that Qr is negligible at the onset of inversion, the total charge per unit 
area in the semiconductor is given by Q8 . Hence, the gate-substrate bias at the onset of 
strong inversion is 

Vas = VFB + 'Psurf + 'Pox = VFB + (2<pa +Vea)+ Y (2<pa + Vca)"2 (4 - 11) 

Noting that V ac = V GB - V ca, the threshold voltage, referenced to terminal C, is given 
by the expression 
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VT(with ref. to term C) = VT(ud,lc) = VFB +2CJlB +y(2CJlB + VCB)l/2 (4- 12) 

Note that the term y, which was defined in Eq. 3-60a as [✓2qNAKsiE0 ]/C0x = 
[✓2qNAKsiE0]t0x/E0x is a factor which determines how much VT will increase when 
V CB is increased. Hence, y has been given the name body effect coefficient. By 
inspecting the expression for y we note that it predicts the body effect is stronger for 
heavier substrate dopings and/or thicker gate oxides. Conversely, the body effect can be 
made smaller by using lower doping concentrations and/or thinner gate oxides. Figure 
4-5 shows the threshold voltage shift versus substrate bias for various y values.26 

4.3 DEFINITION OF TERM: LONG-CHANNEL MOSFET 

It is appropriate at this point to provide a detailed definition of the term long-channel 
MOSFET. From a qualitative perspective, long-channel MOSFETs are assumed to 
have channel regions sufficiently long and wide so that "edge" effects along the four 
sides of the channel can be neglected. Insofar as the channel length is concerned, we 
assume the channel length L is much longer than the sum of the source and drain ,o 

Si(300K) 

✓ v85tv) 

Fig. 4~5 Threshold voltage shift versus substrate reverse bias for various y values.2 

Reprinted with permission of John Wiley & Sons. 
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depletion-region widths, or L>>(dsource + dctrain)- The channel width, on the other hand 
is assumed to be much greater than the gate depletion-region depth, d (or Z>>d). 

Even when the above criteria are well-satisfied, however, it is apparent that the 
electric fields and potential in the MOSFET still vary in at least two dimensions.* It 
seems that to accurately model device characteristics, the semiconductor device equations 
in their two-, or even three-dimensional forms must be solved. But in modeling long­
channel MOSFET behavior this complexity can in fact be circumvented. That is, in 
such structures the solutions of the semiconductor device equations in their one­
dimensional form yield drain-current device characteristics that are quite close to those 
obtained from measurements of actual long-channel MOSFETs. 

Why is it possible to treat long-channel MOSFET behavior as a one-dimensional 
problem and still obtain relationships that give accurate estimates of 10 as a function of 
the applied the terminal voltages? First, consider the case of the MOSFET in which no 
drain bias is applied, and V GB is the only external bias. We know that V GB produces an 
electric field perpendicular to the device surface. Now, if L>>(dsource + dctrainl the 

junctions extend over such a small fraction of L that the £-fields of these junctions have 

negligible impact on the £-field due to the gate. Likewise, insofar as the channel width 
is concerned, if Z >>d the extension of the gate depletion region beyond the sides of the 
channel along which there is no source or drain hardly alters the total ionic charge 
uncovered by the gate voltage. Thus, the fringing field effect in the z direction can also 

be ignored. If both of these conditions are met, we can approximate the £-field in a 
long-channel MOSFET when Vos = 0V as being perpendicular to the surface 
everywhere along the channel. In this case, the one-dimensional analysis we applied to 

the MOS-C can also be used to determine Qi, £, cp and VT in a long-channel MOSFET. 
Next, if a drain bias Vos is simultaneously applied, we assume that in long-channel 

MOSFETs the gradual-channel approximation is valid. This approximation assumes 
that the two aspects of drain current flow can be treated as strictly one-dimensional, 
independent problems. The two aspects are: (I) that the gate field acts approximately 
vertically to induce the channel (i.e., the mobile charge concentration that participates in 
I0 ), and; (2) that the drain-to-source voltage acts approximately horizontally to move 
these mobile charges, and thus to drive the current I0 in the channel. The assumption 
that these two one-dimensional effects are independent of one another permits the results 
of the MOS-C analysis (shown to be valid in the case of a MOSFET with no drain 
bias), to also be applied when deriving the I0-V os relationship of the MOSFET. Since 
the gradual-channel approximation is such a key simplification invoked when develop­
ing the models of long-channel MOSFET behavior, we need to examine it more 
rigorously. 

* This is the case whether or not a drain current flows in the MOSFET. That is, if a gate bias is 
applied, but In = 0, there will still be electric fields arising from the source and drain 
junctions at the edges of the channel. If a drain current flows, it is obvious that there must be 
a component of the electric field along the y-direction. In fact, each of these cases should be 
examined separately when considering our definition in detail. 
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4.3.1 The Gradual Channel Approximation (GCA) 

If a drain bias Vos is applied to a MOSFET in inversion, drain current I0 flows. Owing 
to the channel's finite resistance and the passage of current, a potential variation occurs 
along the channel length (i.e., if the source is grounded, the channel potential near the 
source is close to ground, whereas near the drain it is close to V 0 8). This causes the 
inversion-layer (mobile) charge density to decrease with position toward the drain 
because the gate is assumed to be an equipotential region (i.e., the voltage along the 
gate is invariant with position y along the channel), making the gate-to-channel voltage 
decrease with position toward the drain. Since 10 must remain constant at all points in 
the channel under de biasing conditions, the electric field parallel to the flow ofl0 (Ey) 
must increase toward the drain to offset the decrease in mobile charge density. Thus, a 
gradient in the Ey value must exist in the channel (i.e., aEyiay at 0). The gradual­
channel approximation (GCA), however, assumes that this gradient aEyiay is much 
smaller than the £-field. gradient in the x-direction, aExiax (i.e., aExiax »aEytay). 

The two-dimensional form of the Poisson equation with a2cp/ax2 and a2cp/ay2 

replaced respectively by -aE(x,y)/ax and -aE(x,y)/ay) can be written as: 

ac (x,y) + ac (x,y) ; p (x,y) 
ax ay Ksj Eo 

(4 - 13) 

If the GCA approximation is valid, the aE(x,y)/ay term in Eq. 4-13 can be neglected. 
Then, Eq. 4-13 can be approximated as a one dimensional differential equation with the 
form: 

dEx (x) = p (x,y) 
dx Ksi Eo 

(4 - 13a) 

The GCA is generally valid when the channel of the MOSFET is long enough ( e.g., L 
~2 µm or longer), in which case the electric field strength along the y-direction Ey 
changes gradually from a small value near the source to values of the order of V 0s/L 
near the drain. Thus, neglecting the aE(x,y)/ay term in such devices is appropriate, and 
the one-dimensional form of the Poisson equation is sufficiently accurate for calculating 
Q1 used in the expressions for I0 . However, at large drain biases, the GCA always 
becomes invalid (even in long-channel MOSFETs), at least in a certain section of the 
channel near the drain where the gradient of the longitudinal field Ey becomes 
comparable to or larger than the gradient of the transverse field Ex, In such cases, as 
will be described later, the drain current then becomes nearly independent of drain bias, 
and the MOSFET is said to be in saturation. This implies that under conditions of bias 
that cause saturation, the Io behavior of long-channel MOSFETs can no longer be ade­
quately modeled by invoking the GCA along the entire length of the channel. Instead, 
modifications to the long-channel models must be made (as described in chap. 5). 

The importance of being able to invoke the gradual channel approximation should be 
emphasized, as this is the basis of the derivation of the long-channel MOSFET I0 -Vos 
models. That is, by invoking the GCA, the problem of having to treat the 
semiconductor equations in their two-dimensional form to calculate I0 in a MOSFET is 
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avoided. Instead, the task is broken down into two one-dimensional analyses, each 
independent of the other. As a result, I0 is determined by the superposition of two one­
dimensional solutions. Namely, by assuming that the gradient of the "horizontal" field 
in the channel is negligible, the one-dimensional Poisson equation can be solved to get 
the total charge in the silicon at each point y along the channel (i.e., the sum of the 
inversion layer charge Q1 [see Fig. 3-8] and the ionic charge Q8 in the depletion region). 
This means that the same formulas derived for the MOS-C are also applicable for cal­
culating the local values of Q1(y) and Q8 (y) in the long-channel MOSFET (provided, of 
course, that the effect of the channel voltage caused by the drain-source bias is also 
included in the MOS-C formulas). Then we note that within the conducting channel of a 
MOSFET the current flows almost exclusively in they-direction. Thus, we can ignore 
the fact that there must be a slight x-component in the "horizontal" £-field. This 
allows us to solve the one-dimensional drift-diffusion current-density equation in they 
direction for I0 as a function of the terminal voltages [using the local Q(y) values 
obtained from the solution of the Poisson equation in this current-density equation]. 

Note, however, that if the GCA is not valid, but it is still invoked in order to enable 
one-dimensional analysis to be used for calculating Q1> it is unlikely that accurate values 
of I0 will be yielded This is the situation that arises in so-called short-channel devices 
(as described in chap. 5). In such cases, to obtain good agreement between calculated 
and measured values of 10 , the two-dimensional forms of the semiconductor equations 
must be solved (usually numerically). 

4.3.1.1 Verifying the Validity of the GCA as a Function of the 
Geometrical Factors of the MOSFET Device Structure and Bias 
Conditions. The validity of the GCA for a particular MOSFET structure can be 
checked by making rough estimates of o£xlox and o£yloy values under given bias 
conditions. Since we are most interested in Io when the MOSFET is in strong 
inversion, we will establish expressions that allow the GCA to be tested if the 
MOSFET is being operated in strong inversion.* 

We begin this derivation by recalling that under strong inversion the inversion layer 
charge density Q1 is much larger than the ionic charge density Q8 in the depletion region 
(see section 3.3.3), and that the inversion layer is very thin (~30-300A). Thus, in strong 
inversion o£xlox in the silicon is greatest in the inversion layer region (see Fig. 4-6). 
Now o£xlox can be estimated by approximating the vertical electric field value at the 
bottom edge of the inversion layer as zero. Using this assumption implies that 
oExlox~[Esi(X=O) - O]/tinv = [£,i(x=O)]/tinv, where tinv is the effective inversion layer 

* Note that in weak inversion the surface potential {(lsurf(Y) along the channel in long­
channel MOSFETs is almost constant (see section 4.7). Thus, acy/ay is very small, 
implying that cJEx/ax>>aCy/dy, because Ex drops from its value at x = 0 to zero at the 
bottom edge of the channel depletion region, which is a relatively small distance. Thus, in 
long-channel MOSFETs the GCA is also valid in weak inversion. However, in short-channel 
MOSFETs, this will no longer necessarily be the case, as we shall see in chap. 5. 
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Oxide)' 
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dmax 

Fig. 4-6 The vertical electric field in a MOS-C (or MOSFET channel) when a large enough 
gate bias to cause inversion is applied. Note that since Qi>Qn in inversion, that the gradient 
of the £-field over the inversion layer thickness tinv is larger than that over the depletion 
region width dmax, and we can therefore approximate the £-field value at the bottom of the 
inversion layer thickness as being equal to zero for the purposes of estimating linv• 

thickness. From Eq. 3-15, tsi(x=0) = EoxtoxlKsiEo, and from Eq. 3-14, tox is 
~(Vos - VT)/tox• Thus, 

acx = ( Eox ) (Vos - VT) 

Ox K5jEotinv tox 
(4 - 14a) 

Now, according to Eq. 3-12a, the concentration of electrons at some point in the 
semiconductor at equilibrium is exponentially dependent on the potential, with the 
exponential constant being 1/cpt = kT/q. This implies that the majority of the charges 
is contained within a distance from the surface over which cp drops by kT/q (i.e., since 
Eq. 3-12a predicts that if the electron concentration at the surface [x = OJ is "surf, then at 
the point where the potential drops below 'Psurf by an amount kT/q, nsurf will have 
dropped to a value 1/e of its value at x = 0, or to 0.37nsurf). Thus, we assume that tinv 
is roughly equal to that distance below x = 0. If we also assume that the vertical electric 
field Ex in the inversion layer is roughly the potential difference across the inversion 
layer Li'Pinv divided by its thickness linv (tx~Licpinvlt;nvl we get linv ~(kT/q)/ts;(x=0). 
Thus, substituting this expression for t;nv into Eq. 4-14a we finally obtain the 
following expression for roughly estimating aExtax: 

q (Vos - VT) 
2 

kT lox 

2 

(4 - 14b) 
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If we also assume that the value of Ey varies gradually from a small value near the 
source to values of the order of V0 s/L near the drain, acy1ay can be roughly estimated 
as aEylay ~V0 s/L2. Thus, if we assume that the GCA is valid when the ratio 
(aExlax)/aEyiay is large, then it is also valid if the following inequality is large 

(4 - 15) 

For a MOSFET at 300K with L ; 1.0 µm, t0 x ; 300A, Vas - VT ; 0.5V, and Vos ; 
0.5V, the left-hand side of the inequality (4-15) is ~2300, indicating that the GCA is a 
very good approximation for such a MOSFET. This also implies that the GCA can be 
valid even in submicron MOSFETs, provided that Vas - VT is not too small. 

However, as we will see in chap. 5, Ey is quite non-uniform along the length of the 
channel at high values of V 0 5, becoming much stronger near the drain. Furthermore, 
from Eq. 4-10 we note that the inversion layer charge density can be approximated as Q1 
~ [Vas - VT- V(y)], ifwe replace VaB with Vas, and VCB with V(y) [where V(y) is the 
channel voltage induced by VosJ. However, this approximation is only valid when Q1 

is positive, i.e., when Vas - VT >V(y). Thus, if Vos exceeds Vas - VT (i.e., the 
condition which occurs in the region of the channel near the drain when the MOSFET is 
operated in saturation), the GCA becomes invalid in this region of the channel. 
[Because, when V(y) is greater than Vas - VT, this implies that Ey>Ex, and that aEy/dy 
is therefore at least comparable to, if not greater than, dtxldx]. 

In summary, the GCA appears to be valid for MOSFETs operated in strong inversion 
even if the channel length is shorter than I µm - provided that Vos is small enough that 
the MOSFET is not being operated in saturation (i.e., V0s~Vossat, where Vossatis the 
voltage at the onset of saturation). On the other hand, if the MOSFET is operated in 
saturation, use of the GCA to calculate I0 will not yield accurate results, and alternative 
approximations (as described in chap. 5) must be employed to get good agreement with 
experimental 10 - Vos characteristics. 

4.3.2 Circuit Characteristics of Long-Channel MOSFETs 

From the perspective of the MOSFET as a circuit component, long-channel behavior 
has been specified in a number of ways. A list of device parameters from a circuit 
perspective deemed to be characteristic of long-channel MOSFETs include the 
following: 

1. The threshold voltage VT is independent of channel length L. 

2. The threshold voltage VT is independent of drain bias voltage, Vos· 

3. The drain current in saturation losat is independent of V 0 8. 

4. The drain current has a linear dependence on 1/L (i.e., one quantitative 
criterion is that there should be no more than a I 0% departure from 
linearity as the channel length is decreased). 
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5. The subthreshold current lost is independent of drain bias. 

6. The subthreshold swing Sr is independent of gate length. 

As the behavior of the MOSFET is described later in this chapter, the terms associated 
with these device characteristics will be defined and discussed in more detail. 

4.4 QUALITATIVE DESCRIPTION 
OF MOSFET OPERATION 

The operation of the MOSFET is first described from a qualitative perspective. 
Specifically, our goal is to qualitatively explain the so-called static characteristics of the 
MOSFET; i.e., the drain current characteristics of the MOSFET as a function of the 
applied de terminal voltages Vas and Vos- This behavior is normally depicted using an 
I0-V 0s plot, with Vas as the parameter. 

For simplicity we consider an ideal (i.e., V FB = 0) long-channel NMOSFET (p-type 
substrate) as our example device structure, with the source being chosen as the reference 
terminal (Fig. 4-4b). We also assume that the source-substrate and drain-substrate 
junctions are always kept under reverse bias and that the resulting reverse-bias leakage 
currents are negligible (this is valid as long as the bias voltage is kept smaller than the 
junction breakdown voltage), and that Vs8 = 0V. We also use energy-band versus 
position and potential versus position diagrams to help depict the qualitative MOSFET 
behavior. Note that in the case of the MOS-C one-dimensional diagrams were adequate. 
Here, however, two-dimensional energy-band and potential diagrams must be used. Axes 
and terminal voltage designations are the same as in Fig. 4-2a. 

4.4.1 MOSFET Behavior in Response to Gate Bias Alone 
We begin by describing how a MOSFET behaves in response to a gate bias Vas alone. 
In this case, the region under the oxide responds in the same way as does an ideal 
MOS-C. However, because the source and drain regions are present in a MOSFET the 
overall device behavior differs from that of a MOS-C with a V 08 applied. 

To analyze the MOSFET behavior, let us assume that all three bias voltages are 
initially set to zero (i.e., Vas =Vos= V8s = 0V). In this case a flat band condition in 
exists in the gated region of the MOSFET (as is also observed when V 0 8 = OV in an 
ideal MOS-C). The two-dimensional energy-band diagram corresponding to this 
condition is shown in Fig. 4-7b. We observe that Ee in the x-direction at the cut A-A 
is indeed flat. (The potential versus position diagram in the MOSFET for this bias 
condition is also shown in Fig. 4-Sb ). Assuming that cp(x = =) = 0, in this case (jlsurf = 

0 as well.) 
At the surface (x = 0), however, a potential energy barrier of value qVbi exists 

between the p region and each of the 11+ regions (where Vbi is the built-in potential of 
the doped pn+ junction). This is shown in the Ee versus y direction plot for x = 0 in 
Fig. 4-7b. For this case (and for cases of when a reverse bias exists across the doped 
junctions) only the very small leakage current of a reverse-biased pn junction flows. 
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Thus, the circuit path between then+ source and drain regions effectively appears as 
an open circuit. This means that even if a voltage is applied between the source and 
drain (Vos* av), essentially no drain current will flow. Moreover, if we apply either a 
negative Vas (or a positive Vos such that Vas <VT,) the gated region contains either an 
excess of holes (accumulation, when Vas <aV) or a deficit of holes and very few 
electrons (depletion, when Vas <VT)- In this case, the circuit path between source and 
drain still appears essentially as an open circuit. That is, no current flows in the drain 
terminal even if a drain voltage is applied. For all of these conditions, the MOSFET is 
said to be in an "OFF" state. 

If a positive Vas is applied such that Vas >VT, an inversion layer containing mobile 
electrons is formed adjacent to the Si surface throughout the entire gated region between 
the source and drain (here we still assume that Vos = V ss = av). Thus, the circuit path 
between source and drain now contains an induced "n-type" region (the inversion layer), 
as shown in Fig. 4-9. This means that a conducting path or channel exists between the 
source and drain. (However, if Vos= av, no drain current will yet flow.) Now, if a 
drain voltage is applied (i.e., Vos> 0V), drain current will flow. The device in this state 
is said to be "ON." Obviously, the larger the value of gate voltage (Vos), the more 
electrons pile up at the Si surface, and the greater the conductance of this channel. This 
demonstrates that the input voltage to the MOSFET can induce a source-to-drain 
channel and will determine the maximum conductance of the channel.* 

Figure 4-7c shows the energy band diagram of the MOSFET when Vas >VT and Vos 
=Vas = av, and Fig 4-Sc also shows the potential diagram for this case. Note that the 
bands along the x-direction in the gated region are no longer flat (see section B-B) and 
that 'Psurr>2cp8 everywhere along the channel. The potential-energy barrier between the 
n+ and p regions is also reduced (see the Ee versus y plot in Fig. 4-7c). Hence, only a 
very low barrier to current injection exists between the source and the channel. The 
barrier height is smallest at the surface with its value controlled by the bias on the gate. 
At strong inversion and beyond, the barrier height is assumed to be remain constant at 
~q(Vbi - 2<p8 ), because <psurf is assumed to be clamped at 2cp8 in strong inversion. 
However, as Vas is increased, the inversion charge density continues to increase, 
increasing the conductance of the channel 

4.4.2 Qualitative MOSFET Behavior when both 
Gate and Drain Bias are Applied 

We now consider the variation ofI0 with Vos• At first we assume that Vas is kept 
fixed at a single value while Vos is varied, and V8s = 0V. Later we show how varying 
the value of Vas impacts the I0 -V 0s characteristic. In this section we also assume that 

* Note that when Vas is positive but smaller than VT, the gated region can be in state of 
weak inversion. In weak inversion only small, so-called subthres/wld currents are able to 
flow between the drain and source. These subthrcshold currents are not large enough to be 
useful as driving currents for most applications, but they are sufficiently large to cause 
troublesome leakage - which can complicate the design of some circuits. We will describe 
subthreshold currents in more detail in section 4.7 and in chap. 5, as part of discussion on 
the quantitative behavior of the long-channel MOSFET and the submicron MOSFET. 
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Fig. 4-9 Depletion region width variation from source to drain end of a MOSFET when 
Yos>OV. 

sufficient gate bias is applied to ensure that the MOSFET is being operated in inversion 
(i.e., Vas>VT)- We then describe what happens as a de Vos is applied, with its value 
being increased in small steps, starting from V05 = OV. 

As noted earlier, when Vos= OV, I0 = 0, even if Vas >VT (see Fig. 4-!0b). 
However, when Vos is increased slightly, I0 starts to flow. When Vos is small (i.e., a 
few tenths of a volt or less), the surface channel behaves like a simple resistor (Fig. 
4-!0c). That is, an Io proportional to Vos flows into the drain. If a plot of Io versus 
Vos is used to demonstrate the I0 -Vos behavior, the response to small values of Vos is 
shown as the line from the point O to the point A in Fig. 4-!0a. 

When Vos is increased beyond a few tenths of a volt, the MOSFET exhibits a new 
phase of behavior. That is, current flowing in the channel gives rise to a significant 
voltage drop in the channel (unlike the case in the three-terminal structure introduced in 
section 4.2.1, where the channel voltage is constant along the entire channel length 
because essentially no current flows along it). Specifically, the channel voltage 
(introduced in section 4.2.1) is Yon, at the drain end and V sn at the source end. If V sn 
= OV, the channel voltage at the source end will equal zero. But even with Vsa = OV, 
the channel voltage at the drain end will not be zero, since we assume V 05 >OV. As 
shown in Fig. 4-9 such a non-zero V 0 8 causes the depletion region under the gate to 
widen toward the drain end of the channel. As described in section 4.2.1, this implies 
that the mobile charge concentration in the inversion layer simultaneously decreases. 
The smaller number of carriers causes the channel conductance to decrease, which in turn 
is manifested as a smaller slope in the 10 -V 05 characteristic as V 05 is increased. As the 
drain voltage is further increased, the depletion region continues to widen and the slope 
of the I-V characteristic continues lo decrease (see Figs. 4-lOa and 4-lOc). 

