
8.1 pn Junction Current 

particles. It may seem strange, at times, that we concern ourselves s o  much with 
lniinority carriers rather than with the vast number of majority camers ,  but the reason 
for this can he found in the results derived from the ambipolar transport theory. 

TEST YOUR UNDERSTANDING 

E8.6 Consider the silicon pn junction diode described in E X 4  Calculate the electron and 
hole currents at (a )  x = r,,, (b) x = x,, + L , ,  and (c )  x = x, + IOL, (see Figure 8.9). 
10 % "i ' V u  PPZI = "I ( J )  :Vw 100.0 = "/ ' V u  €08.0 = '7 (q) 
I v m  60.1 = 9 'vm .O = "1 (D) 'wv] 

The fact that w e  now have drift current densities in the p and n regions implies 
that the electric field in these regions is not zero as  we had originally assumed. We 
can calculate the electric field in the neutral regions and determine the validity of our  
rero-field approximation. 

Objective I EXAMPLE 8.4 

To calculate the electric field required to produce a given majority carrier drift current. 
Consider a silicon pn junction at T = 300 K with the parameters given in Example 8.2 

and with an applied forward-hias voltage V,, = 0.65 V. 

I Solution 
The total forward-hias current density is given by 

We determined the reverse saturation current density i n  Example 8.2, so we can write 

J = ( 4 . l 5 x  lo-") 

total current far from the junction in the n-region will he majority carrier electron drift 
current. SO we can write C 

C J = J,, - e&,, NdE 

The doping concentration is Nd = IOlh  ern-'. and. if we assume &, = 1350 cm2/V-s, then the 
electrtc field muqt he 

I Comment 
I We assumed. in the derivation of the current-voltage equation, that the electric field in the neu- 
I 
' ha1 p and n regions was rero. Although the electric field is not rero, this example shows that 
the magnitude is very small-thus the approximation of zero electric field is very good. 
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C H A P T E R  8 The pn Junction Diode 

8.1.7 Temperature Effects 

The ideal reverse saturation current density J,, given by Equation (8.22), is a functic 
of the thermal-equilibrium minority camer concentrations npo and p,o. These mina 
ity canier concentrations are proportional to ni, which is a very strong function I 
temperature. For a silicon pn junction, the ideal reverse saturation current density w 
increase by approximately a factor of four for every 10°C increase in temperature. 

The forward-bias current-voltage relation was given by Equation (8.23). Th 
relation includes J, as well as the exp ( e V , / k T )  factor, making the forward-bi 
current-voltage relation a function of temperature also. As tcmperature increases, le 
forward-bias voltage is required to obtain the same diode current. If the voltage is he 
constant, the diode current will increase as temperature increases. The change in fc 
ward-bias current with temperature is less sensitive than the reverse saturation curre1 

EXAMPLE 8.5 ( Objective

To determine the change in the forward-bias voltage on s pn junction with a change in tel 
perature. 

Consider a silicon pn junction initially biased at 0.60 V at T = 300 K. Assume the tel 
perature increases to T = 310 K. Calculate the change in the forward-bias voltage required 
maintain a constant current through the junction. 

Solution 
The forward-bias current can be written as follows: 

J cr enp 2 exp - (G) (3 
If the temperature changes, we may take the ratio of the diode currents at the two temper;ltur< 
This ratio is 

If current is to be held constant, then J ,  = J2 and we must have 

Let T, = 300K. T? = 310 K, E ,  = 1.12 eV, and Vo,  = 0.60 V. Then, solving for V,?, , 
obtain V,? = 0.5827 V. 

Comment 
The change in the forward-bias voltage i s  -17.3 mV for a 10°C temperature change. 

8.1.8 The "Short" Diode 

We assumed in the previous analysis that both p and n regions were long compar 
with the minority carrier diffusion lengths. In many pn junction structures, one regi 
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I -5, 0 r,, 

Figure 8.10 i Geometry of a "shon" 
diode. 

may. in fact. he shon colnpared with the minority carrier diffusion length. Figure 8.10 
shows one such example: the length W,, is assumed to be much smaller than the mi- 
nority carrier hole diffusion length, L,. 

The steady-state excess lninority carrier hole concentration in then region is de- 
termined from Equation (8.9), which was given as 

The original houndary condition at ,r = x,, still applies, given by Equation (8.1la) as 

A second boundary condition needs to be determined. In many cases we will as- 
sume that an ohmic contact exists at x = (x,, + W , , ) ,  implying an infinite surface- 
recombination velocity and therefore an excess minority carrier concentration of 
zero. The second boundary condition is then written as 

p,,(x = x,, + w,,) = P,,u (8.26) 

The general solution to Equation (8.9) is again given by Equation (8.12). which 
was 

3. fip,(x) = p,(.c) - p , , ~  = ~ e " " ~ ~  + B ~ - * / ~ I .  (x ? x,,) 

In this case, because of the finite length of the n region, both terms of the general so- 
lution must be retaincd. Applying the boundary conditions of Equations (8 . l lh)  and 
(8.261, the excess minority carrier concentration is given by 

sinh [(x,, + W,, - x ) l L , l  
(8.27) 

sinh [ W , , / L p ]  

Equation (8.27) is the general solution for the excess minority carrier hole concentra- 
tion in then region of aforward-biased pnjunction. If W,, >> L, the assumption for the 
long diode, Equation (8.27) reduces to the previous result given by Equation (8.14). If 
W, << L,. we can approximate the hyperbolic sine terms by 

sinh ( x n + Y x )  L - (".+W, x 

LP 
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CHAPTER 8 The wn Junctlon Dlode 

and 

sinh (2) (t) 
Then Equation (8.27) becomes 

.r,, + w,, - a- 
J,J.(x) = P?," [exp (%) - I ]  ( w,, 

The minority carrier concentration becomes a linear function of distance 
The minority carrier hole diffusion current density is given by 

so that in the short n region, we have 

The minority carrier hole diffusion current density now contains the length W,, i r  
denominator. rather than the diffusion length L,,. The diffusion current density is la 
for a short diode than for a long diode since W,, << L , .  In addition, since the min~ 
canier concentration is approximately a linear function of distance through the I 

gion, the rninoriry carrier diffusion current density is a constant. This constant cut 
implies that there is no recombination of minority carriers i n  the short region. 1 