The energy-band and potential diagrams of the MOSFET when both a small Vos and 
a Vas >VT are applied are shown in Figs. 4-7d and 4-8d, respectively. Even if the drain 
voltage is small enough so that the entire surface region remains in inversion, we see 
that near the drain the band bending is larger than at the source (see the Ee vs. y diagram 
in Fig. 4-7d). This implies that the depletion region under the gate is wider there. 
Since the gate-to-body voltage is constant across the entire gated region, less voltage is 
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available near the drain to establish the inversion layer charge. Hence, inversion is less 
strong in the channel near the drain. 

Eventually, if Vos is sufficiently increased such that Vos>CVos - VT), the inversion 
layer ceases to exist near the vicinity of the drain. The disappearance of the inversion 
layer due to an increase in Vos is termed pinch-off (see Fig. 4-l0d). The pinch-off 
point on the I0 -V0 s characteristic is shown as point Bin Fig. 4-l0a. We see that the 
slope of the Io curve here has become approximately zero. Note, however, that pinch-off 
does not mean that Io vanishes as Vos exceeds the pinch-off voltage. In fact, it is the 
gradual channel approximation that is no longer valid in the region of the device in 
which pinch-off exists. That is, mobile charges still move through the depleted region 
near the drain, and drain current continues to flow. However, the equations for the charge 
distribution derived from the one-dimensional solution of the Poisson equation (which 
are valid for the case of the MOS-C) predict that no mobile charge exists in the pinch­
off region. But in the depleted pinched-off region the one-dimensional Poisson equation 
is no longer valid. Instead, a two-dimensional numerical analysis (or an analytical 
expression based on a modified 1-D form of the Poisson equation - see section 5.4.3.3) 
must be used to calculate the potential and carrier concentrations in the pinched-off 
device region. A detailed numerical analysis of the saturation range has been carried out 
using the two-dimensional device simulator MINIMOS.3 This work showed that for 
voltages greater than Vossat the current stream of the carriers moving into the pinched 
off region is no longer confined to the inversion layer region near the surface, but 
begins to move away from the surface and into the bulk. Note that this physical picture 
is plausible because once Vos becomes larger than (Vas - V Tl the polarity of the vertical 
electric field in the pinched-off region is reversed. This tends to push any mobile 
carriers flowing in the channel away from the surface. Thus, in the region of the channel 
where Vos>(V as - VT) the mobile carriers flow toward the drain beneath the surface. 

Nevertheless, as the drain voltage increases beyond the pinch-off voltage Vossat the 
pinched-off section of the channel widens from just a point into a segment Af., in length 
(see Fig. 4-l0e). Most of the voltage drop in excess of Vossat is dropped across this 
pinched-off section M. Io remains approximately constant (saturated) for drain voltages 
greater then Vossat so long as M<<L. If /1L becomes comparable to L (which is a 
condition that may occur in short-channel MOSFETs), the same voltage drop appears 
across a shorter channel (L - Af.,), and the post-pinch-off current Iosat in such devices 
will increase somewhat as Vos is increased further beyond Vossat• Figures 4-7e and 
4-8e show the energy-band diagrams and potential diagrams, respectively, for a long­
channel MOSFET biased into pinch-off. 

The response of the long-channel MOSFET to separate manipulation of gate and 
drain de biases has been qualitatively described up to this point. This has allowed us to 
visualize the general variation ofl0 with Vos for a fixed value of Vas >VT· To allow 
the complete set of Io versus Vos characteristics to be obtained, we need to combine the 

results from the individual cases. These are as follows: 

For Vos <VT, no channel exists and I0 ~ 0 for all drain biases below junction 
breakdown. For each value of Vas> VT, a characteristic of the form shown in 
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Fig. 4-1 0a will be observed. Since the conductance of the channel will increase 
as Vas is made larger, the initial slope of I0 will also become steeper with 
increasing V GS· Furthermore, since the inversion layer contains more electrons, a 
larger value of Vos is needed to produce pinch-off (V ossat increases for increasing 
Vas-), Based on these phenomena, the static I0-V os characteristics assume the 
form shown in Fig. 4-11. 

Let us next consider quantitative models which allow these static (i.e., de) I0 -V os 
characteristics to be accurately simulated. 

4.5 QUANTITATIVE BEHAVIOR OF MOSFETS: 
DC CIRCUIT MODELS OF LONG-CHANNEL MOSFETS 

Although the discussion in the previous section provides a qualitative picture of how a 
MOSFET operates, we need to express this behavior in quantitative form. Specifically, 
to design circuits with MOSFETs we must be able to calculate how much current is 
carried in the "ON" state of a MOSFET and how much leakage current flows in the 
"OFF" state. In short, we need the current-voltage characteristics of the MOSFET, 
specifically the quantitative relationship between the drain current and terminal voltages. 

In this section our goal is to derive relationships that allow the de drain current I0 of 
long-channel MOSFETs to be quantitatively predicted. Such I0-V 0s relationships are 
referred to as the static ( de) circuit models of the MOSFET. As is the case for the 
MOS-C, there exists a hierarchy of such long-channel MOSFET I0-V 0s models in 
terms of their generality, accuracy, and complexity. Our discussion in this section will 
derive four of these models, using as our foundation two of the five classical 
semiconductor equations introduced in chap. 2: the one-dimensional Poisson equation, 
and the one-dimensional drift-diffusion current density equation (as well as the three 
models of the MOS-C derived in chap. 3). 

!v 05 ini.:n:asing 

Vos< vr 
,,---+-----/ -l'-------------~-- Vos 

Fig. 4~11 General form of the 10 - Vos characteristics expected from a long-channel 
MOSFET. 
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The first of these models is the Pao-Sak model, which is the most general and 
accurate of our four de I0 long-channel MOSFET models. Like the general MOS-C 
model, it also the most computationally complex (in that it requires numerical analysis 
techniques to calculate Io for a given set of terminal voltages). The three less­
computationally complex long-channel models are derived from the Pao-Sah model by 
making suitable simplifying approximations. The first of these that we will study is 
the charge-sheet MOSFET model. It is based on the same assumptions used in the 
MOS-C charge-sheet model introduced in chap. 3. Unlike the Pao-Sah model, it 
provides an analytical expression for Io in terms of V GB and (jlsurf, and thus involves 
much less computational effort. Nevertheless, it is only slightly less accurate than the 
Pao-Sah model provided the MOSFET is operated in inversion (i.e., this model is valid 
from weak through strong inversion). However, while this model provides an analytical 
expression for 10 , it still requires a numerical procedure to obtain the values of the 
surface potential needed to evaluate the Io expression. That is, Io is not explicitly stated 
in terms of the terminal voltages. (The terminal voltage values are used to first calculate 
(jlsurf, which is then used to compute I0 .) Thus, the charge-sheet model is still too 
cumbersome to serve as a MOSFET model for most circuit-simulation applications. 

By making suitable approximations that are valid over a more limited range of 
operation (namely, the strong inversion regime), two simpler long-channel MOSFET 
models have been derived that are extensively used in circuit analysis and design. They 
are the variable depletion-charge and the square-law models. These provide analytical 
expressions which give I0 explicitly in terms of the terminal voltages. We show how 
they can be derived from the charge-sheet model by making additional simplifying 
assumptions. At the end of the section we compare these four models in more detail. 

4.5.1 General Approach to Deriving 
Current Relationships in Long-Channel 

the DC Drain­
MOSFETs 

The derivation of the de drain current relationship recognizes that, in general, the current 
in the channel of a MOSFET can be caused by both drift and diffusion current. In an 
NMOSFET we can accurately assume that only electrons contribute to the drain current. 
Thus, we only need to use Eq. l-5a to describe the drain current density J0 

( 4 - I 6) 

Within the conducting channel of a MOSFET the current flows almost exclusively in 
they-direction, thus Eq. 4-14 can be simplified to the following one-dimensional form: 

Jo = J ny = q µ11 n Ey + q D11 dnldy = -q µ11 n dcpldy + q D11 dnldy ( 4 - I 6a) 

Since we also assume there are no current sources or sinks inside the device, the current 
flowing through any cross-sectional plane within the channel must be constant, having 
some value I0 . We also assume that the current density is constant in the z-direction, 
but not necessarily in the x-direction. Hence, if 1ny is integrated over Z we get 
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Fig. 4~12 The drain current 10 in a MOSFET can be modeled as the sum of currents in slices 

.6.Io each having a thickness .6.x and a width Z. These slices exist from the surface to the 
depth at which the electron concentration becomes negligible.5 Reprinted with permission 
of McGraw-Hill Book Co. 

ff 
rx,(y) 

Io = - Jny dx dz= - Z Jo Jny dx (4-17) 

If the flow of electrons can be considered to be laminar, we can assume that the total 
current 10 is the sum of elemental currents Af, each flowing horizontally in an inversion 
layer slice parallel to the surface, having width Zand depth ru:, as shown in Fig. 4-12. 
If we allow ru: to become a differential, the current in each slice dlo is 

dlo = dloctrift (x,y) + dloctiff(x,y) 

Since E(y) = -dcpldy, the drift component of Eq. 4-18a can be written as 

dloctrift (x, y) = q µII z /l (x, y) ocp(x, y)/oy 

The diffusion component of Eq. 4-18b can also be rewritten as, 

(4 - 18a) 

(4 - 18b) 

dloctiff (x, y) = - Z q D11 Oll(X, y)loy = - Z µII kT on(x, y)loy (4 - 18c) 

since D111µ11 = kT/q. 

An expression for the total drain current for each of these components can be 
obtained by integrating each expression over the depth from x = 0 to a point below the 
surface at which the electron concentration is negligible, Xe or 

loctrift = q µ Z dcp n (x,y) dx f 
xo(y) 

dy 0 
(4-19) 
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loctiff = f 
x,(y) 

µZkTA[ n(x,y)dx] 
dy 0 

(4 - 20) 

Since the charge per unit area due to carriers in the inversion layer, Q1 is given by 

f''(y) 
Q, (y) = - q Jo n (x,y) dx (4 - 21) 

Thus, Eqs. 4-19 and 4-20 can be written as 

loctrift = µ Z (-Q,) dcp (4 - 22) 
dy 

and 

loctiff = µzkT dQi 
q dy 

(4 - 23) 

Our goal is to derive a model in which 10 is expressed in terms of the terminal voltages 
Vas and Vos• To do this we must integrate the sum of Eqs. 4-22 and 4-23. The 
integration is carried out by changing the variables of integration by multiplying both 
sides of Eqs. 4-22 and 4-23 by (dy). Since we recognize that !0 is constant along the 
length of the channel, when we integrate the left hand side of the sum of Eqs. 4-22 and 
4-23 (namely lo[dy] from Oto L) we get 

loL = r lody (4-24) 

Then we can write the total drain current Io as 

ZI 'l'surfL ZkTJ QI.drain 
lo= J:1:_ (-Q1)dcp+-µ_ dQ1 

L 'l'surfO Lq Qi.source 

(4 - 25) 

We see that the first term on the right hand side of Eq. 4-25 is no longer integrated with 
respect to position, but with respect to voltage. (In the variable-depletion charge model 
[section 4.5.4, Eq. 4-58], and the square-law model [section 4.5.5, Eq. 4-62], we assume 
that only the drift current term is needed to describe !0. Hence, only this integral needs 
to be carried out to calculate !0 . By changing the variable of integration from position 
to voltage this integration becomes easy to perform, yielding Eqs. 4-58 and 4-62.) The 
limits of integration of the first term of Eq. 4-25 are the value of the surface potential at 
the source end 'Psurf0 (which is usually set equal to zero), and the surface potential 
value at the drain end 'PsurfL (which is usually set to V 0s), The limits of the integration 
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of the second term are the value of the mobile charge density at the source end of the 
channel Q,source, and the value at the drain end Q,ctrain• 

4.5.2 Pao-Sah Model 
The Pao-Sah model,4 published in 1966, was the first advanced long-channel MOSFET 
model to be developed. While it retained the gradual-channel approximation, it did not 
invoke the depletion approximation and permitted carrier transport in the channel by 
both drift and diffusion current. The formulation of the I0 equation it develops is 
therefore quite general, but as a result requires numerical integrations in two 
dimensions. Such numerical complexity has limited the role of this model to 
theoretical analyses of the MOSFET. Other simpler models of the MOSFET have been 
developed for use in IC circuit design applications. 

The Pao-Sah model follows the approach outlined in the previous section for 
deriving the I0 relationship from the semiconductor device equations. However, the 
derivation is usually carried out using a more compact formulation, in which the drift 
and diffusion current expression are combined into a single equation. When we derive 
the charge-sheet MOSFET model we will return to calculating both current components 
separately, as this results in a simpler derivation. Here, the opposite is true, and so we 
also elect the single equation approach to deriving the Pao-Sah model. Note that the 
presentation of the derivation in this section, and the next, closely mimics the method 
proposed by Tsividis.5 

We begin by noting that the Pao-Sah approach invokes the gradual channel 
approximation (like alJ Jong-channel MOSFET models), and assumes thatµ is constant 
along the channel. In our derivation we also assume that the substrate doping is uniform 
and that an 11-channel MOSFET is being treated. 

To simplify the expression for 10 so that it consists of one instead of two terms on 
the right hand side of Eq. 4- I 6, we start by noting that at the source end of the channel 
in the MOSFET (where y = 0), n can be expressed in terms of cp by 

n (x, 0) = npo exp q[cp (x, 0) - VsBl/kT 
and at the drain end by 

n (x, L) = "po exp q[cp (x, L) - VoBl/kT 

For an arbitrary position y along the channel, n is given by 

n (x, y) = npo exp q[cp (x, y) - Vc,,8(y)]/kT 

(4 - 26) 

(4 - 27) 

(4 - 28) 

where VchB (0) = Vs8 and VchB (L) = V08. In Eq. 4-28, VchB represents the potential 
corresponding to the difference between the quasi-Fermi level of the electrons in the 
inversion layer and the quasi-Fermi level of holes in the bulk, as shown in Fig. 4-13. 
That is, because the source and drain will in general be biased with respect to the 
substrate, the channel is also at some potential VchB (y) relative to the substrate. 
Clearly this voltage is a function of position y along the channel if Vos ,;, 0, because at 
the source end we have V ChB (0) = V SB and at the drain end V ChB (L) = V nB• 
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EF,, 

Fig. 4-13 Energy-band diagram of a three-terminal MOS structure with a bias Yea(= YchB 
in a MOSFET) showing how the applied bias Ven is related to the difference between the quasi­
Fermi levels of the electrons in the inversion layer EFn and that of the holes Erp.5 Reprinted 

with permission of McGraw-Hill Book Co. 

If Eq. 4-28 is differentiated with respect toy we get 

a /l (x, y) = q /l (x, y) [ acp (x, y) 

ay kT ay 

Using Eq. 4-29 in Eq. 4-18 we obtain 

oV□,B (y)] 
ay 

d loctiff (x, y) = · (Z dx) q µ n (x, y) [ acp (x, y) 
ay 

. av□,n(y)] 
ay 

(4 - 29) 

(4 - 30) 
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If Eq. 4-30 is inserted together with Eq. 4-17 into Eq. 4-16 it is seen that the o<p/ox 
terms cancel out, leaving 

dio(x,y) = (Zdx)q µn(x,y)dVa,B(Y) (4-31) 
dy 

As was done above for Eqs. 4-I 9 and 4-20, I0 from Eq. 4-31 can be obtained by 
integrating from the surface to a depth x = Xe beneath which the electron concentration 
is negligibly small 

Io = µ Z _fil q n (x, y) dx 
dV f x,(y) 

dy 0 

From Eq. 4-21 we can write Eq. 4-32 as 

lo = µ z ( -Q, ) dV (y) 
dy 

Now, integrating over the channel length and using Eq. 4-24, we get 

I
VoB 

Io = µ z ( -Q, ) dV 
L Vss 

We can now rewrite the expression for Q1 given by Eq. 4-21 as 

Q, = q n(x,y)dx = q n(<p)d<p f 
Xe Iq,, 

0 q,,.,,., dcp/dx 

If we define 'Pt= kT/q we can write n (<p) in Eq. 4-35 as 

n (<p) = NA exp [<p (x,y)- 2<pB- VchB(y)]/<pt 

because Ppo = NA, and "po= n/lNA, and cp8 = kT/q ln (NAh!j). Thus, 

(4 - 32) 

(4 - 33) 

(4 - 34) 

(4 - 35) 

(4 - 36) 

(4 - 37) 

Solving Eq. 4-37 for n? and substituting the result for n? into npo = n/lNA, we get 

(4 - 38) 

In addition, we recall that E(x) = - dcp/dx. In chap. 3 we derived an expression for E(x) 
in a MOS-C in which both electrons and holes were allowed in the depletion region of 
the semiconductor. This expression, with <p being replaced by <p --> <p + V ChB, is the 
expression we use for dcp/dx in the denominator of Eq. 4-35. That is, E(x) is now 
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_ dq, = e ( qi) = ✓ Zq NA ,,/ q,1e-( cp + V OtB)icp, + qi - <j)t + e-2cpwcp1( q,,e-( cp + V OtB)icp, - <j) - q,1) 
dx Ks;£, 

(4 - 39) 

Then substituting Eqs. 4-36 and 4-39 into Eq. 4-35 we obtain the Pao-Salz ID 
expression * 

Io= qµ~NAfVoB J0 

[{e(cp-2<pB-VOtB)icp,)/e(<j))] d<pdV (4-40) 

VSJ cp.,., 

In this equation, we must first calculate the limit of integration <Jlsurf by using 

VaB = VFB + (()surf (4 - 41) 

where y = ✓2KsiEoNA/C0x. Note that this equation must be solved iteratively for <Jlsurf· 
To solve for I0 once (()surf is obtained, Eq. 4-40 must be solved numerically. This 

involves numerically evaluating the double integral in Eq. 4-40. This is a computation­
ally lengthy procedure. Nevertheless, the Pao-Sah model has been found to accurately 
predict the Io in long-channel MOSFETs. 

Figure 4-14 is an example of the I0 -V os characteristics of a long-channel MOSFET 

3 

:;- 2 
E 
0 

H 

• THEORY 
- EXPERIMENTAL 

•••••••••••••••••• 

••••••••••••••••• 
0 23456789 

Yos(VJ 
Fig. 4-14. Drain current in a long-channel p-channel MOSFET as calculated with the Pao­
Sah model (dots) and as measured (solid lines). 4 Reprinted with permission of Solid-State 

Electronics. 

* If Vns :::: OV, the limits of the voltage integral become O and Vos, respectively. 
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calculated with the Pao-Sah model, together with experimentally measured results. We 
see that the agreement between measured and predicted Io values is excellent. 

The computational complexity of the Pao-Sah model, however, makes it impractical 
for use as a MOSFET model in circuit simulation applications. Thus, we show how 
simpler analytical models can be developed by limiting the validity of the model to 
reduced regimes of operation. We also mention that an approach has been proposed to 
reduce Eq. 4-40 to a single-integral formula (which, however, must still be evaluated 
numerically).6 However, we do not discuss this approach here. 

4.5.3 The Charge Sheet Model 

The limited practical utility of the Pao-Sah model motivated a search for an approximate 
advanced analytical model that still was accurate over a wider range of operating 
conditions than the earlier variable depletion-charge (introduced in 1964) and square law 
models, which are only valid if the MOSFET is operated in strong inversion. The 
charge-sheet MOSFET, introduced separately by Bacarani7 and Brews8 in 1978, has 
become the most widely adopted long-channel MOSFET model that is accurate over the 
entire range of inversion. 

The charge-sheet model of the long-channel MOSFET makes some simplifying 
assumptions so the numerical analysis needec in the Pao-Sah model to calculate Io can 
be avoided. By doing so, it develops an analytical closed-form expression for I0 in terms 
of V GB and the surface potential at the drain and source ends of the channel.* It is 
somewhat less general than the Pao-Sah model in that it is not valid if the MOSFET is 
operated in depletion or accumulation. However, it is only slightly less accurate than 
the Pao-Sah model if the MOSFET is being operated in inversion. Hence, by using 
this model it is possible to get quite accurate predictions ofl0 in these regimes without 
having to resort to the complex numerical analysis required by the Pao-Sah model. 

We introduced the charge-sheet approximation for the MOS-C in chap. 3. The 
MOSFET model is based on essentially the same approximations, with a few more 
added to account for the current flow behavior of the MOSFET. That is, the charge-sheet 
approximation basically assumes that the inversion layer (both in weak and strong 
inversion) can be treated as an infinitesimally thin sheet of charge at the Si surface, and 
that the depletion approximation is valid for the depletion region below the inversion 
layer. As such, the inversion-layer charge density Q1 can be found by subtracting the 
ionic charge in the depletion region Q8 from the total charge in the semiconductor Qc, 

The other assumptions of the charge-sheet model of the MOSFET are the following: 

1. The gradual channel approximation applies to the MOSFETs being 
treated by this model. 

2. The drain current consists of both drift and diffusion components. 

3. The mobility µ in the channel is proportional to the electric field and is 
constant with position along the channel. 

* Although, as we shall see, a numerical iteration procedure must be used to determine these 
surface potential values from the terminal voltages. 
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We begin the derivation of the charge-sheet Io model by assuming that I0 consists of 
both drift and diffusion current components. Since we also assume that the mobile 
charge is located in a very thin region near the surface, all the current is located at one 
depth (i.e., there is no x-dependence of current). Hence, Eq. 4-16 can be expressed as 

Io (y) = Ioctrift (y) + Ioctiff (y) (4 - 42) 

Now, we consider each of these terms separately. To express Ioctrift, we treat a small 
element of the inversion layer between y and !:;y, as depicted in Fig. 4-15. The potential 
difference across this element is given by the difference of ({)surf at the points y and 
y + !:;y, or ({lsurf(y + !:;y) - ({)surf (y). Hence we can write an expression for the drift 
current using Eq. 4-22 with t,q, (y) replaced by /:;({)surf (y). In addition, we can express 
this equation in terms of the mobile charge density per unit area Q1 instead of in terms 
of n by multiplying the mobile charge density in the channel (qn) by the inversion layer 
thickness tinv, or Q, = -q n tinv• Since Ioctrift(Y) = A Ictrift = Z tinv Ictrift, Ioctrift(y) 
becomes 

loctrift (y) = µZ (-Q,) t,q,,urr<Yl /1:,y 

If we allow !:;y to approach zero we get 

loctrift (y) = µ Z (-Q,) d({lsurf ldy 

The diffusion component of Eq. 4-42 can likewise be rewritten as 

loctiff(y) = ZDdQ,ldy = Zµ(kT/q)dQ1/dy 

A({lsurf 

Inversion layer 

'---- - - -- - - ----~=___,., ___ - - -
/ f-Ay-! \ 

I \ 
I \ 
I I 

I 
({lsur['(y) ({lsurf(y + !:;y) 

I ' 
I ' \ I 

\ I 
\ / 

-... ,/ 
Bulk 

(4 - 43) 

(4 - 44) 

(4 - 45) 

Fig. 4R15 Small element of the inversion layer in a long-channel MOSFET.5 Reprinted 
with permission of McGraw-Hill Book Co. 
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In the case of de biasing, the total current in the channel must be constant for all 
points in they-direction. Thus, Eq. 4-42 can be written as 

I0 (y) = µ Z (-Q1) dcpsurrldy + Z µ (kT/q) dQ1/dy (4 - 46) 

If we designate 'Psurf at the source end of the channel (y = 0) by 'Psurfo, and Q1 there by 
Q,source, and the corresponding quantities at the drain end of the channel (y = L) by 
'PsurfL and Q,drain, then by integrating from y = 0 toy = L we get 

L 

lo Io dy = f 
Cj)ru,fI. z k I Q1.<1c,;, 

µ Z (-Q1) dcp,., + µ q T dQi 

<p~ro Qr,rource 

(4 - 47) 

or 

zJ q,,,,._ z k f Qi.rr,;, 
Io = µL (-Qi) dcp,.,,, + µ L T dQi 

'l'ru<IO q Q1.,rucro 
(4 - 48) 

To perform the integrals in Eq. 4-47 and 4-48 we require an expression relating Q1 and 
'Psurf· Equation 4-6 derived in section 4.2.2.1 is the appropriate expression we seek, and 
is repeated here 

(4 - 49) 

Using this in Eq. 4-48 for the drift current component of the drain current, performing 
the integration from 'Psurfo to 'PsurfL, we get the following expression for Ioctrift 

Iodrift = (µCoxZIL) [(Van - VFBl('PsurfL- 'Psurro)- (1/2)(cpsurfL2 - 'Psurfo2) 

- (2/3) Y C'PsurfL312 - 'Psurfo312) (4 - 50) 

Using Eq. 4-49 for Q1 (in which we let 'Psurf = 'Psurfo at the source and 'PsurfL at the 
drain when we compute the values of Q1 at the limits of integration), in the term of Eq. 
4-48 for Ioctiff, we get 

Iodiff = (µCoxZIL)(kT!q)(cpsurfL - 'Psurfo) + (kT/q) Y (<p 112surfL - <p 112surfo) (4 - 51) 

The last step needed when computing I0 with this model is to determine 'Psurfo and 
'PsurfL from the terminal voltages V08, Ys8 , and Yon- It turns out that Eq. 4-4 is the 
appropriate expression for this task if 'Psurf and V cs are replaced with 'Psurfo and V SB at 
the source end of the channel, and with 'PsurfL and V 08 at the drain end. Then we get 

(4 - 52a) 

'PsurfL = Von- VFn - y,,/ 'Psurfl + cp1e<'l'surfL-2q>s- Vos)lcpt (4 - 52b) 

Dell Ex. 1008C
Page 111



LONG-CHANNEL MOSFETS 173 

These equations for <f>surfo and cp5urfL however, are relatively complex transcendental 
equations which must be solved by iterative techniques to find 'Psurfo and 'PsurfL· 

Now, Io predicted by the charge-sheet model is a single expression given by the sum 
of Eqs. 4-50 and 4-51. 

Io(charge sheet) = Iodrift (Eq. 4-50) + Iodiff (Eq. 4-51) (4 - 53) 

Experimental MOSFET characteristics are observed to agree very well with such 
predictions. 

4.5.4 Variable Depletion-Charge (or Bulk-Charge) Model 

A,, just described, the charge-sheet model for I0 in its full form includes drift and diffu­
sion current components, making it accurate over the MOSFET operating regimes from 
weak to strong inversion. However, the fact that neither Eq. 4-50 nor 4-51 is explicitly 
expressed in terms of the terminal voltages makes the full charge-sheet formulation too 
cumbersome for use in circuit design applications. 

Nevertheless, it is possible to simplify the charge-sheet model formulation to obtain 
analytical expressions that explicitly give Io in terms of the terminal voltages. The 
price for such simplicity (while maintaining adequate accuracy) is that the resulting 
equations are only accurate over a limited operating range. Specifically, instead of being 
required to evaluate I0 from Eq. 4-53 (which is a single, relatively complex equation, 
valid from weak to strong inversion), we develop two less complex approximations to 
Eq. 4-53, one which is only valid over the weak inversion regime (subthreshold), and 
the other only over the strong inversion regime. In this section we derive the strong­
inversion approximation to Eq. 4-53, which is termed the variable-depletion-charge or 
bulk-charge model, and was developed in 1964.9 In section 4.7 we develop the 
simplified I0 equation valid for weak inversion. Note that in both of these models the 
charge-sheet and depletion approximations are stilJ invoked. 

We begin the derivation of the strong-inversion model by recalling that once a 
MOSFET is biased beyond the point of strong inversion, the diffusion current 
component of I0 is negligible compared to the drift current component; thus we can 
approximate I0 with only the drift current term ofEq. 4-53. In addition, we assume that 
beyond the onset of strong inversion cp5urf remains fixed. That is, the surface potential 
at the source and drain ends of the channel in strong inversion is assumed to be clamped 
at the value possessed at the onset of strong inversion. In that case, cp5urf can be 
approximated as 

(4 - 54a) 
and 

'PsurfL = 2'PB + Von (4 - 54b) 

The final approximation we use to derive the variable-depletion-charge model is that if 
Vas is biased below strong inversion (i.e., Vas <VT), I0 is assumed to be zero. 
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Invoking these approximations, I0 in a MOSFET can now be approximated by Eq. 
4-50, with the values of <p5urfo and (jlsurfL in this equation given by Eqs. 4-54a and 
4-54b. Thus, by substituting these into Eq. 4-50 we get 

Io = µ Ca, 2 (VoB- VrB)(VoB- Vsn) - l[(Voa + 2<pB)2 - (Vsn + 2<pB)2] 
L 2 

- £y[(Von + 2<pBJ3'
2

- (Vsn + 2<pBJ3'2J 
3 

By rearranging terms, this equation becomes 

Io= µC""Z(Von-VrB-2<pB)(VoB-Vsn)-l[(Von2
- Vsn2) 

L 2 

2 "!12 "!12 - -y[(Von + 2<pn) - (Vsn + 2<pn) l 
3 

(4 - 55) 

(4 - 56) 

We observe that I0 is now explicitly expressed in terms of the terminal voltages V 0 8 , 

V08 , and VsB• To put Eq. 4-56 into a form in terms of Vas, Vos, and V8 s, we recall 
that Van= Vas+ V8s and Von= Vos+ VBs• This allows us to rewrite Eq. 4-56 as 

µ C Z J 2 Io = "" (Vos- VrB- 2<pB)Vos - - Vos 
L 2 

2 "!12 - -Y [(Vos+ Vss+ 2<pB) -
3 

(V BS + 2<pnJ3'
2J (4 - 57) 

If V ns = 0V, Eq. 4-57 becomes 

µC""Z 1 22 "!12 "!12 Io = (Vos- Yrs- 2<pn)Vos - - Vos - -y(2<pB + Vos) - (2<pB) (4 - 58) 
L 2 3 

Equation 4-57 (and 4-58) is sometimes referred to as the Ihantola and Moll model, since 
it was initially developed by them in 1964.9 The name variable-depletion charge model 
signifies that the model computes Q1 as the difference between Qc and QB (bulk charge), 
taking into account the variation of the depletion region width along the channel to 
compute QB- We will see that the square-law model assumes the depletion region width 
is constant from source to drain. 

Equation 4-57 predicts that for a given Vas the drain current first increases linearly 
with Vos (the linear regime), then gradually levels off, approaching a saturated value 
(the saturation regime). Thus, it behaves quantitatively as depicted by the basic output 
characteristic of the idealized MOSFET of Fig. 4-11. 

We noted in section 4.4.2 that as V 0 5 is increased, the output characteristic levels off. 
This leveling off occurs because as Vos increases, the channel near the drain is driven 
toward pinch off. In terms of the gradual channel approximation, pinch off is the point 
at which Q1 drops to zero. (In fact, once Q1 gets very small, the gradual channel 
approximation breaks down and Eq. 4-57 no longer applies.) When the Vos reaches the 
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value at which pinch off has been reached, the measured 10 value in long-channel 
MOSFETs saturates. That is, it becomes essentially constant as Vos is increased 
further. The 10 value at that point is denoted as losat• Although Eq. 4-57 is no longer 
valid for this regime, we use the maximum value of 10 found using Eq. 4-57 as losat· 
We denote the Vos value to just reach this condition as V0 s,sat· 

Since V os,sat is the V 08 value when 10 reaches its maximum, such a maximum can 
be found by setting dlofdV0s; 0 from Eq. 4-57 and solving for Vos; Vos,sat 

(4 - 59) 

The value ofVos,sat obtained from Eq. 4-59 is used in Eq. 4-57 to calculate losat· 
Note that the linear and saturation regimes of MOSFET operation have been defined. 

Since we also assume in this model that 10 ; 0 for V as<V T, we define this bias range as 
the cutoff regime. In fact, a small but nonzero drain current exists even when V GS <VT, 
so it is more appropriate to refer to this regime as the subthreshold regime. Further 
details on this regime are given in section 4.7. 

4.5.5 Square-Law Model 
Equation 4-57 predicts 10 values in long-channel MOSFETs ( operated in strong inver­
sion) quite accurately. However, even this formulation is mathematically too complex 
for use in hand calculations. Furthermore, when it is necessary to simulate the circuit 
behavior of digital IC circuits containing a large number of MOSFETs, using Eq. 4-57 
in SPICE significantly slows the simulation time. For such applications, a simplified 
version of Eq. 4-57 could be useful, even at the expense of somewhat less accuracy. 
This can be obtained if 2cpn + Vns>>Vos• In this case, we can use the binomial 

expansion to get 
?12 ( ?12( V )"2 

(2cpn + Vsn + Vos)· ; 2cpn + Vsn) I + os 
2cpn + Vsn 

(4 - 60) 

?12 3( )1/2 = (2cpa + Vsn) + - 2cpn + Vsa Vos 
2 

(4 - 61) 

Thus, 

µCoxZ( 112 ) Io; L Van-VFa-2cpa- [2K;EoNA(2cpa+VBS)iC,,c] -Vm/2 Vos (4 - 62) 

which can be written more succinctly as 

lo ; [µ Cox ZJL] (V GB - VT - Vosi2)V os (4 - 63a) 

since VT; Vp8 + 2cp8 + [2KsiEoNA(2<pa + Vns)/C0 xl112• Or, Eq. 4-63a can be written 
in an even more compact way (again assuming that V88 = 0, in which case Va8 = Vas), 
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as 
Io = k [(Vas - VT )Vos - V0 s2 /2] (4 - 63b) 

where k (the so-called device transconductance parameter) is defined as 

k = µ Cox Z/L (4 - 64) 

For very small Vos values, Eq. 4-63 can be further approximated as 

(4 - 65) 

For 2<pa + Vs8 >>Vos, the condition for saturation becomes 

-Cox (Vas - VFa - 2<pa - Vos,satl + (2K,iE0qNA[2<pa + VasD 112 = 0 (4 - 66) 
so 

(4 - 67) 

In saturation, I0 in this model is given by Eq. 4-62 evaluated at Vos = V os,sat; that is 

(4 - 68) 

Vos>(V GS - VT) 

Since Eq. 4-68 predicts that Iosat will vary as the square of the gate voltage above 
threshold, Eq. 4-62 is termed the square-law model. 

Equation 4-68 is often used as the basis for measuring VT· In this technique, the gate 
and drain of the transistor are tied together as shown in Fig. 4-16, and then the drain 
current is measured as a function of applied drain voltage. Because Vos is set equal to 
V GS in this circuit, the transistor is in the saturated region of operation. Now a plot of 
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! I ~0.03 

X 

0.02 I 0.01 
~ 

.. x•·Yil'r 
0 2 3 4 5 6 7 

VOS (volts)-----?-

Fig. 4-16 Plot of~ versus Vos for n-channel MOSFET in saturation. Inset shows the 

circuit arrangement. The threshold voltage is indicated by the intercept of the straight line 
with the voltage axis. 

Dell Ex. 1008C
Page 115



LONG-CHANNEL MOSFETS 177 

'11,, versus V GS should be a straight line with a voltage axis intercept equal to Vy. In 
fact, plotting ,/fr; versus V Gs is the most widely used method of determining Vy, 
yielding as will be discussed in section 4.6, the so-called extrapolated threshold voltage 
value. 

From a physical perspective the square-law model can be derived by approximating 
that the channel depletion region has a constant width along the entire length of the 
channel (with a value equal to that near the source), even under V0 s * 0 biasing. This 
approximation is somewhat reasonable in strong inversion since the last term in the 
strong-inversion form of Q1 (Eq. 4-10), namely [✓2KsiEoqNA (2cpa + Vcha)J, is small 
compared to the other terms. Since it is the only term that depends on the depletion­
region charge, and this charge is much smaller than the mobile charge concentration 
under strong inversion, the variation of this term will not change the value of Qi much. 
That is, as long as the channel region remains inverted, Q1 does not vary much from the 
source to the drain ends of the channel. Hence, approximating this term by a constant 
value (namely with the charge that would exist if the depletion region had a constant 
width, equal to the value it at has at the source end) does not change the value of Q1 
significantly. Yet it results in a much simpler form of the I0 model. 

At the source the depletion region width is dmax(source), which can be calculated 
from Eq. 4-8 

Then 

and using Eq. 4-10 

Thus, 

Io=µ c""z (VGB-Vy-Vo,a)dVo,a f 
Vss+ Vos 

L Vss 

Integrating 4-72 from source to drain gives 4-62. 

(4 - 69) 

(4 - 70) 

(4 - 71) 

(4 - 72) 

4.5.6 Comparison of the Four MOSFET Circuit Models 

Let us summarize the characteristics of the four long-channel MOSFET de circuit 
models just described, and make some further comparisons about their relative accuracies 
and utility. Recall first off that all are based on the long-channel (GCA) approximation. 

The most general and accurate of the models is the Pao-Sah model. While it retains 
the gradual-channel approximation, it does not invoke the depletion approximation and 
permits carrier transport in the channel by both drift and diffusion current. The 
formulation of the Io equation it develops is therefore quite general, but also requires 
numerical integrations in two dimensions. Such numerical complexity has limited the 
role of this model role to theoretical analyses of the MOSFET. As a result the other 
three MOSFET models are more frequently used to calculate the I0 -V os characteristics. 
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The charge sheet model allows I0 to be calculated with much less computational 
effort than that of the Pao-Sah model and yet provides I0 values very close to those 
predicted by the more complex model over the regime of inversion (both weak and 
strong). The accuracy of the charge-sheet model when compared to measured de I0-V os 
characteristics of a MOSFET in inversion is about I% or better. This model calculates 
the surface potential by solving the Poisson equation assuming the depletion 
approximation and the charge-sheet approximation. It also assumes that both drift and 
diffusion current can contribute to I0 . While not applicable to the depletion and 
accumulation regimes of operation, it is valid over all regimes of inversion. Although 
it accurately predicts I0 over these regions of operation, it requires values of the surface 
potential to be calculated at the source and drain ends of the channel. These equations for 
<p5urf are complex transcendental equations that require iterative techniques to solve 
them. As a result, the computational effort for determining I0 is still too great for most 
circuit simulation applications, and thus the charge sheet model has not been 
incorporated into such popular circuit simulation programs as SPICE.* 

Since the charge-sheet model is too complex to be used in most circuit simulation 
applications, the simpler bulk-charge and square law models are used instead. They both 
assume that the MOSFET is biased to strong inversion, and that only drift current 
contributes to 10 . As long as the MOSFET is biased into strong inversion (VH in Fig. 
4-17) the results of the bulk-charge I0 equation agree very well with the charge-sheet 
model results. That is, to allow the simpler analytical expressions of the bulk-charge 
(Eqs. 4-57 and 4-59) and square-law models (Eqs. 4-63 and 4-68) to be used to accurately 
calculate 10 , the allowable regime of operation must be reduced to the strong-inversion 
regime. If the MOSFET is operated in weak inversion, an alternate analytical 
expression (as derived in section 4.7) must be used to get an accurate value of I0 in 
long-channel MOSFETs. 

When comparing the utility of the bulk-charge and square-law models, the primary 
asset of the square-law model is its simplicity. It provides good insight into the device 
operation and is useful for obtaining first-order design data without an excessive amount 
of mathematical entanglement, particularly for the case of digital circuits. Most hand 
calculations for circuit design with MOSFETs therefore make use of the square-law 
model. It is also the model used for the simplest (Level-I) analyses of circuits 
containing MOSFETs in the SPICE program. The apparently arbitrary adjustment of k 

* Note that the bulk-charge and square-law MOSFET models assume that the surface potential 
at inversion is fixed at 2cp8 + Yen- In reality this is the value of 'Psurf at which the surface just 
enters strong inversion. If the electron charge in the channel is substantial, the surface 
potential must be greater than this value (but not much more than a few kT above 2cpn + V c8). 
Nevertheless, both these models must therefore consistently underestimate the 'Psurf. 

Now, if 'Psurf is underestimated, so is the magnitude of the depletion region charge Q8. If 
Q8 is underestimated, then from Eq. 4-lb Q1 must be overestimated. The bulk charge model 
therefore consistently overestimates the amount of mobile electron charge in the channel, 
and thus overestimates the drain current - fortunately by less than IO percent in most cases. 

The charge sheet model, on the other hand does not make the above assumption, but instead 
calculates 'Psurf• Hence, this error is avoided in the charge-sheet model approach. 
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Fig. 4#17 Log 10 versus Vos for fixed Vos and V85, and comparison to weak- and strong­

inversion equations.5 Reprinted with permission of McGraw-Hill Book Co. 

mentioned above is also not a practical problem since MOS processing procedures do 
not allow for the precise control of µn, and the parameter must be extracted from 
measurements. 

There are many cases of circuit design for which the increased accuracy of the bulk­
charge model is not necessarily an advantage when computational complexity is 
considered. Often, for example, the designer is interested only in MOSFET operation in 
the saturated region (i.e., only the value of Iosat is needed). To obtain Iosat from the 
bulk-charge model,it is first necessary to calculate Vossat from Eq. 4-59 and then use 
this voltage value in Eq. 4-58 to calculate Iosat· This lengthy process is greatly 
simplified in the square-law model in which Iosat is calculated directly from Eq. 4-68. 

The bulk-charge model is used when more accurate modeling of circuit behavior is 
needed. Measurements of I0 versus Vos characteristics of long-channel MOSFETs are 
in reasonable agreement with the predictions of this model (i.e., usually within 10% of 
the measured data). However, the computational complexity is considerably increased, 
and hence it is typically implemented only in computer analyses. This model is 
available as the Level-2 model of the MOSFET in SPICE. Note that when comparing 
Eqs. 4-57 and 4-59 with 4-63 and 4-68, the added terms in the bulk-charge model 
equations are always negative and act primarily to reduce 10 and Vnssat for a given set of 
operational conditions. 

A plot of I0 versus Vos (with Vas as a parameter) for a long-channel NMOS 
transistor calculated using both models is shown in Fig. 4-18. As can be seen the 
square-law model predicts larger values of Iosat and Vossat for each value of gate 

Dell Ex. 1008C
Page 118



180 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

voltage. The general behavior of both sets of curves is, however, similar. Note 
especially that in the linear region of operation both models give the same results, but 
that in saturation - for the same value of k in both models - the bulk-charge model 
predicts a smaller value of Iosat· 

4.5.6.1 MOSFET Models of the SPICE Circuit Simulator. The SPICE 
circuit simulator contains four MOSFET models which differ in the way they formulate 
the I-V characteristic. The simplest is the Level-I model which is based on the 
rudimentary square-law model (Equations 4-63 and 4-68), with empirical adjustment. 
The most important adjustment it employs is the use of a coefficient in these equations 
to bring losat into congruence with experiment and the more accurate models. That is, 
to obtain satisfactory results in circuit analysis and design using this model, measured 
data on samples of MOSFETs must be obtained. Measured data is fitted to the 
threshold voltage equation and Eqs. 4-63 and 4-65. Specifically Vy and k are determined 
from data obtained as shown in Fig. 4-16. Note that the extrapolated threshold voltage 
value Vy0 is used in SPICE because it is obtained by extrapolating the experimental 
curve of ,If;; versus Vos (with Vos = Vas) to zero drain current. The subscript "0" in the 
VTO symbol signifies that this is the extrapolated threshold voltage when V8s = 0V. 

The more-accurate Level-2 SPICE MOSFET model is based on the bulk-charge model 
equations (Eqs. 4-57 and 4-59). The Level-2 model also incorporates an approximate• 
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Fig. 4-18 Theoretical predictions of Io versus Vos using the bulk-charge model equations 
(solid lines) and the square-law model equations (dashed lines). Io is taken to be equal to Iosat 
for Yos>Yossat,30 Reprinted with permission of Addison-Wesley. 

* For example, in the Level-2 MOSFET model, the carrier mobility is not treated as a 
constant. Instead, the mobility is modeled as being impacted by the gate-induced electric 
field (see chap. 5). The value used in the Level-2 model µeff is found using the expression 
Eq. 5-26. 
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treatment of some of the short-channel effects discussed in chap. 5 and is capable of 
computing the subthreshold current (in the manner as described in section 4.7). 

The basic device structure parameters required to describe a MOSFET when using 
either the Level-I or Level-2 model are the substrate doping, the gate oxide thickness, 
and the channel length and width. SPICE computes the threshold voltage from NA 
(NSUB in SPICE) and t0 x using Eq. 4-12 (assuming VFB ; 0). Alternatively, the 
threshold voltage (for the case of V ss ; 0) can be input directly by supplying a value to 
the model parameter VTo, in which case the internally computed threshold voltage is 

overridden. 
The Level-2 SPICE MOSFET model, being based on the bulk-charge MOSFET 

model, has a three-halves-power dependence ofl0 , rather than the square-law dependence 
of the Level-I SPICE MOSFET model. Because the numerical handling of a fractional 
power requires significantly more computation time than if a power in integer form 
must be computed, circuit designers sought a model that was more accurate than the 
Level-I model, but was faster to execute than the Level-2 model. Hence, the Level-3 
model was developed and incorporated into SPICE.* 

The Level-3 model not only removed the computational shortcoming of the Level-2 
model, but was formulated to deal empirically with many other effects as well, 
including short-channel and narrow-channel effects. In fact, the Level-3 model 
represents an attempt to pursue a semi-empirical modeling approach, i.e., which only 
approximates device physics and relies on the proper choice of the empirical parameters 
to accurately reproduce device characteristics. As a result, a more physically based 
short-channel MOSFET model has also been developed for SPICE, known as the 
Berkeley Short-channel IGFET Model (BSIM). It has been implemented into the SPICE 
program as the Level-4 MOSFET model. We will describe BSIM in more detail in 
chap. 5. 