I TEST YOUR UNDERSTANDING I 
E8.7 Consider the silicon pn junction diode described in ER.4. The p region is long and the 1 

n region is short with W,, = 2 &m. (a) Calculate the electron and hole currcnts in the 
depletion region. (h )  Why has thc hole current increased compared to that found in E8.4? 
[paseamu! seq 1ua!ps~2 h!suap aloq aql ( q )  :vm p p . ~  = "1 .VLU ~ S I O  = "I ("1 suv] ( 

8.2 1 SMALL-SIGNAL MODEL OF THE , 
pn JUNCTION I 

We have been considering the dc characteristics of the pn junclion diode. When semi- 
conductor devices with pn junctions are used in linear amplifier circuits, for example, 
sinusoidal signals are superimposed on the dc currents and voltages, so that the 
small-signal characteristics of the pn junction become important. 

8.2.1 Diffusion Resistance 

The ideal current-voltage relationship of the pn junction diode was given by Equa- 
tion (8.23), where J and J,  are current densities. If we multiply both sides of the 
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8.2 Small-Signal Model of the pn Junctlon 

Figure 8.11 I Curve showing the concept of the 
small-signal diffusion resistance. 

equation by the junction cross-sectional area, we have 

where ID is the diode current and I, is the diode reverse saturation current. 
Assume that the diode is forward-biased with a dc voltage Vo producing a dc 

diode current fog. If we now superimposes small, low-frequency sinusoidal voltage 
as shown in Figure 8.11, then a small sinusoidal current will be produced, superim- 
posed on the dc current. The ratio of sinusoidal current to sinusoidal voltage is called 
the incremental conductance. In the limit of a very small sinusoidal current and 
voltage, the small-signal incremental conductance is just the slope of the dc current- 
voltage curve, or 

The reciprocal of the incremental conductance is the incremental resistance, defined as 

where l o p  is the dc quiescent diode current. 
If we assume that the diode is biased sufficiently far in the fonvard-bias region, 

then the (-1) term can be neglected and the incremental conductance becomes 
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C H A P T E R  8 The on Junction Diode 

The small-signal incremental resistance is then the reciprocal function, or 

The incremental resistance decreases as the bias current increases, and is inversely 
proportional to the slope of the I-V characteristic as shown in Figure 8.1 1. The in- 
cremental resistance is also known as the diffusion resistunce. 

8.2.2 Small-Signal Admittance 

In the last chapter, we considered the pn junction capacitance as a 
reverse-bias voltage. When the pn junction diode is forward-hiased, 
tance becomes a factor in the diode admittance. The small-signal admittance, or i 
pedance, of the pn junction under forward bias is derived using the minority 
diffusion current relations we have already considered. 

Qualitative Analysis Before we delve into the mathematical analysis, we can qua1 
itatively understand the physical processes that lead to a diffusion capacitance, whi 
is one component of the junction admittance. Figure 8.12a schematically shows 4 
pn junction forward biased with a dc voltage. A small ac voltage is also superimposed 
on the dc voltage so that the total forward-biased voltage can he written 4 
V, = Vdc + C sin at. 

As the voltage across the junction changes, the number of holes injected acro 
the space charge region into the n region also changes. Figure 8.12h shows the hol 
concentration at the space charge edge as a function of time. At t = to, the ac vol 

P n 

Holes 
Time 

(a) 
A 

"d, v,, = i, srn wr (b) i = o  

Figure 8.12 I (a) A pn junction with an ac voltage superimposed on a forward-biased 
dc value; (b) the hole concentration versus time at the space charge edge; (c) the 
hole concentration versus distance in then region at three different times. 
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is zero so that the concentration of holes at .x = 0 is just given by p,,(O) = 
/I,,o exp (Vd,/ V , ) ,  which is what we have seen previously. 

Now, as the ac voltage increases during its positive half cycle, the concentration 
of holes at x = 0 will increase and reach a peak value at t = t l ,  which corresponds 
to the peak value of the ac voltage. When the ac voltage is on its negative half cycle, 
the total voltage across the junction decreases so that the concentration of holes at 
.r = 0 decreases. The concentration reaches a minimum value at t = r 2 ,  which corre- 
sponds to the time that the ac voltage reaches its maximum negative value. The mi- 
nority carrier hole concentration at .r = 0 ,  then, has an ac component superimposed 
on the dc value as indicated in Figure 8.12b. 

As previously discussed, the holes at the space charge edge (x = 0 )  diffuse into 
the n region where they recombine with the majority canier electrons. We will as- 
sume that the period of the ac voltage is large compared to the time it takes carriers 
to diffuse into the n region. The hole concentration as a function of distance into the 
n region can then be treated as a steady-state distribution. Figure 8 . 1 2 ~  shows the 
steady-state hole concentrations at three different times. At t = t<,, the ac voltage is 
zero, so the r = ri1 curve corresponds to the hole distribution established by the dc 
voltage. The r = curve corresponds to the distribution established when the ac 
voltage has reached its peak positive value, and the r = t? curve corresponds to the 
distribution established when the ac voltage has reached its maximum negative 
value. The shaded areas represents the charge A Q that is alternately charged and dis- 
charged during the ac voltage cycle. 

Exactly the same process is occurri~~g in the p region with the electron concentra- 
tion. The mechanism of charging and discharging of holes in then region and electrons 
in the p region leads to a capacitance. This capacitance is called d~ffirsion cu[~ucitunce. 
The physical mechanism of this diffusion capacitance is different from that of the 
junction capacitance discussed in the last chapter. We will show that the magnitude of 
the diffusion capacitance in a forward-biased pn junction is usually substantially 
larger than the junction capacitance. 