4.5.6.2 SPICE Models of the MOSFET Operated in Saturation. As 
we noted in section 4.4.2, the value of I0 may increase as Vos exceeds the pinchoff 
voltage value V ossat· This was modeled by assuming that the pinched-off region with a 
length M makes the channel length appear shorter (i.e., L - M). To predict I0 as Vos 
exceeds Vossat the value of Mis needed. In the Level-I and Level-2 MOSFET models 

* The In equation that constitutes the de long-channel Level-3 model of the MOSFET10 in the 
SPICE program is derived from Eq. 4-57 by employing a three-term binomial-series ex­
pansion for the second term in Eq. 4-57. This yields the Level-3 MOSFET equation for Io in 
the form: 

Notice by comparing it to the Level-I expression, Eq. 4-63, that it differs only in the last 
term, a change that accounts for the ionic-charge variations that were ignored in the Level-I 
model. Here, however, the square root term is only dependent on device structure parameters 
and not on Vos, and hence this square-root term only needs to be evaluated once when 
calculating the In-V DS characteristics. 
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SPICE offers two possible approaches to calculating M. The first allows the channel­
length modulation parameter, A (LAMBDA) to be specified, in which case Af, is 
obtained from the simple empirical expression M = LAMBDA · Vos· LAMBDA can 
be used in either the Level-I or Level-2 model. The value of LAMBDA is typically in 
the range of 0.1 to 0.01 v- 1• Empirical values of 1/A can be obtained by finding an 
approximate intercept with the V05 axis of tangents to the 10 curves beyond Yossat in 
measured I0 -V os curves. 

If the value of LAMBDA is not specified in the Level-2 model, however, then Af, is 
computed by using Eq. 5-47, which is based on the 1-D Reddi-Sah model of the 
MOSFET operated in saturation (see chap. 5, section 5.4.3.1 ). 

4.6 THRESHOLD-VOLTAGE CONTROL IN MOSFETS 

4.6.1 Measuring Threshold Voltage 

Equation 4-1 calculates VT of real MOSFETs based on various device parameters. Yet, 
when devices are fabricated, they must be tested to ensure that the desired characteristics 
have been produced. Two approaches are used to obtain the VT values of MOSFETs 
from measurements. The first yields an extrapolated-VT value, and the second, a 
constant-current-VT value. 

As described in section 4.5.5, the extrapolated VT is determined by connecting the 
drain and gate of a MOSFET together and measuring the drain current as a function of 
gate voltage (Fig. 4-16). Equation 4-68 predicts that a plot of ✓¥;,- (with a linear I0 axis) 
versus V GS should be linear. If ✓1; is plotted vs. V Gs, and the linear portion of the 
curve is extrapolated to intercept the voltage axis (corresponding to the condition that 
VGS = VT in Eq. 4-68) the extrapolated-VT value is yielded. (Note that the dotted 
section of the curve in Fig. 4-16 results from currents that flow below the threshold 
voltage. Such subthreshold currents are discussed in section 4.7.) 

The constant-current-VT is obtained by measuring the gate voltage at which a specific 
small drain current flows and this gate voltage is defined as VT. For active MOSFETs, 
the gate voltage at which I µA of drain current flows per µm of drain width for Vos= 
0.5V is the most common criterion applied when specifying constant-current-VT, The 
constant-current-VT is generally measured in the IC production environment, while the 
extrapolated VT is preferred when the threshold voltage parameter is needed for circuit 
simulation (e.g., in a SPICE analysis). Note also that the extrapolated v,. is typically 
100 m V larger than the I µAlµm constant-current VT. 

4.6.2 Adjusting Threshold Voltage 

As pointed out earlier, in many MOS IC applications it is critical to be able to estab­
lish and maintain a uniform and stable VT. The factors that impact Y.r are given in Eq. 
3-72. An examination of each term will reveal the device parameters that can be adjusted 
to provide practical control of VT· 

The '!'ms term depends on the work-function difference between the gate, q<jlm(gate), 
and the semiconductor, q(jl8 (sub). While q<jlm(gatc) for metal and heavily doped silicon 
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gates is constant, the parameter <jla (sub) depends on the substrate doping - but only in a 
logarithmic manner. Hence, each factor-of-10 increase in substrate doping will change 
the <jlms term by only 2.3 kT/q, or ~0.06 V (kT/q = 0.026 V at 300K). Thus, changes 
in the substrate-doping concentration produce changes in VT through the <jlms term 
which are too small to provide the required degree of threshold-voltage control. The 
next term (2q,8 ) also changes only slightly as a result of changes in the substrate doping 
concentration (for the same reason given for the <jlms term); thus, the 2<jla term is also 
ineffective for controlling VT· 

Since every attempt is made to keep Otot as low as possible through various 
processing procedures, and Cox is relatively large (since t0 x is very thin in submicron 
MOSFETs), the OtotlC0 x term is also very small in modern MOSFETs. Hence, this 
term must also be ruled out as a candidate for controlling VT, 

While is true that Cox could be varied (primarily by changing loxl. this is not a 
practical approach to controlling VT in active devices, since t0 x is normally made as 
thin as possible to maximize I0 . (In the field regions, however, large V TF values are 
needed to prevent inversion under the field oxide. A thick field oxide makes Cox small, 
allowing V TF to be increased Thus, Cox is one of the parameters nonnally used to 
control VTF in the field regions of the circuits.) 

This leaves the 2✓KsiE0qN sub<jla/C 0 x term as the remaining candidate for 
controlling VT in active devices. Since the change of VT in this term depends on 
✓Nsub, it indicates that VT control is possible by exploiting this effect. In fact, Eq. 3-72 
indicates that increasing the substrate doping (i.e., NA in n-channeI devices, and N0 in 
p-channel devices) will increase VT. Figure 4-19 shows how VT varies in MOSFETs 
(both PMOS and NMOS) with substrate doping concentration (assuming the substrate 
is uniformly doped - i.e., no threshold adjust implant is used - and that Otot = 0), for 
various gate-oxide thicknesses. 

Merely increasing the substrate doping, however, is not desirable since it will 
adversely impact other MOSFET characteristics, such as lower junction-breakdown 
voltages, larger junction capacitances, and lower carrier mobilities. Yet, prior to the 
development of ion implantation in the early 1970s, adjustment of substrate doping was 
the only practical processing approach for significantly controlling VT in active devices. 

We showed earlier that a circuit approach based on applying a bias between the 
source and body (and hence known as body biasing) can also control VT (section 
4.2.2.2, Eq. 4-12). Generally, an increase in Vns will raise VT. Figure 4-20 gives an 
example of how the application of V8s can change the VT value in an NMOS device. 
The intercept of the channel conductance and the Vas axis when Vas = 0 in this 
example is +0.99V. As Vas is increased from OV to -5V, VT increases up to +2.3V. 
However, body biasing is an added complication, and is now avoided whenever possible 
as a technique for adjusting VT, in favor of the ion implantation V,adjust method. 

4.6.3 Ion Implantation for Adjusting Threshold Voltage 
The development of ion implantation for VT adjustment removed the last obstacle to 
reliable production of n-channel devices for MOS !Cs, as this procedure made it possible 
to select the substrate-doping value without having to consider its impact on VT, That 
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Fig. 4~19 Calculated threshold voltages of n-channel (YTn) and p-channel (VTp) transistors 

as a function of their substrate's doping, assuming n+ polysilicon gate (left scale) and p+ 
polysilicon (right scale). Curves for gate oxide thicknesses t0 x of 150 A, 250 A, and 650 A 
are shown. From S. M. Sze, Ed., VLSI Technology, 2nd. Ed., Chap. 11, "VLSI Process 
Integration." Copyright, 1988 Bell Telephone Laboratories. Reprinted with permission of 
McGraw-Hill. 

is, implantation can be used either to increase or to decrease (by compensation) the net 
dopant concentration at the silicon surface. As a result, substrate doping can be selected 
strictly on the basis of optimum device performance since VT can now be set by the V, 

v7;, 

• ~--~~-~~--=-------Vcs 
0 VTI VnVn 

Fig, 4-20 Plot of '1f;; vs. Vos for an NMOSFET showing the effects of a bias Yes between 

the source and the substrate. The observed shift in the threshold is predicted by Eq. 3-71. 16 

Reprinted with permission of John Wiley & Sons. 
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adjust implant process. In addition, since dopants can be selectively implanted into the 
field regions, high-performance NMOS circuits can be fabricated on lightly doped 
substrates, without the possibility of inadvertent inversion of the surrounding field 
regions. 

As mentioned earlier, the Vradjust-implant technique involves implantation of 
boron, phosphorus, or arsenic ions into the regions under the gate oxide of a MOSFET. 
Boron implantation produces a positive shift in VT, while phosphorus or arsenic 
implantation causes a negative shift. For shallow implants, the procedure has 
essentially the same effect as placing an additional sheet of "fixed" charge at the SiO,-Si 
interface. 

To first order, if the implant and substrate are of the same type (e.g., boron into a p­
substrate), and the effective depth of the implant Xi (see Fig. 4-21) is less than dmax, 
the threshold-voltage change (/J.VT) can be reasonably well estimated from 11 

(4 - 73) 

Example 4-1: If the VT of a uniformly doped NMOS transistor is -0.41V and 
it is to be used in an application that requires a VT= I.0V, calculate the B dose 
(to first order) needed to adjust VT(nud,lc) to this value. 

Solution: The VT(ud,lc) of the device is -0.41 V. We wish to have a VT of 
1.0 V. Thus, the threshold voltage must be shifted (/J.VT) by +1.41 V. Using 
Eq. 4-73, we see that the boron dose needed to cause this /J.VT is 

\0 X 1016 

8 

t 6 

.\'.,, ........ 7··············\ 
I II 

1: 
0 0.1 0.2 .-.:, 0.3 Implantation Depth (µm) _...,,._ 

Fig. 4-21 Distribution of the implanted dopant (solid curve) as-implanted, and after 
activating anneal and diffusions (dashed curve). The dotted "box" curve shows the distribu­
tion used to calculate the threshold voltage. (After Rideout, Gaensllen & LeBlanc in ref. 27 .) 
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D1 = LlVT(II) C0 xlq = [1.41V x 2.3xJ0·7 F/cm2]/1.6xJ0·19 C 

= 2.lx1012 boron atoms /cm2• 

where D1 is the dose of the implanted ions (atoms/cm2) which penetrate into the silicon. 
For example, Eq. 4-73 predicts that when D1 = 5x1011 ions/cm2 and tax= 25 nm, a 
shift in VT of 0.58 V will be produced. Thus, Eq. 3-72 must be modified to account for 
threshold-adjust implants, as (where nud stands for non-uniformly doped) 

VT(nud,lc) = VT(ud,lc) + LWT(II) (4 - 74) 

A more exact formula for calculating for VT in this case (assuming Vns = O) 
isl2,13,14 

VT (nud,lc) = VFB + 2(Jls + qD1 !Cox + Y2 (✓2q,n + qD1Xi /2KsiEo) (4 - 75) 
where 

(4 - 76) 

The V,adjust implant is often done through an oxide layer.* The implant energy is 
selected to place the peak of the implant slightly below the oxide-silicon interface (Fig. 
4-21). After the implant-activating anneal, the implanted distribution is broader than the 
as-implanted profile. 

Calculating the effect of the implant on VT is greatly simplified by approximating 
the actual distribution via a "box11 distribution, as is also shown in Fig. 4-21 (in which 
the implanted dopant is assumed to have a constant density NA° from the surface to the 
depth Xj.) Figure 4-22 plots VT vs. effective implant depth Xj, and we can see that VT 
does not change much as Xi is varied. Since the second term under the square root in Eq. 
4-75 is the only one that depends on Xi, if we ignore it when calculating VT the results 
are still adequate for many applications. Thus, the first-order approximation of /1VT 
given by Eq. 4-73 is useful for hand calculations of VT(nud,lc)· 

Another slightly more complicated approach to calculating VT for this case is to 
solve the Poisson equation using a high-low step doping profile, which results in an 
effective concentration Neff given by28 

(4 - 77) 

where (Jls = kT/q [In (NA'NA/n/)] and (jli = qNA'x/i2K8jE0 . Here (jli is the potential 
corresponding to Xi of the step profile. Neff is then substituted for NA in the body 
effect coefficient term y of Eq. 4-12, and then Eq. 4-12 with this value of Neff is used 
to calculate the value of VT in MOSFETs with implanted channels. This method for 
calculating VT in MOSFETs with non-uniformly doped channel regions is often called 
the doping transformation procedure, and reportedly gives excellent results. 
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Ion implantation can also be used to fabricate depletion-mode MOSFETs. 
Depletion-mode NMOS devices (i.e., in which V-r<0V) are commonly used in NMOS 
logic circuits. In order for the required negative threshold voltage for a depletion-mode 
NMOS device to be produced, n-type impurities are implanted into the p-type substrate 
to form a built-in channel between the source and drain. The dose required to shift the 
threshold voltage by the desired value may also be estimated using Eqs. 3-72 and 4-73. * 

4.6.3.1 Impact of the VT-adjust Implant on the Body Effect. The 
implanted layer also impacts the variation of VT with VsB• This is shown in Fig. 4-23. 
We observe that for uniformly doped substrates [curves (a) and (b)] the variation of VT 
with Vs8 follows the data shown in Fig. 4-20. For shallow implants [curve (c)], the 
VT vs. Vs8 behavior approaches that for a delta function dose at the surface. That is, VT 
is observed to be merely shifted by qDifCox from the VT values given by curve (a), and 
thus curve (c) is parallel with curve (a). However, for a deeper implant [curve (d)], the 
initial variation in VT with Vs8 is comparable to that for a uniformly doped region of 
concentration NA' [i.e., curve (b)]. However, as Vs8 is increased, the channel depletion 
region width d approaches and soon exceeds Xi, and the variation of VT with Vs 8 
thereafter behaves as if the substrate is doped with the bulk concentration NA [like curve 
(c)]. Since it is generally desirable to have VT exhibit a low substrate bias sensitivity 

2.0,---,--,-,----,--,----,----,c--.--r-, 

0.5 

o.o.,,...~---cc~~~~~~-~~~-
o.oo 0.05 0.10 0.15 0.20 0.25 

Fig. 4-22 Dependence of the threshold voltage on the effective implantation depth Xi as 
predicted by Eq. 4-75 for a MOSFET with an 87 nm-thick gate oxide, Qr'q ; 1011 cm-2, D1 ; 

3.5x10 11 cm-2, and NA= 2xI015 cm-3. Both the substrate and source terminal are assumed be 
grounded. 11 Reprinted with permission of John Wiley & Sons. 

* Note that if Xi is greater than dmax, YT(nud,lc) can be calculated using Eq. 3-72, with NA 
replaced by NA'= NA + D1/xj. However, this condition is generally avoided when choosing 
the VT-adjust implant parameters, since the increased doping near the substrate edge of the 
source and drain junctions leads to higher junction capacitance, lower breakdown voltage, 
and a larger body effect. 
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Fig. 4-23 Calculated substrate sensitivity for various doping profiles. (After Rideout, 
Gaensllen and LeBlanc in ref. 27.) 

(i.e., small body effect), Fig. 4-23 also demonstrates that a shallow implant with an 
appropriate dose can raise VT while maintaining a small body effect. 

4.6.4 Impact of Vr-Adjust Implant on Other MOSFET 
Characteristics 
By implanting ions near the Si surface, a nonuniformly doped channel region is 
produced. Besides shifting VT, this alters the MOSFET behavior in several ways 
compared to devices having uniformly doped channels. First, the VT-adjust implant 
introduces extra ions into the channel depletion region, causing its width to be modified. 
This effect is discussed here. In addition, the non-uniform doping profile changes the 
long-channel subthreshold characteristics (i.e., the slope of the log I0 vs.Vas curves) as 
well as the punchthrough behavior of short-channel devices. These two latter effects will 
be discussed later, in chap. 5. 
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Fig. 4-24 Schematic of the threshold adjust doping profile in an implanted MOSFET. The 
shaded portion of the profile is the portion of the implanted dose in the depletion region, 
whose depth extends to dmax• The effective depth of the implant (or centroid) is labeled 

Xj.8,15 Reprinted with permission of Solid-State Electronics. 

However, all of the above effects depend only upon the so-called exposed dose D1 

(i.e., the portion of the implant dose that ends up in the depletion region), and upon the 
centroid Xd of the exposed dose. That is, those implanted ions which do not penetrate 
the screening oxide or which penetrate beyond the edge of the channel depletion region 
have no impact. Thus, these terms must be defined. D1 (the shaded portion in Fig. 
4-24), and Xd are given in terms Nsub'(x) and Nsub by 15 

and 

xd = l_ id [Nsub'(X) - Nsub] X dx 
D1 

0 

(4 - 78) 

(4 • 79) 
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190 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

where Nsub{x) is the true channel profile, including the implanted ions, and Nsub is the 
uniform background doping of the substrate, as depicted in Fig. 4-24. 

The change in width of the channel depletion region is most easily illustrated by 
replacing the actual implant profile shown in Fig. 4-24 with a simpler delta-function 
equivalent implant. That is, the equivalent doping profile Nsub{x) is given by 

Nsub' (x); Nsub + D1 o(x - xd) (4 - 80) 

Using such a delta-function replacement for the actual profile, the effects of the VT­
implant are illustrated in Fig. 4-25. Figure 4-25a shows a potential versus distance 
diagram [cp(x) versus x] of a long-channel MOSFET with a non-implanted (i.e., 
uniformly doped) channel region. The channel depletion region width is d and the band 
bending is 'Psurf. In Fig. 4-25b, the effect of varying the dose D1 on the same depletion 
region is shown. The presence of D1 at Xd causes a larger voltage drop to occur between 
Xd and the surface, leaving a smaller portion of 'Psurf to deplete the region behind the 
implant. Hence, the total width is reduced to d1; dm. Doubling D1 further reduces the 
width (in Fig. 4-25b to d2ml- Eventually, for a value of dose termed the effective dose, 
Deff, d1 is reduced to a point d1 ;Xd- Any increase of dose beyond Deff simply is 
neutralized in the bulk, and the condition of d1 ; Xd is maintained. In other words, Deff 
is the minimum dose needed to bring the depletion edge to that depth, making d1; Xd. 

Fig. 4-25c depicts the result of increasing implant depth. In this case, increasing Xd 
also increases the voltage drop between Xd and the surface, again reducing the width to a 

<p(x) 
(a) No Implant 

• <p surf 

+ L ___ _::::::==~-,....x 
cp(x) ◄---- d ------,►' 

(b) Increase Dose, D1 

• <p surf 

+ 
d2 D1 

<p(x) d 
A◄II---- D-1 ----

• tp surf 

t 
(c) Increase depth, xd 

1xd: :~~~- X 
~ d2xd 
'"""II--- - dx __ _.,,., 

d 

X 

Fig. 4-25 The effects of a delta function implant upon the depletion width. (a) 
Unimplanted, (b) Effects of changing dose, and (c) Effect of changing depth. 13 (© IEEE !978) 
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smaller d1• As a deeper Xct is used, d1 moves toward the implant. For example, in Fig. 
4-25c, we see that for an implant with depth xct, d1 = <lxct· This is deeper than d1 due to a 
an implant with a depth 2xct (here d1 = d2xct). Ultimately, d1 = Xd, and D1 = Deff, 
corresponding to this depth. Any further increase in Xd carries the depletion region edge 
with the implant. The depletion region edge becomes clamped to the implant. 

The quantitative variation of d1 can also be simply expressed by again assuming a 
delta-function implant. That is, the depletion-region width in the presence of a VT­
adjust implant d1 is calculated from 

(4 - 81) 

where L0 is the Debye length {[KsiEo'PtiqNsubl1"}. Eq. 4-81 shows that the implant 
reduces the width, since in a uniformly doped channel the width d is given by 

Likewise, Deff is given by 
Deff = Nsub (d2 

- xct')l2xct. 

4.7 
MOSFETs 

SUBTHRESHOLD CURRENTS 
(lost when VGs < IVTI) 

IN 

(4 - 82) 

(4 - 83) 

LONG-CHANNEL 

The small drain current which flows in the MOSFET channel below threshold (i.e., in 
weak inversion) is called subthresho/d current, lost· In most applications Inst is far too 
small to be useful as a drive current. However, it can represent an unwanted leakage 
current, especially in !Cs designed for low-power applications. It can also give rise to 
premature discharging of memory-cell capacitors or dynamic-logic circuit nodes, 
preventing these circuits from operating properly. The issues involving leakage currents 
in MOSFETs will become even more important with the proliferation of battery­
powered (i.e., portable) electronic systems. The common range of VT in submicron 
digital CMOS !Cs is 0.6-0.8V. Thus, when Vas= 0V the MOSFETs in these circuits 
may be close to weak inversion. Consequently, for many applications (especially those 
requiring low standby-power dissipation), subthreshold leakage must be well 
characterized so that the total IC leakage current of the chip can be predicted during the 
design phase of the product. 

In actual MOSFETs, when V as<V T the minority carrier concentration in the channel 
( e.g., nps) is small (but not zero). That is, as Vas is increased from 0V and approaches 
VT, the mobile charge concentration due to nps remains smaller than the ionic charge of 
the bulk doping concentration, but continues to increase as V 0 8 rises. In section 3.3.5 
we defined weak inversion in terms of <psurf, namely as <pg<<psurf<2cpg. 

The bulk-charge and square-law models of 10 are not suitable for treating 
subthreshold behavior because they were developed to describe MOSFET behavior only 
in strong inversion. That is, both models assume that 10 = 0 if V Gs< Iv T I. While the 
Pao-Sah model can provide accurate predictions of lost, it requires too much 
computation to be practical for circuit simulation applications. Thus, the charge-sheet 
model becomes the candidate for characterizing Inst· We noted in section 4.5.3, 
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192 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

however, that the I0 expression of the charge-sheet model in its full form is also still 
too cumbersome for most circuit-design simulation tasks. Fortunately, by making some 
appropriate simplifying approximations, the general form of the charge-sheet model Io 
equation can be reduced to a less complex formulation that still provides accurate 
predictions of lost in long-channel MOSFETs. 

Consider the case of a long-channel NMOSFET in which: (I) the source is 
grounded; (2) Vas approaches (but remains less than) VT, and; (3) IVos I 2! 0.IV. Now 
recall that in inversion (i.e., when Vas> Iv T I), the free-carrier concentration nps in the 
channel is large (e.g., "ps<!NA), and 10 in this case is dominated by drift current. 
However, when Vas< lvT I, "psis much smaller than NA, but is not zero In addition, 
in weak inversion the drain voltage Vos drops almost entirely across the reverse-biased 
drain-substrate depletion region. 

Figure 4-26a illustrates the variation of inversion-layer charge concentration versus 
channel position in a long-channel NMOSFET in weak inversion. Figures 4-26b and c 
depict 'Psurf(Y) and a 2-D perspective plot of the potential <p(x,y) diagrams in weak 
inversion, respectively. We see that the band bending in the x-direction is too small to 
establish a strongly inverted channel [i.e., <p 8<<psurf<2<pa], thus the channel mobile 
charge density Q1 is very small. In they-direction most of the band bending occurs at the 
drain junction. Since the value of 'Psurf along they-direction remains essentially 
constant over most of the length of the channel, the £-field along they-direction is also 
very small [i.e., E(y) = -d,Psurfldy is very small]. The combination of a small lateral£­
field acting on a relatively small number of free carriers implies that the drift component 
of lost is negligibly small in weak inversion. In addition, in long-channel MOSFETs, 
the gradient of the £-field in they-direction along most of the channel length must also 
be very small. This means it is valid to apply the GCA when calculating lost in such 
devices. In short-channel MOSFETs, however, the gradient of E(y) can no longer be 
neglected, even in weak inversion, and thus the long-channel formulation of lost given 
here may not yield accurate estimates oflost in short-channel MOSFETs. 

On the other hand, we shall show that the gradient of the free carriers aiong the 
y-direction in the channel in weak inversion can be relatively large. Since diffusion 
current is proportional to the carrier-density gradient, in such cases carrier diffusion can 
produce a significant lost· In fact, diffusion is the dominant mechanism that establishes 
subthreshold current flow in long-channel devices. The expression for the diffusion 
current component is given by: 

lctiff = A Ictiff = A [q D11 dn (y)ldy] = Z tinv [ q D11 dn (y)ldy ] (4 - 84) 

where Dn is the electron diffusion constant, A is the cross-sectional area of the electron 
flow, and tinv is the inversion layer thickness (or A= Z tinvl, We can express this 
equation in terms of the mobile charge density per unit area Q1 instead of in terms of 11 

by multiplying the mobile charge density in the channel (qn) by the inversion layer 
thickness tinv• As shown in section 4.3.1.1, ljnv can be approximated as (kT/q)Esi (x = 
0), where Esi (x = 0) is given by ✓2qNA'PsurfiKsiEa'. so 
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Fig. 4-26 (a) Cross-sectional area of an NMOSFET in weak inversion showing the 
variation of inversion layer charge concentration versus position along the channel; (b) Plot 
of <!'surf(Y) versus y for the device of part (a); (c) 2-D perspective plot of potential versus 
position in a long-channel NMOSFET in weak inversion. 

kT ~ 

q V2qNA'Psurf 
(4 - 85) 

In addition, the carrier concentration in the inversion layer can be found using Eq. 3-13 
(with npo = n/lNA), or n = (n/lNA) exp(q<p,urf/kT). Using these relationships, Q1 (y) 
can be expressed as 

Q, ~ q linv n (y) = kT ~ n;, q <p f q - " o _, exp (-2lL) 
q \! 2q NA 'Psurf NA kT 

(4 - 86a) 
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By some algebraic manipulation this expression for Q1 can be shown to be identical to 
the equation for the mobile charge density per unit area Q1 in a MOS-C under weak 
inversion given in chap. 3 (i.e., Eq. 3-58, which we repeat here) 

(4 - 86b) 

where the surface potential in the MOS-C is established just by the gate-body bias V 
08 

(and 'Pt= kT/q). We can include the effect of a bias between the channel and substrate in 
Eq. 4-85. That is, with the source grounded (i.e., V8 s = OV, implying that V08 = Vos), 
Q1 at the source and drain ends of the channel in a MOSFET under weak inversion, can 
be written using Eq. 4-86a as follows: 

Qi.source:::::: kT ✓KsjEo "f (q 'Psurr<source) - 2<pa) 
q --;======= exp~=~--~-

q 'V 2 q NA 'Psurr<source) NA kT 
(4-87a) 

Q . _ kT ✓ Ksieo n[ { q ['Psurr<source) - 2<pn-Yos]} 
I dram~ q --;======== exp 
' q 'V2 q NA 'Psurr<source) NA kT 

(4 - 87b) 

where 'Psurr<GB) = 'Psurr<source) in this case, as Vns = OV. Since the diffusion current is 
constant along the channel, the gradient of Q1 (i.e., dQifdy) is also constant and can be 
approximated by the following expression, using Eqs. 4-87a and b: 

dQ1 = Qi.source - Qi.drain = Qi.source [ l _ exp (q Vos) ] 
dy L L kT 

(4 - 88) 

Then the expression for the diffusion component of the drain current in weak inversion 
lost can be written as 

lost = Dn z dQ1 = Dn Z Qi.source [ I _ exp (q Vos) ] 
dy L kT 

(4 - 89) 

Now, if IVos l2co.1v, at room temperature the term exp(-qV 0 s/kT) in Eq. 4-88 is 
smaller than e·4• Hence, this term in Eq. 4-89 will be much smaller than I. As a 
result, if Vos exceeds a few 'Pt (i.e., a few kT/q, or at 300K, 2'.0.lV), we can consider 
Qi.drain to be negligibly small compared to QL,source• 

In such cases, the expression for lost in long-channel MOSFETs can be 
approximated as lost ~ DnZQ1sourcelL, or, in expanded form: 

D z kT ✓ Ksjto llf c~q~cp~s~ur~r<~so_u_r_ce-'-)) 
q n - - -;===~==== exp -

L q "{ 2 q NA m ..fsource) NA kT 'l'SUrf\ 

(4 - 90) 
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0 5 10 15 20 
Fig. 4-27 Experimental low-current characteristics for a MOSFET with L = 2.1 µm, with 
the source and substrate both tied to ground. For lower values of Vos, lost is reduced by 
roughly one order of magnitude for each 0.1 V reduction in Vas below the threshold value. At 
higher values of Vos, a subsurface current flows that is independent of Vos .. 24 (© IEEE 1974). 

Since 'Psurr(source) is roughly proportional to Vas in the subthreshold region, 16 Eqs. 
4-87 and 4-90 imply that Qi.source and lost, respectively, are both exponentially 
dependent on V GS· 

In summary, Eq. 4-90 predicts that in Jong-channel MOSFETs lost will 
exponentially increase with Vas but will remain substantially independent of Vos­
Figure 4-27 illustrates this subthreshold behavior in a MOSFET with L = 2.1 µm. For 
values of Vos smaller than the punchthrough voltage (i.e., roughly the Vos value where 
the I0 curves intercept the more steeply rising portion of the curve in Fig. 4-27), lost is 
seen to be essentially independent of Vos and increases exponentially with Vas-

It turns out, however, that devices with gate lengths of -2 µm are at the transition 
between Jong-channel and short-channel device behavior. That is, when Vos is 
sufficiently increased in MOSFETs with L5a2 µm, the source and drain depletion 
regions merge, and at that point lost starts to become dependent on Vos (as is also 
illustrated in Fig. 4-27 in the right side of the characteristics, where lost no longer 
depends on Vas)- This short-channel effect, known as punchthrough, is discussed in 
chap. 5. In general, however, punchthrough must be prevented from occurring in normal 
device operation, even in short-channel devices. That is, at the maximum operating 
Vos value the punchthrough current should be kept smaller than the Jong-channel lost 
value. One simple rule of thumb to accomplish this in a MOSFET that employs a Vr 
adjust implant is to set the substrate doping concentration Nsub at >0. IN,, where N1 = 
D1/xct, and D1 and Xd are the threshold-adjust implant dose and the effective implant depth 
( or centroid), respectively. 

It should also be noted that the Vradjust implant generally increases the 
subthreshold swing St, and this is one reason that St in real devices is larger (-100 
mV/dec) than the theoretically predicted value of -60 mV/dec at 300K. A more complete 
discussion of St is given in the upcoming section. 

Dell Ex. 1008C
Page 134



196 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

4.7.1 Subthreshold Swing S1 

Another important device characteristic in the subthreshold regime is the slope of log J
0 

versus V GS· This characteristic indicates how effectively a MOSFET can be turned OFF 
as V GS is decreased below VT· The inverse of the slope is defined as the subthreshold 
swing St. 17 As voltage levels are reduced in an effort to save power and to use smaller 
devices, this characteristic becomes a limitation on how small a power-supply voltage 
can be used. In MOSFETs with uniformly doped substrates, St is calculated from 

St= lnlO(dlnl0 /dVGsl' 1 = 2.3 (kT/q) (I+ Cct/C0 x) 

= 2.3 (kT/q) [I + Ksit0 x/K0 xd)] 

(4 - 91a) 

(4 - 91b) 

St is expressed in units of mV per decade. (The factor 2.3 comes from the conversion 
of ln(x) to 2.3 log10[x]). Let us consider the St parameter in more detail. 

Ideally, an abrupt change in 10 should occur as VGs passes through VT. If a 
MOSFET exhibits a steep decline in 10 as V Gs is decreased below VT, its Sr value will 
be small. Conversely, if a MOSFET structure is known to possess a small Sr, the 
implication is that only a small reduction of V GS below VT will effectively turn off the 
device; whereas if the device exhibits a large St value (meaning a gradual slope in log I0 
vs V Gs) a significantly large lost may still flow in the OFF state (e.g., when V GS= 0). 

According to Eq. 4-9lb, at 300K in the ideal limit of t0 x --> 0, St = (2.3kT/q) 
-60 mV/dec. However, any nonidealities in an actual device (e.g., the presence of 
interface states, or a nonzero value of t0x) cause St to become larger than the 60 m V /dee 
value (also, note that if T increases, so does the value of St). The St value of typical 
submicron NMOSFETs operating at 300K is -100 mV/decade, and in such devices 10 
will drop from I µA to I pA for a 0.6V decrease in V Gs• Thus, if a MOSFET exhibits 
a constant-current-VT of 0.6V (i.e., I0 = I µAlµm when V GS= VT = 0.6V), when V GS= 
0V, 10 will be reduced to I pA/µm. Thus, if St is known, Eq. 4-9la can be used to 
estimate lost in long-channel MOSFETs in subthreshold operation (Fig. 4-28). 18 That 
is, circuit designers can readily calculate the gate bias required to keep the subthreshold 
leakage current below its specified maximum. Typically, to ensure that lost will be 
negligibly small, the maximum bias applied to the gate when the device is in the OFF 
state should be kept at least 0.5 V below VT. 

Equation 4-91 also indicates that St can be made smaller by using a thinner t0 x or a 
lower substrate doping concentration (which will make the channel depletion-region 
width d larger). In addition, Eq. 4-91 implies that St increases with temperature (for 
example, at 100°C, the minimum theoretical value of St is increased to -100 mV/dec).* 

* Note that in a non-uniformly doped channel (e.g., one which uses a Yradjust implant), the 
expression for St is modified to 

St = (kT!q) In IO [ I + Cct/Cox]i[ I - [(KsiiK0 x)(toxiLo)J2[CctiC0 xJ2 } (4- 92) 

Basically, this equation indicates that the Vradjust implant causes St to be somewhat 
increased (since the additional dopant in the channel reduces the depletion-region width, thus 
making Cd in Eq. 4~91 larger). However, if the implant is deep enough, the depletion region 
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Fig. 4-28 Subthreshold gate swing St required to reduce the subthreshold current one decade 

versus the parameter a= [✓2 t0 xlK0 xq)][KsikT/e0NA) 112. Vertical bars indicate the variation in 
St at constant a when the oxide thickness is varied from 500 to 100 A, and doping level and 
mobility adjusted accordingly. Vos» kT/q. 13 (© IEEE 1979). 

Finally, it should be noted that because the depletion width increases when a substrate 
bias is applied, the subthreshold swing decreases according to Eq. 4-9lb. This effect is 
shown in Fig. 4-29. 17,24 

Note that when the channel length gets small, the values of lost are larger than those 
predicted by the above model. This is due to so-called short-channel effects (discussed in 
chap. 5). As a result, measurements of St versus channel length are used to detect the 
onset of these short-channel effects (punchthrough and surface drain-induced barrier 
lowering). Since the measurable lost is the sum of both the normal subthreshold and 
short-channel-induced components, an increase in the value of St will signal the onset 
of the latter. 

* (cont.) widlh will eventually be equal to that of the unimplanted device, and St returns to the 
value exhibited by a device with no VT .. adjust implant. Nevertheless, the general dependences 
of St on t0 x, T, and channel substrate doping exhibited in devices with uniformly doped 
channels still apply. 
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Fig. 4-29 Experimental subthreshold characteristics for a long-channel device (L = 15.5 
µm).24 (© IEEE 1974). 

4.7.2 Gate-Induced Drain Leakage (GIDL) 
Another form of leakage current observed in OFF-state MOSFETs is gate-induced drain 
leakage (GIDL). 19 The carriers responsible for GIDL originate in the region of the drain 
that is overlapped by the gate, and GIDL is occurs when the gate is grounded and the 

drain is at V DD· A large electric field then exists across the oxide (E0x), which must be 
supported by charge in the drain region. This charge is provided by the formation of a 

depletion region in the drain as shown in Fig. 4-30a. If E0x becomes sufficiently large, 
in addition to the depletion region, an inversion layer will attempt to form at the silicon 
surface of the drain. However, as the minority carriers arrive at the surface to form the 
inversion layer, they are immediately swept laterally to the substrate (which is a region 
of lower potential for the minority carriers). Hence, in this case, the depletion region 
under the oxide in the drain instead becomes a deep depletion layer.* The zone near the 
surface where an inversion layer should be formed is referred to as an 11incipient 
inversion layer." The current that flows as a result of the carriers being swept from this 

* Deep depletion is a non-equilibrium condition where there are fewer minority carriers in a 
depletion region than would exist in equilibrium. Consider the case of an n+MOS structure 
(i.e., the condition that exists in an NMOS drain region), that is biased so that an inversion 
layer of holes should exist at the surface (and a depletion layer exists below it). Under 
equilibrium conditions, this condition can persist indefinitely under appropriate de bias. In 
the structure described above, a de bias is applied that attempts to establish such an inversion 
layer of holes at the surface of the n+drain. However, the potential of the substrate is lower 
for holes than the surface potential of the drain, and thus any holes arriving at the drain 
surface move laterally to the substrate region. Thus, the depletion region under the overlap 
area becomes a zone of deep depletion. 
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incipient inversion layer constitute the GIDL current. 
The magnitude of GIDL current is independent of temperature, and hence it is 

believed that thermal generation of carriers in the incipient inversion region plays only a 
minor role in GIDL. Instead, it is proposed that when tax becomes large enough, the 
voltage drop in the deep-depletion layer becomes so large that various trap-assisted 
carrier-generation events become possible (Fig. 4-30b).20 These include thermal emiss­
ion of an electron from the valence band to a trap site (expressed as a vertical transition 
in the diagram) and then tunneling to the conduction band (horizontal transition), and 
trap-assisted tunneling from valence band to conduction band. For even larger fields (a 
few MV/cm), trap-free band-to-band tunneling may also occur (see also Fig.A-30b). 

Like other forms of leakage current, GIDL will contribute to standby power, giving 
rise to the previously mentioned problems of excessive heat dissipation at large device 
counts and heavy current drain in portable systems. Hence, GIDL must be controlled so 
that it does not exceed some specified maximum value (typically, :510 pA/µm). 

In order to control GIDL, the most important mechanisms that may cause it need to 
be identified. This allows processes involving these mechanisms to be avoided or 
modified to minimize GIDL. For example, it has been observed that shallow junction 
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Fig. 4-30 (a) Gate induced drain leakage in the MOSFET. A schematic view of the gate­
drain overlap region for a grounded gate and the drain biased at V 00. Tunneling created pairs 
lead to a lateral hole flow in the n+ drain. This flow prevents formation of an inversion layer 
inside the drain. (b) Various mechanisms that can contribute to gate-induced drain leakage. 
Vertical transitions are thermal-emission processes. Horizontal transitions are tunneling 
processes. Holes are prevented from forming an inversion layer by lateral transport to the 
substrate. This flow is normal to the plane of the diagram, as indicated by the slanted arrow, 
lateral hole flow.20 From J.R. Brews, "The Submicron MOSFET," Chap. 3, in High-Speed 
Semiconductor Devices, Ed. Sze. Copyright I 990, John Wiley & Sons. Reprinted with 

permission. 
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fabrication using Ge preamorphization introduces bulk midgap traps that increase 
GIDL.21 Other reports indicate that interface traps caused by hot carrier injection,22 or 
Fowler-Nordheim tunneling23 increase GIDL by stimulating additional tunneling. 

There are several general procedures that appear to be effective in reducing GIDL. 
First, the oxide thickness can be increased to reduce fox for a given voltage. But this is 
usually not implemented, since a thicker gate oxide will adversely impact other device 
characteristics. Second, the trap density in the near-surface area can be reduced, but such 
trap elimination generally requires a carefully controlled fabrication sequence. Third, the 
doping in the drain can be increased, as this will decrease the depletion region width and 
the tunneling volume. Unfortunately, the latter approach favors abrupt junctions, 
because graded or lightly-doped-drain (LDD) structures will lead to a significant lateral 
extension of the drain within which the doping is lighter, inviting greater GIDL. 
Tradeoffs of field reduction against GIDL may need to be considered. On the other hand, 
it has also been reported that LDD devices can suppress GIDL by suppressing the lateral 
field. 

Nevertheless, it has been reported that GIDL sets a limit on the power supply 
voltage V 0 0 of an LDD MOSFET o/'25,29 

V00 = 4 x 106 V/cm x lox+ 1.2V - VFB (4 - 93) 

A non-LDD MOSFET would have a much higher GIDL current. This implies that 
suppression of GIDL may be a strong reason to retain the LDD structure in MOSFETs 
even after V00 is reduced to suppress hot-carrier effects. (Note that in Eq. 4-93 VFB is 
~OV for an n+ polysilicon gate on an ,z+ drain and about 1.1 V for an n+ polysilicon gate 
overa p+ drain.) 

4.8 SUMMARY OF LONG-CHANNEL MOSFET BEHAVIOR 

The behavior of the long-channel as detailed in this chapter can be summarized by 
examining the I-V characteristics of the long-channel MOSFET in strong inversion 
(Fig. 4-3la), and in the subthreshold region of operation (weak inversion, see Fig. 
4-31 b). 

In strong inversion we plot the output characteristics of the MOSFET (I0 versus 
Vos with Vas as the parameter) on an axis with linear I0 and V08 scales. We see that 
for a fixed value of Vas> VT• the drain current first increases linearly with Vos• 
Eventually, as shown in Fig. 4-31a, the drain current saturates. Beyond the value of 
saturation voltage (i.e., when V08>Vossat), 10 remains constant with increasing Vos­
The value of Iosat is also proportional to (Vas - VT)2 - as predicted by charge-control 
model. The values ofl0 versus Vos and Vas in the linear region, as well as the values 
oflosat and Yossat can be calculated using any one of the four long-channel MOSFET 
models given in section 4.5, depending on the accuracy desired. 

In the subthreshold region of operation, the behavior is described by plotting I0 (with 
a logarithmic scale) versus V GS (with a linear scale). As shown in Fig. 4-31 b, in long­
channel MOSFETs the drain current ID drops exponentially once V GS becomes -0.2V 
below VT. Furthermore, in long-channel MOSFETs the slope of this log I0 -Vas 
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VGs< VT 
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2
·
0 

a) Ve, b) 

Fig. 4-31 (a) Io versus Vos characteristics of long-channel MOSFETs beyond strong 
inversion. (b) I0 versus V GS characteristics of a long-channel MOSFET below threshold (weak 
inversion). 

characteristic does not change with increasing Vos, nor does the value of 10 increase at 
a fixed value of Vas as Vos is increased. 

Finally, the threshold voltage of the long-channel MOSFET does not vary as L is 
decreased, nor does it change with increasing Vos, although this VT behavior is not 
indicated by either Fig. 4-3la or Fig. 4-3 lb. 

REFERENCES 

1. D. A. Hodges and H. G. Jackson, Analysis and Design of Digital Integrated Circuits, 
McGraw-Hill Book Co., New York, 1983. 

2. S. M. Sze, Semiconductor Devices - Physics and Technology, John Wiley' & Sons, New 
York, 1985, p. 444. 

3. S. Selberherr, A. Schutz, and H.W. Potzl, "MINIMOS-A two dimensional MOS analyzer," 
IEEE Trans. Electron Dev., ED-27, p. 1540, 1980. 

4. H.C. Pao and C.T. Sah, "Effects of Diffusion Current on Characteristics of Metal-Oxide 
(Insulator)-Semiconductor Transistors," Solid-State Electron. 9, 927, (1966). 

5. Y.P. Tsividis, Operation and Modeling of the MOS Transistor," McGraw-Hill, New York, 
1987. 

6. R.F. Pierret and J.A. Shields, "Simplified long-channel MOSFET Theory," Solid-State 
Electronics, vol. 26, p. 143, 1983. 

7. G. Baccarani et al., "Analytical i.g.f.e.t.rnodel including drift and diffusion currents," tEE 
Journal on Solid-State and Electron Devices, vol. 2, p. 62, March 1978. 

8. J.R. Brews, "A Charge-Sheet Model of the MOSFET," Solid-State Electronics, vol. 21, p. 
345, 1978. 

9. H.K. Ihantola and J.L Moll, "Design Theory of a Surface Field-Effect Transistor," Solid­
State Electronics 7, 423 (1964). 

Dell Ex. 1008C
Page 140



202 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IIJ 

10. A. Vladimirescu, A.R. Newton, and D.O. Pederson, SPICE Version 2G.2 Users Guide, 
Electronics Research Laboratory, University of California, Berkeley. 

11. R.S. Muller and T.I. Kamins, Device Electronics for Integrated Circuits, 2nd. Ed., New 
York, John Wiley & Sons, I 986. 

12. V.L. Rideout, F.H. Gaensslen, and A. LeBianc, "Device Design Consideration for Ion­
implanted 11-Channel MOSFETs," IBM J. Res. Dev., p. 50, (1975). 