Mathematical Analysis The minority carrier distribution in the pn junction will 
he derived for the case when a small sinusoidal voltage is superimposed on the dc 
junction voltage. We can then determine small signal, or ac, diffusion currents from 
these minority carrier functions. Figure 8.13 shows the minority carrier distribution 
i n  a pn junction when a forward-biased dc voltage is applied. The origin, .x = 0 ,  
is set at the edge of the space charge region on the n-side for convenience. 
The minority carrier hole concentration at x -- 0 is given by Equation (8.7) as 
11,,(0) = p,," exp ( e V , , / k T ) ,  where V,, is the applied voltage across the junction. 

Now let 

V,, = V,, + I ! ,  (1) (8.36) 

where KI is the dc quiescent bias voltage and v l ( t )  is the ac signal voltage which is 
superimposed on this dc level. We may now write 
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P 

If we assume that the time-varying voltage ul(t) is a sinusoidal signal, we can 
write Equation (8.40) as 

I 
I 
I 
I 

I 

I 

where PI is the phasor of the applied sinusoidal voltage. Equation (8.41) will he used 

i! 
n 

,,- P, , (O)  = P,," exp 

- PliO 

as the boundary condition in the solution of the time-dependent diffusion equation 
for the minority canier holes in the n region. 

In the neutral n region (x > O), the electric field is assumed to be zero, thus the 
behavior of the excess minority carrier holes is determined from the equation 

i = 0 

Figure 8.13 1 The dc characteristics of a forward-biased 
pn junction used in the small-signal admittance calculations. 

Equation (8.37) may he written as 

p,,(O, t) = pd, exp - 
(e::)) where 

pdc = P,,O exp - (2)  
If we assume that lv l ( t )  << ( k T / e )  = V,. then the exponential term in Equa-, 
tion (8.38) may be expanded into a Taylor series retaining only the linear terms, 
the minority carrier hole concentration at x = 0 can he written as 

(8. 1 

where Sp, is the excess hole concentration in the n region. We are assuming that the 
ac signal voltage ul ( r )  is sinusoidal. We then expect the steady-state solution for 6p,  
to he of the form of a sinusoidal solution superimposed on the dc solution, or 
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where 8po[x) is the dc excess carrier concentration and pl ( .r)  is the magnitude of the 
ac component of the excess carrier concentration. The expression for 6po(x) is the 
same as that given in Equation (8.14). 

Substituting Equation (8.43) into the differential Equation (8.42) we obtain 

D , [ a ' ( J ~ ~ ( x ) l  a ' ~ ( x ) ~ , . ~ ,  - O Y ( . ~ ) + P I ( X ) ~ " , "  
ax? + 7 I = jwp l  ( x )  e""' (8.44) 

T ~ o  

We !nay rewrite this equation, combining the time-dependent and time-independent 
terms, as 

If the ac component, 111 ( x ) ,  is zero, then the first bracketed term is just the differen- 
tiill Equation (8.10). which is identically zero. Then we have. from the second brack- 
eted term. 

p t i n g  that L ,  = D,,rl,il. Equation (8.46) may be rewritten in the f h n  

where 

The general solution to Equation (8.48) is 

One boundary condition is that p l  (x --t +m) = 0, which implies that the coef- 
,ficient K; = 0. Then 

p I ( ~ )  = K1e-',,' (8.51) 

Applying the boundary condition at r = O from Equation (8.41) we obtain 

Page 311 of 566



CHAPTER 8 The pn Junction Diode 

The hole diffusion current density can he calculated at x = 0. This will be give 
by 

If we consider u homogeneous semiconductor, the derivative of the hole concentra- 
tion will be just the derivative of the excess hole concentration. Then 

We can write this equation in the form 

J,  = J,II + j,](l j 

where 

J,o = -eD,, 
arapo(xi)/ - Lp exp - - I 

ax ,< = 0 
'""' [ ( )  1 (8.56) 

Equation (8.56) is the dc component of the hole diffusion current density and is ex- 
actly the same as in the ideal I-Vrelation derived previously. 

The sinusoidal component of the diffusion current density is then found from 

where .fp is the current density phasor. Combining Equations (8.57). (8.51), and 
(8.52), we have 

We can write the total ac hole current phasor as 

where A is the cross-sectional area of the pn junction. Substituting the expression for 
C,,, we obtain 

If we define 

then Equation (8.60) becomes 
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We can go through the same type of analysis for the minority carrier electrons in 
the p region. We will obtain 

where 

The total ac current phasor is the sum of fp and f,,. The pn junction admittance 
is the total ac current phasor divided by the ac voltage phasor, or 

There is not a linear, lumped, finite, passive, bilateral network that can be syn- 
thesized to give this admittance function. However, we may make the following 
approximations. Assume that 

These two assumptions imply that the frequency of the ac signal is not too large. 
Then we may write 

Substituting Equations (8.67a) and (8.67b) into the admittance Equation (8.65) 
yields 

If we combine the real and imaginary portions, we get 

Equation (8.69) may be written in the form 

I Y = g d +  JUG (8.70) 
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Figure 8.14 1 Minority carrier cuncentration changes with changing 
forward-bias voltage. 

The parameter gd is called the diffusion conductance and is given by 

'D Q 
*<I = ($) (I,," + f)zul = - (8.71) 

v, 

cupacitanc.e and is given by 

I where ir ly  is the dc bias current. Equation (8.71) is exactly thc same conductance as 
we obtained previously in Equation (8.34). The parameter C d  is called the diffusion 

1 
(8.72) 

1 
1 

The physics of the diffusion capacitance may be seen in Figure 8.14. The dc val- 
ues of the minority carrier concentrations are shown along with the changes due to 
the ac component of voltage. The A Q  charge is alternately being charged and dis- 
charged through the junction as the voltage across the junction changes. The change 
in the stored minority carrier charge as a function of the change in voltage is the dif- 
fusion capacitance. One consequence of the approximations wr," << I and wrno << 1 
is that there are no "wiggles" in the minority carrier curves. The sinusoidal frequency 
is low enough so that the exponential curves are maintained at all times. 