13. J.R. Brews IEEE Trans. Electro11 Dev., ED-26(11), 1696 (1979), 
14. D. Antoniadis "Calculation of threshold voltage in nonuniformly doped MOSFETs," 

IEEE Trans. Electron Dev., ED-31, p. 303, March 1984. 
15. J.R. Brews, "The Physics of the MOS Transistor," in Silicon Integrated Circuits, Part A, 

Ed. D. Kahng, New York, Academic Press, 1981. 
16. S. M. Sze, Semiconductor Devices: Physics and Technology,. John Wiley & Sons, New 

York, p. 213, 1985. 

17. J.R. Brews, J. "Subthreshold Behavior of Uniformly and Nonuniformly Doped Long-
Channel MOSFET," IEEE Trans. Electro11 Dev., ED-26 (9) p. 1282, Sept. 1979. 

18. ibid. , (16), p. 470. 
19. T. Y. Chan et al., 1987 IEDM Tech. Digest, p. 718. 
20. J.R. Brews, "The Submicron MOSFET," chap. 3 in High-Speed Semiconductor Devices, 

S.M. Sze Ed., Wiley- Interscience, New York, I 990. 
21. D.-S. Wen et al., "Tunneling Leakage in Ge-PreAmorphized Shallow Junctions," IEEE 

Trans. ElectrOll Dev., ED-35 (7), 1107 (I 988). 
22. C. Duvvury et al., "Leakage Current Degradation in n-MOSFETs Due to Hot-Electron 

Stress," IEEE Electron Dev. Lett. EDL-9 (11), 579 (1988). 
23. I. C. Chen et al., "Interface-Trap Enhanced Gate-Induced Leakage Current in MOSFET," 

IEEE Electron Dev. Lett., EDL-10, (5), 216 (1989). 

24. R.R. Troutman, "Subthreshold Design Considerations for JGFETs," IEEE J. Solid-State 
Circuits, SC-9, p. 55, (1974). 

25. S. Parke et al., "Design for suppression of gate-induced leakage in LDD MOSFETs." 
26. ibid., reference 16 p. 444. 
27. V.L. Rideout, F.H. Gaensslen, and A. LeB!anc, IBM J. Res. Dev., 19, p. 50, (1975). 
28. N.D. Arora, Solid-State Electronics, 30, p. 559, (1987). 
29. H.-J Wann, P.K. Ko, and C. Hu, "Gate-Induced Band-to-Band Tunneling Leakage Current 

in LDD MOSFETs," Tech. Dig. IEDM, 1992, p. 147. 
30. RF. Pierret, Field Effect Devices, Vol. IV Modular Series on Solid-State Devices, 

Addison-Wesley Publishing Co. Reading, MA., 1983. 

Dell Ex. 1008C
Page 141



LONG-CHANNEL MOSFETS 203 

PROBLEMS 

1. Another way to model the drain current in a MOSFET is to note that it can be represented 
as mobile charge induced in the channel divided by the transit time (or average time required 
for an electron to move from the source to drain). For an n-channel MOSFET with a 250A 
oxide, I µm channel length, 10 µm channel width, and VT= IV, operated at Vas= 5V and Vos 
::;::: 0.1 V, calculate the total electron charges in the channel and the electron transit time. 
Then, show that this charge divided by the transit time is equal to the current calculated at the 
linear region as given by Eq. 4-65. 

2. Evaluate the coefficient k of Eq. 4-64 for a MOSFET in which µn = 580 cm2/V sec, 'ZlL = I 
and (a) t0 x = 50 nm, and (b) t0 x = IO nm. 

3. Account qualitatively for the differing drain current Io predictions of the bulk-charge and 
square-law models of the long-channel MOSFET. 

4. Describe how the saturation voltage Vnssat is defined and derive Vossat~ VGs- VT as a 
first order expression. 

5. The sheet resistances of the source (Rs) and the drain (Ro) are both parasitic resistances 
(see Appendix B). Discuss why Rs decreases Io more than does Ro in the saturation region of 
operation. Also, derive an analytic expression of gm in the linear region as a function of Rs 
and Rn, 

6. If a circuit designer wants to ensure that a MOSFET exhibits no more than no more than 1 
pA of leakage current in the off state, and also wants VT= 0.9V (where VT is defined as the 
gate voltage that causes 1 µA current), what maximum St value must the device exhibit. 

7. Verify that the expression for the capacitance of the surface space-charge region Cd in 

Eq. 4-91 is correct (i.e., that Cd = KsiEoid). 

8. The Io-Vas characteristics for a long n-channel MOSFET are shown in Fig. 4P-1. Using 
the square-law model and information available from the graph, compute the drain current Io 
when Vas= 3V and Vos= 5V. 

9. A MOSFET has been fabricated on a p-type substrate with doping concentration NA = 
4xJ015 cm·3. The gate oxide thickness is 50 nm, the gate is n+ polysilicon, the oxide charge 
is Otot = 2xI010 cm·2, and VT-adjust implant of 2xI012 boron atoms/cm2 is performed 
through the gate oxide. Assume that 'ZJL = I and µn = 800 cm2/V sec, and Yns = 0V. (a) 
Calculate the threshold voltage of the device; and (b) Calculate Vossat and Iosat for the 
MOSFET using: (i) the bulk-charge model and; (ii) the square-law model. Take Vos = SY. 
Comment on the accuracy of the square-law model. 

10. Explain why we can approximate the thickness of the inversion layer as the depth 

beneath x = 0 at which <p(x) has dropped to a value of 0.38(Jlsurf· 

11. Explain why I0 does not become zero if V Gs> VT and Vos> V ossat, as might be the 
conclusion based on the long-channel approximation used to calculated lo, 

12. Derive the 1-V characteristics of a MOSFET with the drain and gate connected together 
and the source and substrate grounded. Can one obtain the threshold voltage from these 
characteristics? 

Dell Ex. 1008C
Page 142



204 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

13. An NMOSFET with ZIL = 15, t0 x = 80 nm and µ11 = 600 cm2/V sec is to be used as a 
controlled resistor: (a) What charge density is required for the device to exhibit a de resistance 
of 3.5 kQ between the source and drain in the saturation region? (b) What value of (Vos - Vy) 
is needed to obtain the desired resistance? 

14. An Al gate enhancement-type NMOSFET has a substrate doping of NA= 6xl015 cm-3 
and a gate oxide thickness of 100 nm, and Qtot = 5xl010 cm-2. Determine VT of this device. 
When the device is operated in the linear region with VDs = 0.5V, calculate the gate voltage 
needed to obtain a drain current of 2 mA. Assume L = 10 µm, Z = lOOL, and µ0 = 500 cm2/V 
sec. 
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CHAPTER 5 

MOS TRANSISTOR DEVICE PHYSICS: PART 3 

THE SUBMICRON MOSFET 

The two major goals of MOSFET scaling are to increase the density and speed of the 
digital ICs in which such scaled-down devices are used. Increasing density obviously 
means using smaller channel lengths and widths. To increase the speed of digital ICs, 
the MOSFET saturation drain current Iosat must be increased (i.e., to allow faster 
charging and discharging of parasitic capacitances). From the long-channel MOSFET 
models given in chap. 4, a decrease in either the channel length L or gate oxide 
thickness lox will lead to an increase in Iosat· In fact, the long-channel MOSFET 
models predict that Iosat should continue to increase indefinitely as L and t0 x are 
decreased, seeming to imply that only the limitations of process technology (and not 
device effects) prevent the manufacture of even smaller, higher-performing MOSFETs. 
In addition, the MOSFET models of chap. 4 also accurately describe many other device 
characteristics of long-channel MOSFETs, including threshold voltage, subthreshold 
current, and the I0 -V os characteristics in strong inversion. 

However, as process technology improved to the point where devices could be 
fabricated with gate lengths smaller than ~2 µm, it turned out that MOSFETs began to 
exhibit phenomena not predicted by the long-channel MOSFET models. Such 
phenomena were thus termed short-channel effects. One of the more surprising of such 
short-channel effects (which becomes especially pronounced as L decreases below 0.5 
µm) is that the drain current in saturation Iosat shows far less increase as Lis decreased 
than is predicted by the long-channel models (see Fig. 5-1). 1.47 In fact, in the simple 
model to be presented in section 5.4, Iosat is predicted to become independent of Lin 
extremely small MOSFETs, approaching instead, a constant value given by Q1vsatZ 
(where Vsat is the saturation velocity of the carriers, as described in section 5.4.1.2). In 
contrast, reducing lox (which has the effect of increasing the oxide field, and in turn 
causes Q1 to increase), yields a considerably greater increase in losat• Furthermore, as 
shown in Fig. 5-1 Iosat will also increase more rapidly as L is decreased if the 
MOSFET has a thinner gate oxide. This benefit provides even a greater impetus for 
making t0 x as thin as possible as gate lengths are decreased further in the drive for 
higher density. 

Since the quest for higher density still requires L (and Z) to be further reduced, it 
will nevertheless be necessary to confront the other short-channel effects (besides the 
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Fig. 5-1 Measured and calculated losat for an array of deep subrriicron NMOS transistors 

with four different gate-oxide thicknesses.47 (© 1987 IEEE). 

one of the losat dependence on L mentioned above). These other short-channel effects 
can be classified into two groups: ( 1) increased leakage current when the MOSFET is 
"off," and; (2) reliability problems associated with short-channel device structures. 

Increased "off-state" leakage in short-channel MOSFETs is due to several 
phenomena, including: (a) lowering of the threshold voltage VT as Lis decreased and/or 
V DS is increased; (b) the onset of punchthrough at smaller drain biases as L is decreased, 
and; (c) an increase in isolation leakage current as the isolation spacing is decreased. We 
will discuss VT lowering and punchthrough in this chapter, and isolation leakage 
phenomena in chap. 6. 

The reliability problems that arise in short-channel MOSFETs include: (a) thin gate­
oxide breakdown (to be discussed in chap. 7); (b) device degradation due to hot-carrier 
effects (to be discussed in chap. 9); and (c) reliability problems associated with the 
interconnects between MOSFETs (e.g., electromigration failures in the metal lines). 
The latter problem is treated in Vol. 2, chaps. 3 and 4. 
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Table 5-1. Comparison of Long-Channel and Short-Channel 
MOSFET Characteristics 

Long-Channel MOSFET Behavior 

1. The threshold voltage VT is independent 
of channel length Land width Z. 

2. VT is independent of drain bias voltage. 

3. VT depends on Vns according to Eq. 4-12 
(with V8 c in Eq. 4-12 replaced by V8 s)-

4. The subthreshold current lost 
increases linearly as L decreases. 

5. lost is independent of drain bias. 

6. The subthreshold swing St is independent 
of gate length. 

7. The drain current in saturation losat is 

independent of Yos-

8. losat is proportional to (V GS - VT )2 

9. Iosat is proportional to 1/L. 

Short-Channel MOSFET Behavior 

1. VT decreases as Lis decreased. 
VT may also be impacted by changes in Z. 

2. VT decreases with increasing Vos• 

3. VT increases less rapidly with Vas 
than predicted by Eq. 4-12. 

4. lost increases more rapidly than 
linearly as L decreases. 

5. lost increases with increasing V DS· 

6. St increases with decreasing L. 

7. losat increases as Vos increases. 

8. losat is proportional to (Vas - VT)· 

9. As L -;i. 0, losat becomes independent of L. 

In this chapter we will also cover several device design scenarios developed to keep 
leakage currents sufficiently small as the MOSFET is scaled down. In addition, we 
describe the issues related to submicron PMOSFET design. 

OF LONG-CHANNEL 
MOSFETS 

5.1 DEVICE CHARACTERISTICS 
VERSUS SHORT-CHANNEL 

From the perspective of MOSFETs as circuit components, long-channel behavior has 
been specified in a number of ways. As a result, short-channel device effects can be so 
designated when a deviation from long-channel MOSFET behavior can be correlated 
with a reduction in the gate length (and/or gate width) dimension. Table 5-1 gives a list 
of long-channel device characteristics that undergo variation as the gate dimensions are 
decreased. As the behavior of the short-channel MOSFET is described later in this 
chapter, the terms associated with these characteristics will be defined and discussed in 
more detail. 

From Table 5-1 we can see that the short-channel effects can be divided into the 
following categories: (a) those that impact VT (Items 1-3): (b) those that impact 
subthreshold currents (Items 4-6); and (c) those that impact I0 when the MOSFET is 
operated in saturation [i.e., V0 s>(V 0s - VT)l, namely Items 7-9. In this chapter we 
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discuss these effects in detail, as well as measures that can be adopted to minimize their 
impact on MOSFET behavior. 

5.2 EFFECT OF GATE DIMENSIONS 
ON THRESHOLD VOLTAGE 

In this section we will describe three short-channel effects on the threshold voltage of 
MOSFETs, namely: (l) the short-channel threshold-voltage shift; (2) Narrow gate width 
effects on threshold voltage; and (3) the reverse short-channel threshold voltage shift. 

5.2.1 Short-Channel Threshold-Voltage Shift 

Experimentally, it is observed that as the dimensions of the gate are reduced, the 
threshold voltage of MOSFETs become less well predicted by the long-channel Vy 
equation (Eq. 4-74). The error becomes significant as the channel length dimension Lis 
reduced to less than 2 µm. Usually, Vy decreases as Lis reduced.* In addition, in 
short-channel MOSFETs VT also decreases as V05 is increased. To get good agreement 
with measured data, a term i\.Vy,c must be subtracted from the value of Vy obtained 
from Eq. 4-74. (Inn-channel enhancement-mode MOSFETs the measured value of Vy 
becomes less positive than that predicted by Eq. 4-74, while in p-channel enhancement­
mode MOSFETs, Vy becomes less negative.) 

The decrease of Vy with Land Vos in short-channel devices is crucial because 
enhancement-mode FETs in CMOS are generally designed to operate with Vy 
magnitudes of 0.6-0.8V. If the magnitude of Vy drops even slightly below its designed 
value, the device may exhibit excessive drain leakage current when VGs = 0V. As 
discussed earlier, Vy values of 0.6-0.8V in long-channel NMOS devices with lightly 
doped substrates can only achieved by increasing the doping concentration at the surface 
of the channel (i.e., with a V,adjust implant). If short-channel effects reduce Vy below 
the long-channel values, the channel doping concentration must be increased even more 
to re-establish the desired Vy. Higher channel doping, however, generally degrades other 
device characteristics, such as carrier mobility and off-current. Thus, it is important to 
be able to model LIV Tse to facilitate reliable tradeoffs between process and electrical 
parameters and leakage current levels. 

The failure of Eq. 4-74 to give good agreement with measured Vy values in short­
channel MOSFETs arises because this equation was derived assuming one-dimensional 
theory. That is, Eq. 4-74 assumes the space charge under the gate is controlled only by 
the vertical £-field, Ex. In that case, the channel depletion region charge will be in­
fluenced only by the charge on the gate. When the channel of a MOSFET is long, this 
is a reasonable assumption, as the influence of the drain and source junctions (and the 
influence of Vos) on the quantity of channel charge can be neglected (Figs. 5-2a and b ). 

* In section 5.2.3, however, we will see that VT may initially increase as L shrinks, before 
ultimately decreasing as described here. This unexpected effect is referred to as a reverse 
short•channel effect (RSCE), and will be described in section 5.2.3. 
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However, as L approaches the dimensions of the source/drain junction depletion-region 
widths, a greater part of the channel-depletion region begins to consist of the space 
charge in the junction depletion regions (Fig. 5-2c and d). Hence, less gate charge (and 

a smaller vertical £-field) is needed to cause inversion in short-channel MOSFETs than 
in long-channel MOSFETs (assuming each has the same substrate doping). This makes 
it appear that a smaller VT is needed to turn on a short-channel device. Furthermore, as 
the reverse bias applied to the drain (V 0 5) is increased, the drain depletion region grows 
wider, leaving even less charge under the control of the gate. 

There are four approaches that have been taken to establish quantitative values of 
~ VTSc· They are the following: 

1. Numerical analysis is used to find solutions of the two-dimensional Poisson 
equation for calculating the electric field and potential in the channel region. 

2. Analytical expressions for ~VTSc are derived using the charge sharing model. 

3. Analytical expressions for ~VTSc are derived using the drain-induced barrier 
lowering model, in which the 2-D Poisson equation is simplified to a one­
dimensional form, making it solvable with analytical functions. 

4. Analytical expressions for ~VTsc are derived using the drain-induced barrier 
lowering model in which a quasi 2-D approach is employed to analytically solve 
the Poisson equation. 

While the numerical solution approach is the most accurate, this technique is not 
feasible for circuit simulation and statistical modeling. As a result, substantial effort 
has been expended to develop analytical models which provide rapid, inexpensive, and 
sufficiently accurate simulation of LlVTSc· Hence, we devote most of our discussion to 
the latter three approaches. 

Depletion region 

(a) 

p 

(b) 

(c) I 

I I 
I I 

" ,---, 

h>;'d 
I I 

: p : 
~ 

(d) 

Fig. 5-2 (a) Long-channel transistor; (b) the channel of (a) with edge effects neglected; (c) 
a short-channel transistor; (d) the channel of (c) with edge effects neglected. From Y.P 
Tsividis, Operation and Modeling of the MOS Transistor, McGraw-Hill, New York, 1987. 

Reprinted with permission. 
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Fig. 5-3 Simulated values of lhc surface potential cpsurf along the channel for NMOSFETs 
with different channel lengths (note channel length is normalized). NA= 1015 cm·3, lox= 
500A, 'i = 0.33µm, Vas= ov. Vos = 2.0V, Vus = ov.109 (© 1979 IEEE). (b & c) 2-D 
potential variation for NMOSFETs wi1h (b) L,rr = 1.0 µm, and (c) L,rr = 0.5 µm (sec also Fig. 
5-5). Solid line, Vos= 0.JV and dashed line, Vos= 5.0V. 

5.2.1.1 Numerical Solution of the 2-D Poisson Equation for 
Calculating fl VTSc· The most accurate method for simulating this effect is to 
solve the 2-D Poisson equation (i.e., as given here) 

a2<p (x, y) + ,,2<p (x, y) = _ p (x, y) 

oy2 o/ "si Eo 
(5 - I) 

for the electrostatic-potential <p and the electric-field £ in the channel region. While 
exact analytical solutions of the 2-D Poisson equation are not possible, numerical 
methods can be used to obtain solutions of Eq. 5-1. As noted in chap. 2, several 
software programs have been developed which allow these methods to be 
implemented.2•21 Specifically, such numerical Poisson solvers are available in device 
simulators (e.g., GEMINI, MINIMOS, and PISCES-II). However, numerical solutions 
of 2-D partial differential equations are computationally intensive (and hence time­
consuming and expensive), and therefore as noted, are not suitable for use in circuit 
simulation applications in which the electrical behavior of large circuits must be 
simulated. Nevertheless, they serve as accurate benchmarks of LlVTsc against which the 
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values derived from the analytical models can be compared. Thus, they are a valuable 
tool for helping to develop more accurate analytical Li VTsc models. Figure 5-3 shows 
such numerically calculated values of 'Psurf versus y in NMOSFETs operated in 
subthreshold as Lis decreased from 5.0 µm to 0.5 µm. 

5.2.1.2 Charge-Sharing Models. The charge-sharing perspective assumes 
that not all of the electric-field Jines emanating from the charge under the gate terminate 
on the gate charge. Instead, some terminate on space charge in the source and drain 
depletion regions. The depletion charge under the gate is thus fractionally established by 
the source and drain (and in this sense, the channel charge is considered to be "shared" 
among the gate, source, and drain charge, see Fig. 5-4). Hence, less gate charge is 
required to cause inversion, making VT appear smaller. The fraction of the charge 
induced by the source and drain becomes significant as the channel length is of the order 
of the junction depletion region widths. Charge-sharing models seek to quantitatively 
determine the fractional charge induced by the gate. 

In 1974, Yau proposed a simple, widely used analytical model based on the charge­
sharing perspective. 3 This model assumes that the charge controlled by the gate is 

Oxide '§fTI I 11111fffi? 
$ubstra1e 

(a) 

v, 

p substrate 

(b) 
v, 

Fig. 5-4 (a) Schematic showing perturbation of the electric field lines in the oxide near the 
source and the drain.5 (© 1985 IEEE). (b) Yau's model of charge sharing.3 Reprinted with 

permission of Solid-State Electronics. 
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reduced to the charge in the trapezoidal region of the channel shown in Fig. 5-4b. The 
resulting analytical expression based on this assumption allows the value of tl V Tse to 
be calculated in devices with uniformly doped channels: 

q Nsun dmax rj ( ✓ { I + 
2 

dr7ax } 

= 
Cox L 

(5 - 2) 

where dmax is the maximum width of the depletion region in the channel, and rj is the 
junction depth of the source/drain regions. According to Eq. 5-2, as L decreases, tlVTsc 
increases. Eq. 5-2 also implies that to keep tl V Tse as small as possible, shallow 
source/drain junctions and thin gate oxides should be used (Cox= Eoxlloxl- In addition, 
the channel depletion-region width should also be as small as possible. Although it 
wiU be seen that some of the assumptions used in Yau's model are generally invalid, the 
qualitative guidelines it yields for minimizing tl VTsc appear to be correct as channel 
lengths are shrunk, regardless of the model employed for predicting tl VTsc· Yau's model 
also permits qualitative insight of Vy lowering with decreasing L to be gained, even if 
the quantitative tl V-rsc values do not accurately reflect experimental observations. 

By modifying Eq. 5-2, Yau's model can also be used to estimate the effect of drain 
voltage on tl VTsc• That is, in Eq. 5-2 it is assumed that the width of the source, drain, 

and channel depletion regions are equal. However, under drain bias the drain depletion 
region grows wider. Thus these three depletion regions no longer have equal widths. To 
reflect the effect of drain-width variation on tl V-rsc, Eq. 5-2 is reformulated as follows:4 

q Nsub dmax rj ([ ✓ { 1 + 2 :s} -I] + [ ✓ {I+ 2 ~o} . I]) 
tlV-rsc= J J (5-3) 

2C0 x L 

Despite the appealing simplicity of the charge-sharing models, they fail to give good 
quantitative agreement with measured V-r values in devices with very short channels 
(e.g.,< I µm) or under large drain voltages. This apparently occurs because several of 
the assumptions used to derive the model are not valid, especially under short-channel 
and large Vos conditions. These include the following: 

1. In Yau's model the induced charge is arbitrarily apportioned among the gate, 
source, and drain, whereas an accurate apportionment can only be accomplished by 
numerical integration of Poisson's equation and graphical analysis. 

2. In the long-channel MOSFET model we assume that in subthreshold operation 
the entire Vns is dropped across the drain depletion region. Thus, the channel 
potential in the rest of the channel region is essentially independent of Vos and 
depends only on the gate bias. This also implies (jlsurf in this region is independent 
of position (i.e., its value is consumt with position along the channel). However, 
as we shall see this assumption breaks down in the case of short-channel 
MOSFETs (and as is evident from the data shown in Fig. 5-3). Yau's model, 
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however, continues to assume that the potential in the channel region is constant 
with position. The portion of the charge that is shared is assumed to be distributed 
evenly under the gate to uniformly reduce the depletion charge density in the gate 
area. Obviously, this is not what actually happens physically. 

These and other questionable assumptions of Yau's model are examined in ref. 5. 
Nevertheless, despite the fact that charge-sharing models generally do not provide 

accurate quantitative results, they are still useful for providing first-order estimates of 
t,. VTsc, as well as for helping to intuitively visualize the physical basis of changes in 
VT as Lis decreased. 

5,2.1.3 Barrier-Lowering Models and DIBL. The barrier-lowering 
perspective introduced by Troutman in 1979, provides a more rigorous foundation for 
deriving analytical models of t,.VTsc,6 It seeks to determine the change in the potential 
energy barrier between the source and channel at the Si interface caused by the junction 
depletion region charges (which in turn arise from both the built-in pn junction E-field 
and the reverse-bias drain voltage) as well as the gate charge. 

Troutman made measurements of DIBL,6 and he and others 1•2•6 performed numerical 
analysis of the Poisson equation (Eq. 5-1) to match experimental and theoretical results. 
As noted earlier, numerical analysis is necessary to obtain more accurate results. 
However, because of the extensive computational procedures required, this solution 
approach is not appropriate for applications involving computer-aided circuit design. As 
a result, other workers sought to develop approximate analytical solutions of Eq. 5-1 
which would be suitable for such applications. 

This is done by finding analytical models of the surface potential <j)surf which relate 
it to the MOSFET structural parameters (e.g., lox, rj, L), substrate doping levels, and 
applied biases. The value of <j)surf from these models is used in the threshold voltage 
equation to calculate the modified VT value. The mathematical approach is to try and 
discover approximate analytical solutions to the 2-D Poisson equation, generally by 
converting it to a form that contains a differential term in only one dimension. This 
approach may be fruitful in this case, since we are only interested in finding the 
minimum value of <pat the surface (i.e., of <j)surf) along they-direction from source to 
drain, i.e., we want to determine [<j)surl\Yllmin· In most cases analytical solutions with 
approximate boundary conditions are proposed as the model. The accuracy depends on 
the degree of approximation in the boundary conditions. 

Many DIEL-based analytical models have been developed. In general, they are more 
complex than the charge-sharing models. One of the simplest and most widely adopted 
is that of Hsu et al.7 In this model, the 2-D Poisson equation is reduced to a 1-D 
equation by essentially approximating the (a2cp/ax2) term of the 2-D equation as a 
constant. With the Poisson equation thereby converted into a 1-D form, it becomes 
possible to find an analytical solution, and Hsu's solution becomes the model for 
calculating t,. VTSc· Jain and Balk extend this model to include the effect of non-uniform 
channel width.8 They also point out that both the Hsu model and their extension are 
expected to be accurate only for small values of DIBL (i.e., for devices having channels 
that are not too short and in which Vos is not too large). In addition, these models were 
derived for MOSFET structures with uniformly doped channel regions. 
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More recently, Skotnicki et al., reported another approach which allows the 2-D 
Poisson equation to be reduced to a 1-D equation using a so-called voltage-doping 
transformation. Using this technique they derived an analytical barrier-lowering model 
that is applicable to MOSFETs with non-unifonnly doped channels.9 Good agreement 
with measured data is also reported for devices with Las small as 0.8 µm (and in which 
Vos values are as large as 3V). A final approach, as described in the next section, also 
provides good agreement with measured data over the ranges of voltages studied. 

Nevertheless, the accuracy of the barrier-lowering-based analytical models has not yet 
been confinned for predicting the value of /J. V Tse in all device structures. As a result, it 
may still be prudent to use empirical measurements and/or numerical analysis to obtain 
accurate estimates of barrier lowering in specific device structures. 

5.2.1.4 Quasi-Two-Dimensional Analytical Solution for /J.VTSc· By 
using a quasi-2-D approach to solve the 2-D Poisson equation in the channel of the 
MOSFET, an analytical model has been derived that reportedly predicts /J.Vnc 
accurately, even for devices with channel lengths below 0.5 µm. 22 It begins by 
approximating the 2-D Poisson equation in the channel with the expression: 

Esi dmax dEy (y) + Eox [VT - Yrs - 'Psurr<Yll = q Nsub dmax (5 - 4a) 
Tl dy lox 

or 

Esi dmax d
2
'Psurf (y) 

Tl dy 2 
+ "ox _[V_T'----_V_Fc_B_-______,'P-"sue,r.,_r<Y"--"'-)] N d 

c - = q sub max 
lox 

(5 - 4b) 

where the parameters of this equation have been defined previously (except for rJ, which 
is a fitting parameter). The second term on the left-hand side is an approximation of the 
term il£xlilx in the 2-D form of the Poisson equation. This quasi-2-D approach is also 
used in deriving a model for Iosat and thus, the details involved in transforming Eq. 5-1 
into a form akin to Eq. 5-4 are given in section 5.4.3. 

The solution to Eq. 5-4, namely 'Psurr<Yl, under the boundary conditions 'Psurr(0) = 
Vbi and 'Psurr(L) = Vos+ Vbi is: 

'Psurr<Yl = VsL + (Vbi + Vos- YsL) sinh (y/l) + (Vbi - VsL) sinh (L - y)ll) (5 - 5) 
sinh (Lil) sinh (Lil) 

In Eq. 5-5 VsL = Vas - VT, Vbi is the built-in potential between the source-substrate 
and drain-substrate junctions, and I is the characteristic length defined as 

l == _ /esi tox dmax 
'V Eox Tl 

(5 - 6) 

Equation 5-5 can now be plotted for a sufficient number of points between y = 0 and y = 
L (e.g., IO or more). From such plotted data, and a fitted curve, the minimum value of 
'Psurr<Y) can be found. By subtracting the long-channel value of 'Psurf at VT from 
'Psurf<Ylmin, we can find /J.Vnc• Figure 5-5 plots Eq. 5-5 for 'Psurf at a given Vas, and 
for two values of Vos [i.e., Vos= 0.05V (dashed lines) and Vos= 1.5V (solid lines)] for 
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Fig. 5-5 (a) Calculated surface potential along channel for different channel lengths using 
Eq. 5-5. The device parameters are t0x = 100A, Nsub = NA= 1016 cm·3, n+ = 1020 cm·3, and 

11 = I, i.e., I = 0.1 µm. 22 (© IEEE 1993). 

MOSFETs with different channel lengths. In this example, the device with Leff= I µm 
has a region where cp5urf is constant as a function of position along a large fraction of 
the channel length (i.e., at a value of 'llsurf ~0.2V in this figure), and this value is deter­
mined merely by the gate bias (and not V0 s), A constant value of 'llsurf versus y is 
indicative of long-channel behavior and VT in this device can thus be accurately found 
using Eq. 4-74. 

In Fig. 5-5, devices with channel lengths 0.5 µm or smaller have a minimum value 
of 'llsurf greater than the long-channel 'llsurf value (i.e., l2qin I), and no region of constant 
'llsurf (y) is evident, even for small values of Vos• (This is different than the charge 
sharing approach, in which a region of constant [but somewhat larger] 'llsurf versus 
distance is assumed to exist even in very short length devices.) The results of Fig. 5-5 
have been verified by 2D numerical simulation using such programs as MINIMOS and 
PISCES (e.g., as shown in plots of 'llsurf versus y for various L values, see Fig. 5-3). 

The minimum value of 'llsurr(y) is also seen in Fig. 5-5 to increase (i.e., the potential 
energy barrier for electron flow between source and drain will decrease) with decreasing 
channel length and increasing VDs• If the minimum long-channel value of cp8urf is 
subtracted from the minimum value calculated from Eq. 5-5 we get an expression for 
I,,, V Tse• When Vos is small, this expression can be approximated as 

(5 - 7) 

Figure 5-6a shows the value of t,,,VTsc versus Las calculated with Eq. 5-7 as well as 
with 2D numerical simulation. Agreement with the numerical simulation results is seen 
to be very good. It should also be noted that if L >51, then this equation reduces to a 
single exponential term, much like the one derived from the simpler barrier-lowering 
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models described in the previous section.* For most technologies I is about 0.1-0.15 
µm, hence these simple models give accurate results for AVTsc only if the channel 
length exceeds 0.5-0.8 µm. 

When Vos is not small, the expression for .6.VTsc from this model is more complex, 
with its value when L >51 given approximately as 

LiVTsc = 3(Vbi -2cpa) + Vos) e-Lll + 2-Y(Vbi - 2cpa)(Vbi - 2cpa+ Vos)e-Ull (5 -8) 

Eq. 5-8 reduces to Eq. 5-7 for large Lil and small Vos as expected. Figure 5-6b shows 
the results of calculating VT versus Vos for Leff= 0.3 µm with Eqs. 5-7 and 5-8 as well 
as with 2D numerical simulation. Eq. 5-8 is seen to compare well with the 2D 
numerical simulation results, but Eq. 5-7 overestimates AVTsc at high Vos- In Fig. 5-7 
the value of VT is calculated versus L using the charge sharing model, 2D numerical 
simulation, and Eq. 5-8. The results using Eq. 5-8 and numerical simulation are 
comparable. Finally, Fig. 5-8 compares the values of VT versus L (with V8s as the 
parameter) calculated with Eq. 5-8 and with measured VT values in non-LDD 

101 0.7 
v08 - 5D mV 

Leif =0.3µ m 100 -Numerical 

' 
- - Eq. 5-8 ~ 

Eq. 5-7 0.6 --' -> 10·1 ' --.-. ..... 
~, 

> ..... 
=10·2 0.5 

.c 

~ -> -Numorlco.l 
10·3 4,, 0.4 - -Eq. 5-8 

t ··· Eq. 5-7 

10-4 

0.0 0.3 0.6 0.9 1.2 1.5 0.3 
0.0 1.0 2.0 3.0 Leff (µm} Vos (V} 

(a) (b) 

Fig. 5-6 (a) The calculated /!.VT shifts versus channel length at Vos = 0.005V. Note that 
the values obtained from the simple analytical models agree well with the numerical solution. 
The device parameters are the same as those in Fig. 5-5. Note that when L > 51, all the curves 
have the same slope of l (2[ in Eq. 5-8). (b) Comparison between simple analytical solutions 
and numerical solution of threshold voltage versus drain voltage. The solution based on y0 = 
L/2 (Eq. 5-7) overestimates the variation in threshold voltage.22 (© 1993 IEEE). 

* If L = 51 then the first exponential term in Eq. 5-7 is e-2·5 while the second term is e-5. 
which is much smaller than e-2·5. Thus, for L>5l, the second exponential tenn in Eq. 5-7 can 
be neglected, leaving an expression with only one exponential term. For cases where L is 
smaller than -5[, the second exponential term cannot be neglected, and the full Eq. 5-7 must 
be used to get accurate values of Ll V Tse when Vos is small. 
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Fig. 5-7 Comparison of the VT calculated using the charge sharing model, the two­
dimensional numerical simulation (using MINIMOS), and the model of ref. 22. The device 

parameters are the same as those used in Fig. 5-5.22 (© 1993 IEEE). 

MOSFETs. Again, agreement is very good. The report describing this model also 
describes its application to LDD MOSFETs. 

The characteristic length I defined in Eq. 5-6 needs to be more exactly determined in 
order for this model to give accurate values of /; V Tsc· That is, due to the fitting par­
ameter TJ in Eq. 5-6, the value of l from Eq. 5-6 only gives its correct order of 
magnitude. The exact value of l needs to be extracted from VT data taken from actual 
MOSFETs. 101 _________ _ 

Markers: Exp. 
Lines: Model 

• Vas•OV 
v85 --1.2v 
v66 -.3v 

0.5 1.0 
Leff (µm) 

Fig. 5-8 b,. VT versus Leff at Vos ::: 0.005V and different V BS values for an non-LDD device. 

The solid lines are calculated results and the dashed lines are lines best fitting the 
experimental data of Leff>> 51. 22 (© 1993 IEEE). 
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An alternative form to Eq. 5-6 for expressing l which allows its exact value to be 
empirically extracted is based on the empirical expression of Brews et aJ23 for the 
minimum channel length Lmin a MOSFET must have in order to exhibit acceptable 
subthreshold behavior (see section 5.6.1.2 for more details on this expression): 

Lmin = 0.41 (rj lox dmax2l 113 (5 - 9) 

If we assume Lmin is about 4/, using Eq. 5-9 yields an empirical expression for/ as 

l = 0.1 (rj lox dmax2) 113 (5 - 10) 

According to this model, for an n-channel MOSFET with an n+ poly gate, it can be 
shown that in order to maintain VT at 0.7V, i.e., 

VT = 0.7V = VFs + 2cpa + lox 4 e,i 'PB (5 - 11) 
Eox dmax 

it is necessary that 

By substituting Eq. 5-12 into Eq. 5-10, / can be rewritten as 

l = 0.0007 r/3 10 x 

(5 - 12) 

(5 - 13) 

where rj and I are in µm and lox is in A. On the other hand, for an 11-channel MOSFET 
with a p+ poly gate, 

dmax = 4 (€s/€ox) lox (5 - 14) 

(assuming VT = 1.2V). Therefore one has / ~ 0.0011 rj1'3tox• This helps explain 
why buried-channel devices, either NMOSFETs or PMOSFETs generally have worse 
short-channel effects than comparable surface-channel N- or PMOSFETs. 

5.2.1.5 Measuring Surface-DIBL Effects. Surface-DIEL in MOSFET 
structures with a fixed L can be empirically characterized by measuring and plotting a 
set of log lost versus V 0 5 curves with increasing values V05 as the parameter (as shown 
in Fig. 5-9). When analyzing such a set of curves, it must first be ascertained that 
subsurface-punchthrough current is not flowing (see section 5.3 for a discussion on 
punchthrough). For example, in Fig. 5-9 there is no indication that such punchthrough 
current occurs over the applied Vos range, since St remains constant as Vos is 
increased.* 

Once it is verified that punchthrough current is not significant, a quantitative 
estimate of surface-DIEL can be extracted from the shift in gate voltage 11 V GS at a fixed 
drain current (typically 0.1 µAJµm) as the drain-source voltage is increased. That is, the 

* If a device exhibits punch through current within the normal operating V ns range, the 
structure must be redesigned to eliminate this behavior. Devices exhibiting punchthrough 
will exhibit excessive leakage current at Vas = OV (i.e., when the device is nominally OFF). 
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Yes = OV 

v., =0.I V 

v,, = 1.6 V 

10-13 '----'---'--~-~-~~--'---'---'--~-~ 
0.0 2.0 

0. 2000/div 

Vas 

Fig. 5-9 Plot of log lo versus Vos for an NMOSFET operated below threshold, with Vos as 
the parameter. The value of 8Vos/8.Yos for a fixed value ofl0 (e.g., lxI0-7 Alµm) is used to 

characterize DIBL. 

ti Vos value represents a good first-order estimate of the expected shift in VT as a 
function of drain bias. The shift in Vas is normally expressed in normalized form as 
tiV0 s/tiV0s. An acceptable value of ti Vos/ti Vos is -25 mVN, depending on the circuit 
application and specific leakage requirements. tiV0 s/tiV0 s is a strong function of 
channel length (Fig. 5-10) and must be guaranteed to at least 3-cr below the target 
channel length. 

An alternative method of evaluating DIBL is to measure the change in drain current as 
Vos is increased at some fixed gate voltage below VT (e.g., the change Lil0 in Fig. 5-10 
when Vos is increased from 0.1 [solid line in Fig. 5-10] to 5.0V [dashed line]). Because 
of its simplicity, this measurement is easily implemented on automated test equipment. 

Another perspective on this last technique for measuring surface-DIEL is that such 
barrier lowering raises the electron density at the surface in subthreshold operation. 
That is, the electron density at the source end of the channel ns(source) - where the 
surface potential is at a minimum - is increased due to surface-DIEL from its long­
channel device value n, = (n/lNA) exp(q<rsurflkT) to 

flsDIBL 
(5 - 15) 

Dell Ex. 1008C
Page 158



220 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

IE-2 

IE-3 

lE-4 

IE-5 

IE-6 

IE-7 

< 
ci IE-8 

IE-9 

IE-10 

IE-II 

IE-12 

IE-13 
0 

Solid: Yo=O.!Y 
Dashed: Vo= SY 

.5 

VGs 
1.5 

Fig. 5-10 Simulated values of Io versus Vos for two values of YDs (O.lV and 5V) in a 
MOSFET with L

0
rr = 0.7V. From J. Teplik, Chap. 2, "Device Design," in BiCMOS, 

Technology and Applications, A. Alvarez Ed., Klewcr Academic Publishers, Boston MA, 

1989. Reprinted with permission. 

where i\. V TSc will become larger as Vos is increased. This also implies that surface­
DIBL will cause lost at a fixed value of V GS and L to increase - by a factor of 
exp(qi\.VTscikT)- above that expected in a long-channel device.' Experimental data can 
be plotted to depict this effect in the following way: As shown in Fig. 5-11, log 10 is 
plotted versus Vos with VGs as the parameter. Figure 5-lla shows such characteristic 
curves for an NMOS device with L = 2.1 µm and Fig. 5-11 b for a device with L = 0.8 
µm. In both figures the curves exhibit two distinct regions. At low values of Vos, 10 

depends primarily on VGs and increases only slightly with Vos (but it is this change in 
I0 that represents surface-DIEL).** Eventually the 10 curves intercept a more steeply 

* Note, however, that as Vas is decreased, the value of n5 at the source will decrease as 
quickly with decreasing Vas as in a long-channel device, because, the gate still has control of 
the charge giving rise to 10 . So, St will not change, even though VT is smaller. But, when 
the device is in punchthrough, the gate no longer has the same control of charge flow as Vas 
is reduced. Hence, drain current doesn't decrease as quickly with shrinking Vos, or St gets 
larger in punchthrough. 

** Note that according to the model of subthreshold behavior in long-channel MOSFETs at a 
fixed value of V GS• lost is independent of the drain voltage Vos for Vos>O. l V (see Eq. 4-90). 
But because of surface-DIEL, for a fixed value of L and Vos, lost increases as Vos increases, as 
described in earlier sections. 
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nsrng curve, and for Vos values beyond this point 10 is no longer influenced by Vas, 
but instead rises quickly as Vos is increased. The 10 behavior in this latter region is 
indicative that subsurface-DIEL (punchthrough) has set in, as discussed in section 5.3. 

5.2.1.6 Dependence of VT on V85 in Short-Channel MOSFETs. In 
Jong-channel, uniformly doped MOSFETs the threshold voltage depends on the body­
substrate voltage V8s as given by Eq. 4-12 (repeated here for convenience) 

(5 - 16) 

In short-channel MOSFETs, however, the effect on VT when a substrate bias V8s is 
applied is not well modeled by this expression. That is, as shown in Fig. 5-12, at 
shorter channels or higher drain biases, VT is less sensitive to V85 than predicted by Eq. 
5-16. For example, in the case of L = 1.5 µm and Vos= 8V shown in Fig. 5-12, VT 
becomes almost independent of Vas at larger values of Vas· In addition, for the case of 
L = 0.7 µm, VT becomes independent of V8s for all values of V 8s. 10 This implies that 
the substrate tends to lose control of the channel Gust as does the gate itself), at shorter 
channel lengths. The break in the slope of the L = 1.5 µm curves in Fig. 5-12 occurs 
with punchthrough of the depletion regions of the source and drain (see sec. 5.3 for 
details on punchthrough). This is because punchthrough decouples the edge of the 
depletion region from the gate, thereby decoupling the channel from the substrate. 

The data shown in Fig. 5-12 also implies that this effect can be modeled numerically 
by using a smaller body effect coefficient y(defined in Eq. 4-8a as y= [KsiE0/qNAJ 112) 

Iost<A) 
,o-3i 

R = 1.55 V/dec. 

, o ·' 

o SIMULATED 
~)'/ , 

0.4 V 

10-9 

Vgs =-0.2V 
R = 13.0 V/dec. 

0 5 10 15 20 25 

VvslV)-
10-12 

a) 
0 3 6 9 12 

b) V0 s(V) 

Fig. 5-11 (a) Experimental lost·Yos characteristics for a MOSFET with L= 2.1 µm, Vs= 
Vn = OV. For smaller values of Vos, lost is reduced by roughly one order of magnitude for 
each O.IV decrease in Vas below VT. At higher values of Vos, a subsurface punchthrough 
current flows that is independent of V 08.111 (© 1974 IEEE). (b) Experimental and simulated 
values of lost versus Vos for a 0.8 µm NMOSFET with Z = 20 µm. 74 (© 1988 IEEE). 
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Fig. SM12 Variation of Vy versus VBs for three different channel lengths: L = JO µm (long 
channel); L = 1.5 µm (short channel); L = 0.7 µm (punched through at VBs = 0V). NA= l015 

cm·3, t0 x = 1000A, fj = 1 µm. 10 Reprinted with permission of Solid-State Electronics. 

in the threshold voltage equation. Similar results have been obtained by Sheu et al. 11 

They, however, elected to model this effect in the short-channel MOSFET SPICE 
model (BSIM, see section 5.5) by including another empirical term in the VT equation 
(i.e., this new term is P2[2cpB - VBsL see Eq. 5-75). The coefficient P2 of this term is 
empirically determined from measurements, and has a value of 0.8634 in BSIM. 

5.2.2 Narrow Gate-Width Effects on Threshold Voltage 

As device widths shrink, three additional effects begin to modify the expected VT 
behavior of such narrow-channel MOSFETs. Although these effects are less critical than 
short-channel effects, they cannot be ignored. The first two cause measured values of 
VT to increase above those calculated by Eq. 5-16 as the width is decreased (making the 
MOSFET appear narrower than its geometrical width). 12 The third causes VT to 
decrease, in effect making the device appear wider. The first two effects are exhibited by 
MOSFETs fabricated with either raised field-oxide isolation structures (in which the 
field oxide is grown and then etched to expose the active device regions, Fig. 5-!3a) or 
with semi-recessed LOCOS isolation structures (see chap. 6) as shown in Fig. 5- I 3b. 
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The third effect occurs in devices which use fully-recessed-LOCOS or trench-isolation 
structures (in which the trench is filled with an insulator). 