I 
EXAMPLE 8.6 I Objective 

To calculate thc small-signal admittance of a pn junction diode. 1 
This example is intended to give an indication of the magnitude of the diffusion capaci- 

tance as compared with the junction capacitance considcred in the last chapter. The diffusion 
resistance will also be calculated. Assume that Nu >> Nd so that p,,n >> n,,,,. This assumption 
implies that I,,,, >> I,,". Lct T = 300 K, r,,, = lo-' s, and I,,,, = I,,u = 1 mA. 
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H Solution 

8.2 Small-Signal Model of the pn Junction 

The diffusion capacitance, with these assumptions, is given by 

The diffusion resistance is 

C V, 0.0259 V 
r d = - = -  = 25.9 Q 

' D  Q I mA 

I Comment 
The value of 1.93 nF for the diffusion capacitance of a forward-biased pn junction is 3 to 4 
orders of magnitude larger than the junction capacitance of the reverse-biased pn junctiun, 
s\hich we calculated in Example 7.5. 

The diffusion capacitance tends to dominate the capacitance terms in a forward- 
biased pn junction. The small-signal diffusion resistance can be fairly small if the 
diode current is a fairly large value. As  the diode current decreases, the diffusion 
resistance increases. We will consider the impedance of fonuard-biased pn junctions 
again when we discuss bipolar transistors. 

TEST YOUR UNDERSTANDING I 
E8.8 A silicon pn junction diode at T = 300 K has the Following parameters: N ,  = 8 x 

10'%m-', Nu = 2 x 10" ern-', D,, = 25 cm2/s, D,, = 10 cm2/s, r , , ~  = 5 x 10-' S, 

and rPo = lo-' s. The cross-sectional area is A = 1 0 '  cm2. Determine the diffusion 
resistance and diffusion capacitance if the diode is forward hiased at ( a )  V" = 0.550 V 
and (b) V, = 0.610 V. 
[du 6.02 = P3 '7J 9.1 I = Pl ( q )  :#I 10.1. = p3 '7J  81 1 = ( W )  'SUV] 

E8.9 A GaAs pn junction diode at T = 300 K has the same parameters given in E8.8 except 
thet D,, = 207 cm'ls and D,, = 9.80 cm'ls. Determine the diffusion resistance and 
diffusion capacitance if the diode is forw.~rd biased at (a) V, = 0.970 V and (b) V, = 
1.045 V.  lrlU O'Ll = "3 'U 9'91 = '1 (Y) :JU 0P6'0 = "3 'U EYZ = ''1 (0) "JV1 

! 

1 8.2.3 Equivalent Circuit 

I The small-signal equivalent circuit of the forward-biased pn junction is derived from 
Equation (8.70). This circuit is shown in Figure 8.15a. We need to add the junction ca- 

1 pacitance, which will be in parallel with the diffusion resistance and diffusion capac- 
itance. The last element we add, to complete the equivalent circuit, is a series resis- 
tance. The neutral n and p regions have finite resistances s o  the actual pnjunction will 
include a series resistance. The complete equivalent circuit is given in Figure 8.15b. 

The voltage across the actual junction is V, and the total voltage applied to 
the pn diode is given by V,,,. The junction voltage V, is the voltage in the ideal 
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Figure 8.15 I (a) Small-signal equi\,alent circuit of ideal forward-biased 
pn junction diode; (bi Conlplete snidl-signal equi\,alent circuit of pn 
junctian. 

Figure 8.161 Forward-biased I-V 
characteristics of a pn junction diode 
showing the effect of series resistance. 

current-voltage expression. We can write the expression 

K3pp = + Ir ,  

Figure 8.16 is a plot of the current-voltage chwacteristic from Equation (8.73) show- 
ing the effect of the series resistance. A larger applied voltage is required to achieve 
the same current value when a series resistance is included. In most diodes, the series 
resistance will be negligible. In some semiconductor devices with pn junctions, how- 
ever, the series resistance will be in a feedback loop: in these cases, the resistance is 
multiplied by n gain factor and becomes non-negligible. 
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- 
TEST YOUR UNDERSTANDING I 

EB.10 A silicon pn junction diode at T = 300 K has the same parameters as those described 
in E8.8. The neutral n-region and neutral p-region lengths are 0.01 cm. Estimate the 
scries resistance of the diode (neglect ohrnic contacts). (U 99 = X SuV) 

(8.3 1 GENERATION-RECOMBINATION CURRENTS 
In the der~vatlon of the ideal current-voltage relationship, we neglected any effects . ' . ' .  
occurring w~thln the space charge region. Since other current components are gener- 
ated within the space charge region, the actual I-V characteristics of a pn junction 
diode deviate from the ideal expression. The additional currents are generated from 
the recombination processes discussed in Chapter 6. 

The recombination rate of excess electrons and holes, given by the 
Shockley-Read-Hall recombination theory, was written as 

:The parameters 11 and p are, as usual. the concentrations of electrons and holes, 

.3.1 Reverse-Bias Generation Current 

For a pn junction under reverse bias, we have argued that the mobile electrons and 
holes have essentially been swept out of the space charge region. Accordingly, within 
the space charge region, n == p == 0. The recombination rate from Equation (8.74) L comes 

The negative sign implies a negative recombination rate; hence, we are really 
generating electron-hole pairs within the reverse-biased space charge region. The re- 
combination of excess electrons and holes is the process whereby we are trying to 
reestablish thermal equilibrium. Since the concentration of electrons and holes is es- 
sentially zero within the reverse-biased space charge region. electrons and holes are 
being generated via the trap level to also try to reestablish thermal equilibrium. This 
generation process is schematically shown in Figure 8.17. As the electrons and holes 
are generated. they are swept out of the space charge region by the electric field. The 
llow of charge is in the direction of a reverse-bias current. This reverse-bias generu- 
i ion nrrrent, caused by the generation of electrons and holes in the space charge 
region. is in addition to the ideal reverse-bias saturation current. 