The first effect is the opposite of the short-channel VT shift effect. That is, at the 
source and drain ends of the channel (i.e., along the length dimension L), a depletion 
region exists at each pn junction (even at VF8), requiring less voltage to be applied to 
invert the channel. As just mentioned, this leads to a decrease in VT in short-channel 
MOSFETs. However, at the ends of the channel perpendicular to the drain current flow, 
no pn junction exists (i.e., along the edges of the device in the width dimension). 
Hence, a gate bias that repels majority carriers must not only deplete such carriers in the 
channel in the vertical direction, but also in the lateral direction beyond the thin gate 
oxide. Because the lateral depletion region width in this region extends beyond the gate, 
an effective bulk charge width larger than the actual width is apparently present. If the 
width Z is small, these side regions represent a large percentage of the depleted volume. 
Hence, a larger Vas must be applied to invert the channel than if these edge regions did 
not have to be depleted. This leads to an increase in VT· 

The second effect arises from the encroachment of the channel-stop dopants under the 
edges of the sides of the gate. (In the case of NMOSFETs boron channel-stop dopants 

_____ r---_w~ 

(a) 

Depletion region 

(b) 

Fig. 5-13 Effect of fringing field on spreading the depletion region sideways. (a) In 
MOSFET with field oxide grown and then etched to expose the active region. (b) In MOSFET 
having a semirecessed LOCOS field oxide. From Y .P Tsividis, Operation and Modeling of the 
MOS Transistor, McGraw-Hill, New York, 1987, p. 192. Reprinted with permission. 
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5-14 Threshold voltage shift 11Vr caused by this narrow-channel effect for a MOSFET with 
NA= 1015 crn-3, and t0x = 50 nm. 12 From G. Merkel, Process and Device Modeling for IC 

Design, (F. Van de Wield, Ed.), Noordhoff, Leyden, (1977). Reprinted with permission. 

encroach under the gate edges. In the case of PMOSFETs, where a channel-stop implant 
may not be used, phosphorus pileup at the silicon surface during field oxidation 
produces n-type channel stop dopants at higher concentrations in the field regions. This 
also gives rise to subsequent encroachment into the active regions.) This has the effect 
of doping the channel at the edges along the width dimension more heavily than at the 
center (see Fig. 6-10). Again, a larger voltage must be applied to the gate to completely 
invert the channel than if the additional doping at the edges was not present (Fig. 5-14). 
From another perspective, the channel at the edges will be less turned on than the 
channel at the center. Thus, for the same (Vas - VT), significantly less current may be 
conducted in a narrow-channel MOSFET with channel-stop dopant encroachment than in 
one without such encroachment. 

In practice, the latter (encroachment-related) effect is more severe than the edge­
depletion-region effect, especially in devices with heavy channel-stop implants. An 
analytical expression that models both effects in semirecessed MOSFETs is given in 
ref. 13. For more precise calculations, however, numerical analyses are required. 14 

Several methods are described in chap. 6 for reducing the channel-stop encroachment and 
thus reducing this narrow-width effect. 

Because the third effect decreases VT, is often called the inverse narrow-width effect. 
As pointed out earlier, the effect occurs in MOSFETs with trench or fully recessed 
LOCOS isolation structures, as shown in Fig. 5-15. (Note that the narrow width 
effects described earlier does not occur in trench isolation structures. Since there is no 
semiconductor region beyond the edges of the gate in the width dimension, there is no 
region that is subject to depletion.) 
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Figure 5-15a depicts the edge of the channel, the trench field-oxide, and the gate 
(which always overlaps the channel to some degree). When the gate is biased, the field 
lines from the overlapping region are focused by the edge geometry of the channel. 
Thus, at the edges of the channel, an inversion layer is formed at lower voltages than at 
the center. As a result, less bias overall must be applied to the gate to invert the 
channel across its full width. From another perspective, a corner parasitic MOSFET in 
parallel with the main device is established. The parasitic device turns on at voltages 
lower that the main channel, resulting in a "hump" in the drain current versus gate 
voltage curves (Fig. 5-15b). 15 Thus, the parasitic device increases the subthreshold 
leakage current of the active device. 

An analytical expression that simulates the narrow-width effect in an ideal isolation 
trench structure is given in ref. 16. A more general analysis of the narrow width effect 
that covers both the first and third effects is carried out in ref. 17. An even more recent 
model of the inverse-narrow-width effect in trench isolated submicron MOSFETs, 
including the impact of non-uniformly doped channels was proposed by Chung and 
Li.is 

However, the inverse-width effect is also sensitive to several other factors, 19 

including: 

1. The doping concentration in the sidewalls of the silicon, which can be 
impacted by channel-stop dopant redistribution, dopant segregation during field­
oxide growth, or intentional doping of the sidewalls by such processes as large­
tilt-angle implantation. 

2. The trench isolation spacing. 
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Fig. 5-15 (a) Structure and two dimensional contours of equipotentials and electron 
concentrations for a MOSFET employing a trench or fully-recessed oxide isolation structure. 
112 (© 1979 IEEE). (b) "Hump" in subthreshold !0 -Yas curve due to !he inverse narrow width 
effect in trench isolated MOSFETs. 15 This paper was originally presented at the Fall 1988 

Meeting of the Electrochemical Society held in Chicago IL. 
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3. The shape of the corner region at the edge of the gate. (If the top surface of 
the field oxide is depressed below the gate-oxide surface, the effect will be more 
severe than if the field oxide surface is raised above the gate oxide surface.) 

Thus, if trench isolation is used, the planarization technology that determines the final 
wafer topology at the conclusion of the isolation structure fabrication will have to be 
tightly controlled to maintain precise control of VT (see also chap. 6). 

5.2.2.1 Devices Exhibiting Both Short- and Narrow-Width 
Effects. In devices in which both effects are capable of causing a shift in VT, neither 
the short-channel nor the narrow-channel models alone suffice to accurately predict the 
resultant VT· Some simplified analytical expressions employing a three-dimensional 
approximation of the depletion regions have been developed,20 but for cases involving 
various device voltages and non-uniform channel doping concentrations, numerical 
analyses are necessary. 

5.2.3 Reverse Short-Channel Effects on 
Threshold Voltage (RSCE) 

In the previous sections it was implied that the VT of a MOSFET decreases 
monotonically with decreasing channel length. This was explained by two-dimensional 
electrostatic field considerations, and various models for predicting such effects were 
described. However, in some situations it has been found that VT initially increases with 
decreasing channel length (beginning when L ~2-3 µm), contrary to what is normally 
expected. 91 ,92 This phenomenon has been termed reverse short channel effect 
(RSCE), VT roll-up, or anomalous threshold behavior. After VT reaches a maximum 
value due to RSCE (at ~0.7 µm), it then declines as channel lengths are further 
decreased (VT roll o./f). Apparently the two-dimensional effects that are responsible for 
VT roll-off eventually compete with the effects causing VT roll-up and the former come 
to dominate at the shortest channel lengths. (In fact, the ultimate rate of VT roll-off with 
Leff is reported to be much faster than can be explained by conventional models of 
laterally uniform channel doping). The combined RSCE and VT roll-off effects result in 
a "hump" in the VT versus L characteristics (Fig. 5-16). The initial rate of enhancement 
of VT with decreasing Lis also maximum at zero bias and decreases with increasing 
bias. As will be described in the next sections, different explanations have been given 
for the VT roll-up effect. However, while several models which seem to provide good 
quantitative agreement with experimental observations of RSCE have been developed, a 
consensus has not yet been reached as to which physical mechanism(s) are responsible 
for the effect. 

5.2.3.1 Model which Proposes RSCE is Due to Lateral Dopant 
Nonuniformity at the Channel Si-SiO2 Interface (Arising from 
Enhanced Diffusion of Channel Dopants Caused by Interstitial 
Injection During Poly Reox, Salicide Formation, or Implant 
Damage). The first explanation of RSCE is based on the fact that this effect was 
initially observed in NMOSFETs fabricated with two boron channel implants (i.e., a 
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Fig. 5-16 Experimental n-channel threshold voltage versus channel length.92 (© 1987 IEEE). 

shaJlow boron implant for adjustment of the threshold voltage, as described in chap. 4, 
and a deeper boron implant for suppression of punchthrough, as described in section 
5.3).92 The doping profile as a function of x in the channel beneath the gate oxide 
resulting from these two implants is qualitatively depicted in Fig. 5-17a. 

After the polysilicon gate is defined by etching and the source/drain regions are 
implanted, a thermal oxidation step (referred to as reoxidation or re-ox) is performed (see 
also chap. 9, sec. 9.7.1.4). This oxidation serves several purposes, including: (1) to re­
oxidize the source/drain regions. (The source/drain implant is carried out with the gate 
oxide intact over these regions. The heavy implant is likely to damage and contaminate 
this oxide, and so it is stripped after the implant. The reoxidation step regrows a fresh 
oxide over the source/drain regions, as well as on and around the poly gate); (2) the ther­
mal oxide on the poly serves as a diffusion mask which prevents boron dopants from 
the BPSG interlevel dielectric from diffusing into then+ poly during the BPSG flow 
and reflow processes; (3) to reduce the MOSFET gate-to-drain overlap capacitance and 
strengthen the gate oxide at the poly gate edge. The latter benefits are obtained because 
oxidation-induced encroachment gives rise to a so-called gate bird's beak - or graded gate 
oxide [GGO] - under the polysilicon edge, as shown in Fig. 5-17b. The thicker oxide 
due to GGO at the gate edge reduces the gate-to-drain overlap capacitance and relieves the 
electric-field intensity at the corner of the gate structure, thus enhancing the gate oxide 
integrity at its edge. However, the reoxidation step can also detrimentaJly impact the 
characteristics of MOSFETs which employ lightly-doped drains (LDD), and thus the 
re-ox step must be optimized for this type of device, as is described in more detail in 
chap. 9. Here only the proposed impact on VT due to the re-ox step is considered. 

As described in chap. 7. vol. 1, the injection of interstitials which accompanies 
thermal oxidation causes oxidation-enhanced-diffusion (OED) of dopants in the vicinity 
of the growing oxide (see Fig. 5-17b). In the re-ox step, the diffusion of dopants is 
enhanced not only under the oxidizing (i.e., source/drain) regions but also in the adjacent 
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channel region (due to lateral diffusion of the injected Si self-interstitials into the 
channel region). The OED causes boron to diffuse more rapidly. This brings more 
boron from the deep buried peak to the surface near the edges of the channel (because the 
injected interstitial concentration is highest near the channel edges). As a result, the 
boron surface concentration becomes larger at the channel edges than if diffusion of the 
implanted boron profile had not been enhanced (see Fig. 5-18). The increased concen­
tration of the boron in these regions gives rise to an overall increase in VT if l becomes 
small enough to make these regions a significant fraction of the channel length. 

The VT roll-up has also been observed in MOSFETs in which a salicide is fabri­
cated93 (i.e., a salicide is a self-aligned silicide formed on the source/drain regions to re­
duce the sheet resistance of the source and drain, see chap. 3, Vol. 2). Lu and Sung pro­
pose that during silicide formation vacancies are injected and these enhance the dopant 
diffusion of the boron in the dual-implant profile, again giving rise to a lateral non­
uniform lateral distribution of boron along the channel surface. As in the OED model, 
this gives rise to an enhancement of VT as the MOSFET channel length is decreased. 

An analytical model of RSCE based on nonuniform lateral boron surface 
concentrations arising from either (or both) of the above effects has been developed by 
Arora and Sharma,94 although they model the RSCE as being due to a nonuniform 
buildup of oxide charge along the Si-Si02 interface (see also section 5.2.3.4). 

5.2.3.2 Model Which Proposes RSCE Arises from Boron 
Segregation to Implant Damaged Regions at the Edge of the 
Channel. Although the above models appear plausible, VT roll-up has also been 
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Fig. 5-17 (a) Vertical doping profile in an NMOSFET channel which uses a punchthrough 
implant. (b) Conceptual diagram of local interstitial injection during reox.92 (© 1987 IEEE). 
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Fig. 5-18 Simulated vertical 11-channel profiles at x = 0 and x = L/2 with and without 
oxidation-enhanced diffusion (OED).92 (© 1987 IEEE). 

observed in MOSFETs with uniformly doped channel regions (Fig. 5-19). In such 
MOSFETs the above models would predict that boron surface concentrations would 
decrease near the edges of the channels. (That is, boron would segregate into the 
growing oxide, and then boron from the center of the channel would diffuse into these 
depleted regions, resulting in a loss of boron from the channel region). Thus, the model 
of section 5.2.3.1 predicts that VT would decrease monotonically with decreasing 
channel length in MOSFETs with nonimplanted (i.e., uniform) channel regions. 
Furthermore, when the channels get very short, (i.e., ,£0.3 µm) the observed VT roll-off 
is more rapid than that predicted by the 2-D DIBL numerical analyses assuming a 
laterally uniform channel doping. As a result, another phenomenon has been suggested 
as being responsible for the RSCE (including both the initial VT roll-up and the 
subsequent enhanced roll-off effects as the channel length is decreased), namely the 
depletion of boron from the channel region by strong segregation of the boron into the 
adjacent source and drain regions during the source/drain implant-activation anneal.95, 96 

This segregation is thought to occur as a result of the presence of crystal defects 
caused by the source/drain implant step. (Such defects have, in fact, been detected using 
TEM micrographs of the source/drain regions after the source/drain implant step.) The 
boron is theorized to have a higher local solubility in the defective regions, and thus 
will diffuse to them during the anneal steps performed after the source/drain implant. 
Figure 5-19 shows the measured and calculated VT versus L curves. The triangular data 
points in this figure are calculated using a 2-D device simulator assuming a uniform 
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lateral doping profile in the channel, and these show the conventional roll-off versus L 
as described in section 5.2.1. The data points indicated by the squares and filled circles 
show the VT versus L values calculated using the same device simulator, but with 
nonuniform lateral boron channel doping (see Fig. 5-20). The open-circle data points are 
the experimental data. 

The VT roll-up is well predicted by this model, as is the enhanced VT roll-off for 
channel lengths shorter than about 0.3 µm. (This model also gives good agreement 
with RSCE in PMOSFETs.) For MOSFETs in which Lc,0.3 µm the center of the 
channel is so small that the channel region depleted of boron extends across the entire 
channel length (see, for example, case where L = 0.2 µmin Fig. 5-20), and there is not 
sufficient dopant present in this region to cause the peaks of the boron concentration at 
the channel edges to rise to a degree that would offset the enhanced VT decrease due to 
the depletion effect. 

The defects that give rise to the lateral dopant redistribution are observed to be 
eventually extinguished by a higher temperature anneal step (e.g., 900°C in N2 for 5 
min). Thus, it has been suggested that recrystallization of the defective regions using 
RTP could be carried out, such that the anneal would take place over a sufficiently short 
time as not to permit lateral dopant redistribution to occur. 95 If this is possible 
MOSFETs could be fabricated which would exhibit neither the VT roll-up nor enhanced 
roll-off effects. Another suggestion to alleviate the enhanced roll-off effect is to use a 
halo implant to increase the boron dopant concentration near the source and drain such 
that the B depletion would be counteracted.96 
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Fig. 5-19 Measured and modeled VT versus L curves. The conventional model results 

assume laterally uniform channel doping. The new model results assume box approximations 
for the lateral channel doping profile shown in Fig. 5~20. The boron depletion case assumes 
that the bulk doping is depleted into the source and drain regions within 0.1 mm of their 
edges.95 (© 1993 IEEE). 
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Fig. 5-20 Conceptual schematic of the lateral channel doping profile of the present model 
for different channel lengths. The solid lines represent the case of no bulk depletion while 
the dotted lines represent the case of bulk depletion.95 (© 1993 IEEE). 

5.2.3.3 Model Which Attributes RSCE to Transient Enhanced 
Diffusion of Channel Dopants to the Silicon Surface Arising from 
Implant Damage. Another model that explains the occurrence of RSCE in 
MOSFETs with uniformly doped channel regions was developed by Rafferty et al.98 In 
this model, it is proposed that the effect is associated with damage from the LDD 
implant. That is, point defects (interstitials) are assumed to be created by the LDD 
implant. They diffuse laterally into the channel region during the relatively low­
temperature step used to deposit the CVD interlevel dielectric layer (needed to create the 
gate-sidewall spacers). As these point defects are primarily created at a depth 
corresponding to the end-of-range damage, the interstitial concentration peak exists 
beneath the surface. Thus, a retrograde profile of interstitials in the channel will arise. 
Since the dopant diffusivity is proportional to the interstitial concentration, the 
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retrograde interstitial concentration profile will cause a net boron diffusion flux toward 
the surface (i.e., during the source/drain activation anneal) even if a flat boron dopant 
profile exists in the vertical direction. As a result, boron piles up at the surface, leadino 
to an increase in VT. Experimental confirmation of such an impurity pile-up is found i; 
SIMS analysis of flat profiles subjected to silicon damage and subsequent anneaJ.99 The 
diffusion of boron toward the channel surface from this effect is a transient phenomenon 
because the interstitials are eventually annihilated during the anneal. Good agreement 
between this model and experimental data is also reported if the transient diffusion is 
modeled using a coupled impurity/point defect simulator. 

5.2.3.4 Model which Attributes RSCE to Silicon Interstitial 
Capture in the Gate Oxide. Jacobs et al. note that VT can also be shifted by a 
change in fixed oxide charges Qr at the Si-SiO2 interface.97 Thus, they propose that 
RSCE in the absence of a vertical gradient in the channel dopant profile can be 
explained by the trapping of injected silicon interstitials by the gate oxide. These 
captured interstitials introduce the negatively charged complex in the oxide required for 
the observed VT roll-up). The oxide surface is known to be an effective sink for 
interstitials, and the process steps which supply the excess interstitials can be those 
mentioned above. The result is a position-dependent oxide charge distribution along the 
Si-SiO2 interface, similar to the assumption of an exponentially decaying fixed charge 
variation made by Arora when deriving the analytical model of RSCE mentioned in 
section 5.3.2.1.94 

5.3 PUNCHTHROUGH (Subsurface-DIBL) IN 
SHORT-CHANNEL MOSFETS 

In chap. 4, section 4.7 we described the nature of subthreshold current in long-channel 
MOSFETs. We noted that in weak inversion Inst flows at the surface of the channel 
region, and its value is calculated from Eq. 4-89. We also saw that the subthreshold­
swing parameter (St) is an important characteristic of subthreshold behavior, and in 
long-channel, uniformly-doped-substrate devices it can be modeled using Eq. 4-91. 

In short-channel MOSFETs, however, if Vas is fixed while Vos is increased, larger 
values of Inst values than are predicted by the long-channel device equations are 
observed. This larger subthreshold current is due in part to increased lost flowing at the 
surface as a result of surface-drain-induced barrier lowering (DIBL), as described in 
section 5.2). If only surface DIBL is occurring in a MOSFET, St values are observed to 
remain unchanged. However, another short-channel effect known as subsurface 
punchthrough can also give rise to an increase in Inst, and one manifestation of this 
effect is an increase in the measured value of S1. That is, the gate has less control of 
the subsurface punchthrough current than it has over the surface subthreshold current. 
Thus, once a MOSFET enters subsurface punchthrough and such current starts to flow, 
the S1 value of the MOSFET becomes larger than if only normal subthreshold current is 
flowing. Since the measurable drain current is the sum of both current components, 
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Fig. 5-21 Two sets of log Io versus Vas curves for MOSFETs, with Vos varying in IV 
increments. (a) No indication of punchthrough is observed, as St remains constant for all 
values of Vos- (b) Onset of punchthrough occurs as Vos reaches ~6V, as evidenced by an 
increase in St that point. (c) Punchthrough current paths (dotted) in a surface-channel 
NMOSFET with Vos= 0.5 and 3.5V. Solid line shows the depletion region edge. The current 
path transfers from the surface to bulk as Vos is increased.74 (© 1988 IEEE). 

one technique for detecting the onset of punchthrough in a MOSFET is to monitor Sr 
as Vos is increased . . 

For example, in Fig. 5-21 two sets of lost versus Vas curves with Vos as the 
parameter are shown. In the MOSFET characterized by Fig. 5-21a St remains constant 
as V 0s is increased, indicating that no punchthrough is observed up to the maximum 
applied Vos• In Fig. 5-2lb Sr increases as Vos is increased beyond ~4V, indicating that 
punchthrough sets in at about this value. 

Punchthrough is a phenomenon associated with the merging of the source and drain 
depletion regions in the MOSFET. That is, as the channel gets shorter, these depletion 
region edges get closer (assuming that the channel-region doping is kept constant as L 
is decreased). When the channel length is decreased to roughly the sum of the two 
junction depletion widths, punchthrough is established. (Note that punchthrough may 
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even exist in a short-channel device at V05 = 0, depending on L and the substrate 
doping.) Nevertheless, since the depletion regions of a pn-junction widen as reverse­
bias is increased, all MOSFETs would eventually enter punchthrough if a high enough 
Vos could be applied. However, in MOSFETs with L>2.0 µm, breakdown of the drain­
substrate junction generally sets in before this punchthrough voltage is reached. As a 
result, in practice, punchthrough is not a limiting factor in long-channel digital 
MOSFET design. In shorter-channel devices (i.e., L5'2.0 µm), however, punchthrough 
does represent a serious limitation. 

Another factor also impacts punchthrough behavior in n-channel MOSFETs. That is, 
in submicron NMOSFETs a VT-adjust implant is used to raise the doping of the 
surface-channel region above the doping of the substrate. (This can also be viewed as an 
increase in the electrostatic potential at that point near the source.) Thus, the 
source/drain depletion-region widening is greater beneath the surface due to the lighter 
doping there. A punchthrough condition would therefore be first established below the 
surface in such devices, and hence this effect is referred to as subsu,face punchthrough 
(see Figs. 5-22 and 5-23). Note that in PMOSFETs fabricated with n+ polysilicon 
gates the punchthrough problem occurs in a somewhat different manner, which we will 
describe in a later section dealing with this issue (i.e., section 5.8.2.3). 

Once subsurface punchthrough occurs, any increase in the applied reverse-bias drain 
voltage (beyond that required to establish punchthrough) will lower the potential energy 
barrier for majority carriers in the source.6 With a diminished barrier height, a larger 
number of source-region majority carriers (e.g., electrons in an NMOSFET) have 
enough energy to be injected from source to substrate. Some of these injected electrons 
are collected by the drain, causing lost to increase. The component of lost which flows 
as a result of subsurface punchthrough is known as punchthrough current. When 
designing MOSFETs one criterion of a successful device design is that the 
punchthrough current should be insignificant under normal bias conditions. That is, if 
sufficient punchthrough current is observed, the device structure must be redesigned to 
effectively suppress such current. 
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Fig. 5-22 (a) NMOSFET without Yradjust implant. (b) NMOSFET with VT-adjust implant, 
showing the bulging of the drain depletion region beneath the surface as Vos is increased, due 
to the lower doping concentration in the substrate below the depth of the VT-adjust implant. 
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