We may calculate the density of the reverse-bias generation current by consider- 
ing Equation (8.75). If we make a simplifying assumption and let the trap level be at 
the intrinsic Fermi level, then from Equations (6.92) and (6.97), we have that n' = ni 
L 
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E 
ti' 

C- EF,, '. - - -______  

Figure 8.17 1 Generation process in a reverse-biased pn 
junction. 

and p' = n , .  Equation (8.75) now becomes 

Using the definitions of lifetimes from Equations (6.101) and (6.104), we 
Equation (8.76) as 

- n ;  
R =  

rl,O + r , , ~  

If we define a new lifetime as the average of rPo and r,,", or 

then the recombination rate can he written as 

n ,  R = - = - G  
2 TO 

The negative recombination rate implies a generation rate, so G is the generation rate; 
of electrons and holes in the space charge region. 

The generation current density may he determined from 

IV 

&.. = E G  d i  

i 
(8.80) 
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where the integral is over the space charge region. If we assume that the generation 
rate is constant thn)ughout the space charge region, then we obtain 

The total reverse-bias current density is the sum of the ideal reverse saturation 
current density and the generation current density, or 

The ideal reverse saturation current density J ,  is independent of the reverse-bias 
voltage. However, .I8,, is a function of the depletion width W. which in turn is a func- 
tion of the reverse-bias voltage. The actual reverse-bias currcnt density, then, is no 
longer independent of the reverse-bias voltage. 

F O b j e c t i v e  I EXAMPLE 8.7 

To determine the relative magnitudes of the ideal reverse saturation current dcnsity and the 
generation current density in a silicon pn junction at T = 300 K. 

Consider the silicon pn junction described in Example 8.2 and Jet r~ = r , , ~  = r,,o = 
5 lo-' s. 

Solution 
The ideal reverse saturation current density was calculated in Example 8.2 and was found to 
be J. = 4.15 x 10." A/cn~'.Thegenerationcurrentdcnsity is again givcnby Equation (8.81) 
as 

and the depletinn width is given hy 

If we assume. for example, that V,,, + VR = 5 V. then using the parameters given i n  
Example 8.2 we find that W = 1.14 x lo-' cm. and then calculate the generation current 
density to he 

J,,, = 2.74 x lo-' ~ c m '  

Comment 
Comparing [he solutions for the two current densitieq, it is obvious that. for the silicon pn junc- 
tion diode at room temperature, the generation current density is approximately fuur orders of 
magnitude larger than the ideal saturation current density. The generation current is the domi- 
nant reverse-bias current in a silicon pn junction diode. 
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I TEST YOUR UNDERSTANDING 

E8.11 A GaAs pn junction diode has the same parameters as described in E8.9. (a) Calcu- 
late the reverse-bias generation current if the diode is reverse biased at VR = 5 V. 
(b )  Determine the ratio of I,, calculated in part (a) to the ideal reverse-saturation 
current IS.  x E6.1 (9) 'V r l . O ~  x EO.1 = "''l (D) 'suv1 

1 
i 

8.3.2 Forward-Bias Recombination Current 

For the reverse-biased pn junction, electrons and holes are essentially completel! 
swept out of the space charge region so that n % p % 0. Under forward bias, how 
ever, electrons and holes are injected across the space charge region, so we do, il 
fact, have some excess carriers in the space charge region. The possibility exists tha 
some of these electrons and holes will recombine within the space charge region ant 
not become pan of the minority carrier distribution. 

The recombination rate of electrons and holes is again given from Equa 
tion (8.74) as 

R =  
CnC,N, (np - n:) 

c,, (n + n' )  + Cp(p + p') 

Dividing both numerator and denominator by C,CpN, and using the definitions o 
T," and T,", we may write the recombination rate as 

Figure 8.18 shows the energy-band diagram of the forward-biased pn junction 
Shown in the figure are the intrinsic Fermi level and the quasi-Fermi levels fa 

Figure 8.18 I Energy-band diagram of a forward-biased pn 
junction including quasi-Fermi levels. 
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5 8.3 Generation-Recombination Currents 

electrons and holes. From the results of Chapter 6, we may write the electron con- 
centration as 

and the hole concentration as 

where E F ~ ,  and EF,, are the quasi-Fenni levels for electrons and holes, respectively. 
From Figure 8.18, we may note that 

where V,, is the applied forward-bias voltage. Again, if we assume that the trap level 
is at the intrinsic Fermi level, then n' = p' = ni .  Figure 8.19 shows a plot of the 
relative magnitude of the recombination rate as a function of distance through the 
space charge region. This plot was generated using Equations (8.83), (8.84). (8.85), 
and (8.86). A very sharp peak occurs at the metallurgical junction (x = 0). 

At the center of the space charge region, we have 

e vo 
E,. - E,i = E,j - Fi, = - 

2 
(8.87) 

Relative 
recombination 

rilte t l 

Relative distance through space 
charge region - 

Figure 8.19 1 Relative magnitude of the 
recombination rate through the space 
charge region of a forward-biased pn 
junction. 
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Equations (8.84) and (8.85) then become 

and 

If we assume that n' = 11' = 11, and that r,," = ri,a = ro. then Equation (8.83) 
becomes 

I I ~  [exp (eV,,/kT) - I] 
R,,,,, = 

2r0 lexp(eV,/2kT) + I1  
which is the maximum recombination rate for electrons and holes that occurs at t 
center of the forward-biased pn junction. If we assume that V,, >> kT/e,  we 
neglect the (-I) term in the numerator and the ( + I )  term in the denomina 
Equation (8.90) then becomes 

ni 
R~~~ = - 2r11 exp (") 

The recombination current density may be calculated from # 
1%' 

Jrcc = 1 pi? dx (8.92) 

where again the integral is over the entire space charge region. In this case, however, 
the recombination rate is not a constant through the space charge region. We have 
c;tlculatcd the maximum recombination rate at the center of the space charge region, 
so we may write i 

wherex'is alength overwhich the maximumrecombinatio~~rate iseffective. However, 
since ro may not be a well-defined or known parameter, it is customary to write I 
where W is the space charge width. 

I TEST YOUR UNDERSTANDING 

E8.12 Consider a silicon pn junction diode at T = 300 K with thc same paramrlers given in 
E8.8. The diode is forward biased at V, = 0.50 V. ( a )  Calculate the forward-biased 
recombination currcnt. ( h )  Determine the ratio of I,, calculated in pan ( 0 )  to the 

ideal diffusion current. L;-OI X I Z ' L  (Y) 'V 01 X OE'Z = '"I (") ' (V I  
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8.3 Generation-Recornblnat~on Currents 

Figure 8.20 I Because of recomhinatian, additional holes 
from the p region must be injected into the space charge 
region to establish the minority carrier hole concentration in 
the n region. 

8.3.3 Total Forward-Bias Current 

The total forward-bias current density in the pn junction is the sum of the recombi- 
nation and the ideal diffusion current densities. Figure 8.20 shows a plot of the mi- 
nority carrier hole concentration in the neutral n region. This distribution yields the 
ideal hole diffusion current density and is a function of the minority carrier hole dif- 
fusion length and the applied junction voltage. The distribution is established as a 
result of holes being injected across the space charge region. If, now, some of the in- 
jected holes in the space charge region are lost due to recombination, then additional 
holes must be injected from the p region to make up for this loss. The flow of these 
additional injected carriers, per unit time, results in the recombination current. This 
added component is schematically shown in the figure. 

: The total forward-bias current density is the sum of the recombination and the 1 ideal diffusion current densities, so we can write 

J = J,, + J D  (8.95) 

where J ,  is given by Equation (8.94) and J D  is given by I (8.96) 

The (-1) term in Equation (8.23) has been neglected. The parameter J ,  is the ideal 
reverse saturation current density, and from previous discussion, the value of J,o 
from the recombination current is larger than the value of J,. 
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t - 
'3 
F 
6 Total 

currenl. J D  
(slope = 1 )  

Recornbinaion 
C* current. J,,, 

(slope = t) 
, , , , , 

In (J,)  ' 

- 
.v,, - 
17 - 

Figum 8.21 I Ideal diffusion. recornhination, and total 
current in a forward-biased pn junction. 

If we take the natural log of Equations (8.94) and (8.96). we obtain 

r v, Vo In J ,  = In Jro + - = In J,o + - 
2kT 2 V, 

and 

e K, v, In J I ,  = In J ,  + - = In J ,  + - 
k T VI 

Figure 8.21 shows the recombination and diffusion current components plotted o 
log current scale as a function of V,/ V,. The slopes of the two curves are not 
same. Also shown in the figure is the total current density-the sum of the two c 
rent components. We may notice that, at a low current density, the recombinationcur- 
rent dominates, and at a higher current density, the ideal diffusion current dominates. 

In general, the diode current-voltage relationship may he written as 

where the parameter 11 is called the idealie fuclor: For a large forward-bias voltage. 
n = 1 when diffusion dominates, and for low forwdrd-bias voltage, rz 2 when 
recombination dominates. There is a transition region where I < n < 2.  
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8.4 Junction Breakdown 

.4 1 JUNCTION BREAKDOWN C 
the ideal pn junction, a reverse-bias voltage will result in a small reverse-bias cur- 

nt through the device. However, the reverse-bias voltage may not increase without 
't; at some particulilr voltage, the reverse-bias current will increase n~pidly. The 
lied voltage at this point is called the hrenkdon,n voltage. 
Two physical mechanisms give rise to the reverse-bias breakdown in a pn junc- 

on: the Zener cffrcr and the urulanchr effect. Zener breakdown occurs in highly 
oped pn junctions through a tunneling mechanism. In a highly doped,junction, the 

conduction and valence bands on opposite sides of the junction are sufficiently close 
during reverse bias that electrons may tunnel directly from the valence band on the 
p side into the conduction band on the n side. This tunneling process is schematically 
shown in Figure 822a.  

The avalanche breakdown process occurs when electrons andlor holes, moving 
across the space charge region, acquire sufficient energy from the electric ficld to cre- 
ate electron-hole pairs by colliding with atomic electrons within the depletion 
region. The avalanche process is schematically shown in Figure 822b. The newly 
created electrons and holes move in opposite directions due to the electric field and 
thereby add to the existing reverse-bias current. In addition, the newly generated 
electrons and/or holcs may acquire sufficient energy to ionize other atoms, leading to 
the avalanche process. For most pn junctions, the predominant breakdown mecha- 
nism will be the avalanche effect. 

If we assume that a reverse-bias electron current I,,,, enters the depletion region 
at .r = 0 as shown in Figure 8.23, the electron cument I,, will increase with distance 
tli~.ough the depletion region due to the avalanche process. At x = W, the electron 

p region n region 

P Space charge region I I 

of electrons of holes 

Figure 8.22 I (a) Zencr breakdown mechanism in a reverse-biased pn junction; (b) avalanche breakdown 
process in a reverse-biascd pn junction. 
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Space charge region 'I- 7": 

Figure 8.23 1 Electron and hole current 
components through the space charge 
region during avalanche multiplicdtion. 

current may he written as 

where M, is a multiplication factor. The hole current is increasing through the de- I 
pletion region from the n to p region and reaches a maximum value at x = 0. The 
total current is constant through the pn junction in steady state. 

We can write an expression forthe incremental electron current at some point aas I 
dl,(x) = I,,(x)a,, dx + l,,(.x)a, dx (8.100) 

where a,, and a, are the electron and hole ionization rates, respectively. The ioniza- 
tion rates are the number of electron-hole pairs generated per unit length by an elec- 
tron (a,,) or by a hole (up). Equation (8.100) may he written as 

The total current I is given by 

1 = /"(XI + I,,(x) (8.102) 

which is a constant. Solving for I,(x) from Equation (8.102) and substituting into 
Equation (8.101), we obtain 

If we make the assumption that the electron and hole ionization rates are equal so 
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then Equation (8.103) may be simplified and integrated through the space charge 
region. We will ohtain 

I W j - I ,  0 = 1 (8.105) 

Using Equation (X.99), Equation (8.105) may bc written as 

Slnce M,,/,,O = I and vnce 1,,(0) = I,,,,. Equat~on (8 106) becomes 

The a\alanche breakdown voltage is defined to be the voltage at which M,, ap- 
proaches intinity. The avalanche breakdown condition is then given by 

(8.108) 

The ioniration rates are strong functions of electric field and, since the electric field is 
notconstant through the space charge region. Equation (8.108) is not easy toevaluate. 

If we consider, for example, a one-sided p+n junction, the maximum electric 
field is given by 

The depletion wldth r,, I \  glbcn approximately a\ 

where VR is the magnitude of the applied reverse-hias volt;~gc. We have neglected the 
built-in potential V,,, . 

If we now dctine V R  to he the hrenkdown voltage V D ,  the rnaxirnuln clcctric 
field. E,,,;,,, will be defined as a critical electric field, E,,,,, at breakdown. Combining 
Equations (8.109) and (8.1 10). wc may write 

1 where N 8  is the semiconductordoping in the low-doped region of the one-sidedjunc- 
tion. The critical clcctric field, plotted in Figure 8.24, is a ?light function of doping. 

We have been considering a uniformly dopcd planar junction. The breakdown 
voltage will decrease for a lincarly graded junction. Figure 8.25 ~ h o w s  a plot of the 
breakdown voltage for a one-sided abrupt junction and a linearly graded junction. If 
we take into account the curvature of adiffuscd junction as well, the breakdown volt- 
age will be further degraded. 
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8.5 Charge Storage and Diode Transients 

For a doping concentration of 4 x 10" cm-', the critical electric field, from Figure 8.24, 
isapproximately 3.7 x 105 Vlcm. Then from Equation (8.1 11) the breakdown voltage is IlOV, 
which cor~elates quite well with the results from Figure 8.25. 

I Conclusion 
As Figure 8.25 showc. the breakdown voltage increases as the doping concentration decreases 
in the low-doped region. 

TEST YOUR UNDERSTANDING 

E8.13 A one-sided, planar, uniformly doped silicon pn junction diode is required to have 
a reverse-bias breakdown voltage of VL3 = 60 V. What is the maximum doping 
concentration in thc low-doped region such that this ~pecitication is met! 
( I . u ~  s ,nl  x 8 = "N 'suv) 

E8.14 Repeat E8.13 for a CaAs diode. ( E-mJ qlOl X S'I % ' N  'Sub') 

Q.5 1 CHARGE STORAGE AND DIODE TRANSIENTS 
The pn junction is typically used as an electrical switch. In forward bias, referred to 
as the 011 state, a relatively large current can be produced by a small applied voltage; 
in reverse bias, referred to as the off state, only a very small current will exist. Of pri- 
mary interest in circuit applications is the speed of the pn junction diode in switching 
states. We will qualitatively discuss the transients that occur and the charge storage 
effects. We will simply state the equations that describe the switching times without 
any mathematical derivations. 

8.5.1 The Turn-off Transient 

Suppose we want to switch a diode from the forward bias on state to the reverse-bias 
off state. Figure 8.26 shows a simple circuit that will switch the applied bias at t = 0. 
Fort < 0, the forward-bias current is 

The minority carrier concentrations in the device, for the applied forward voltage V F ,  
are shown in Figure 8.27a. There is excess minority carrier charge stored in both the 
p and n regions of the diode. The excess minority carrier concentrations at the space 
charge edges are supported by the forward-bias junction voltage V,. When the volt- 
age is switched from the forward- to the reverse-bias state, the excess minority car- 
rier concentrations at the space charge edges can no longer be supported and they 
start to decrease, as shown in Figure 8.27b. 

The collapse of the minority carrier concentrations at the edges of the space 
charge region leads to large concentration gradients and diffusion currents in the 
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Figure 8.26 1 Simple circuit for switching a diode from 1 
forward to reverse bias. 

reverse-bias direction. If we assume, for the moment, that the voltage across t 
diode junction is small compared with V K .  then the reverse-bias current is 
approximately 

The junction capacitances do not allow the junction voltage to change instantaneously. 
If the current IK  were larger than this value, there would be a forward-bias voltage 
across the junction, which would violate our assumption of a reverse-bias current. If 
the current IK  were smaller than this value, there would be a reverse-bias voltage 
across the junction, which means that the junction voltage would have changed in- 
stantaneously. Since the reverse current is limited to the value given by Equation 
(8.113). the reverse-bias density gradient is constant; thus, the minority carrier con- 
centrations at the space charge edge decrease with time as shown i n  Figure 8.27b. 

This reverse current IR will be approximately constant for 0+ 5 r 5 t, ,  where t, 1 

is called the storage time. The storage time is thc lmgth of time required for the 
minority carrier concentrations at the space charge edge to reach the thermal- 
equilibrium values. After this time, the voltage across the junction will begin to 
change. The current characteristic is shown in Figure 8.28. The reverse current is the 
Row of the stored minority carrier charge, which is the difference between the minor- 
ity carrier concentrations at t = 0- and t = w,  as was shown in Figure 8.27h. 

The storage time t ,  can be determined by solving the time-dependent continuity 
equation. If we consider a one-sided p+n junction, the storage time is determined 

4 
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Fownrd hias 
diffusion 

of electrons 

Forward bias 
diffuhion 
of holes 

Pn0 

I = T  Reverse bias / \ Reverse hias 
diffusion diffus~un 

ot electronr o l  holes 

lb) 

Figure 8.27 1 (a) Steady-state forward-bias minority camer 
concentrations: (b) minority carrier concentrations at various 
times during switching. 

Figure 8.28 1 Current characteristic 
versus time during diode switching. 
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from the equation 
- 

where erf (r) is known as the error function. An approximate solution for 
time can he obtained as 

the 

The recovery phase fo r t  > t, is the time required for the junction to reach it! 

steady-state reverse-bias condition. The remainder of the excess charge is hei 
removed and the space charge width is increasing to the reverse-bias value. I , , ~  
decay time tz is determined from 

The total turn-off time is the sum oft ,  and r r .  
To switch the diode quickly, we need to he able to produce a large reverse tor- 

rent as well as have a small minority carrier lifetime. In the design of diode circu~~,. 
then, the designer must provide a path for the transient reverse-bias current pulsc l o  

order to he able to switch the diode quickly. These same effects will be considered 
when we discuss the switching of bipolar transistors. 

[ TEST YOUR UNDERSTANDING 1 
E8.15 A one-sided ptn silicon diode, that has a forward-bias c u ~ ~ e n t  of I, = 1.75 mA, is 

switched ta reverse bias with an effective reverse-bias voltage of Vn = 2 V and an 
effective series resistance of R x  = 4 kn. The minority carrier hole lifetime is 
lo-' s. (a) Determine the storage time t,. ( b )  Calculate the decay time r?. ( c )  What 
is the turn-off time of the diode? 
[s ,-Or x Z = ( 2 ) ' s  ,-Ol x SZ ' I  ('11 'S L ~ O 1  X 9 C L O  ("1 ''uV1 

8.5.2 The Turn-on Transient 

The turn-on transient occurs when the diode is switched from its "off" state into the 
forward-hias "on" stale. The turn-on can be accomplished by applying a forward- 
bias current pulse. The first stage of turn-on occurs very quickly and is the length of 

thermal-equilibrium value when V,  = 0. During this time, ionized donors and ac 
ceptors are neutralized as the space charge width narrows. 

1 
time required to narrow the space charge width from the reverse-bias value to its' 

The second stage of the turn-on process is the time required to establish th 
minority-carrier distributions. Durinp this time the voltage across the junction is in- 

ity carrier lifetime is small and if the forward-bias current is small. 

1 
creasing toward its steady-state value. A small turn-on time is achieved if the ininar- 

4 
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8.6 The Tunnel Diode 

*8.6 1 THE TUNNEL DIODE 
The nrnrlel diode is a pn junction in which both the n and p regions are degenerately 
doped. As we discuss the operation of this device, we will find a region that exhibits 
a negative differential resistance. The tunnel diode was used in oscillator circuits in 
the past, but other types of solid-state devices are now used as high-frequency oscil- 
lators: thus, the tunnel diode is really only of academic interest. Nevertheless, this de- 
vice does demonstrate the phenomenon of tunneling we discussed in Chapter 2. 

Recall the degenerately doped semiconductors we discussed in Chapter 4: the 
Fermi level is in the conduction band of a degenerately doped n-type material and in 
the valence band of a degenerately doped p-type material. Then, even at T = 0 K, 
electrons will exist in the conduction hand of the n-type material, and holes (empty 
states) will exist in the p-type material. 

Figure 8.29 shows the energy-band diagram of a pn junction in thermal equilib- 
rium for the case when both the n and p regions are degenerately doped. The deple- 
tion region width decreases as the doping increases and may be on the order of 
approximately 100 A for the case shown in Figure 8.29. The potential barrier at the 
junction can be approximated by a triangular potential barrier, as is shown in Fig- 
ure 8.30. This potential harrier is similar to the potential barrier used in Chapter 2 to 
illustrate the tunneling phenomenon. The barrier width is small and the electric field 
in the space charge region is quite large; thus, a finite probability exists that an elec- 
tron may tunnel through the forbidden band from one side of the junction to the other. 

We may qualitatively determine the current-voltage characteristics of the 
tunnel diode by considering the simplified energy-band diagrams in Figure 8.31. 

Potential 

p region 

I 
I 
I 

1 I X 

I I 
M 
1 Space I 

charge reglon 

Figure 8.29 I Energy-hand diagram of a pn junction in Figure 8.30 I Triangular potential 
thermal equilihrium in which both the nand p regions ilre harrier approximation of the potential 
degenerately doped. harrier in the tunnel diode. 
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F i g u ~  8.31 1 Simplified enetgy-band diagrams and I-Vcharacteristics of the tunnel 
diode at (a) zero bias; (b) a slight forward bias; (c) a forward bias producing 
maximum tunneling current. 
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8.6 The Tunnel Diode 

. ,  . , I 
( 5 )  

Figure 8.31 1 lconcluded) (d) A higher forward bias showing less tunneling current; (e) a 
forward bias for which the diffusion current dominates. 

Figure 8.31a shows the energy-band diagram at zero bias, which produces zero 
current on the 1-Vdiagram. If we assume, for simplicity, that we are near 0 K, then 
all energy states!are filled below EI.  on both sides of the junction. 

Figure 8.31b shows the situation when a small forward-bias voltage is applied to 
the junction. Electrons in the conduction band of the n region are directly opposite to 
empty states in the valence band of the p region. There is a finite probability that some 
of these electrons will tunnel directly into the empty states, producing a forward- 
bias tunneling current as shown. With a slightly larger forward-bias voltage, as in 
Figure 8 .31~ .  the maximum number of electrons in the n region will be opposite the 
maximum number of empty states in the p region; this will produce a maximum tun- 

As the forward-bias voltage continues to increase, the number of electrons on 
the n side directly opposite empty states on the p side decreases, as in Figure 8.31d, 
and the tunneling current will decrease. In Figure 8.31e, there are no electrons on the 
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Figure 8.32 1 (a) Simplified energy-band diagram of a tunnel diode with a revene- 
bias voltage: (b) I-Vcharacteristic of a tunnel diode with a reverse-bias voltage. 

n side directly opposite available empty states on the p side. For this forward-bi 
voltage, the tunneling current will be zero and the normal ideal diffusion current 
exist in the device as shown in the I-Vcharacteristics. 

d 
The portion of the curve showing a decrease in current with an increase in volt- 

age is the region of differential negative resistance. The range of voltage and current 
for this region is quite small; thus, any power generated from an oscillator using this 
negative resistance property would also be fairly small. 

A simplified energy-band diagram of the tunnel diode with an applied reverse- 
bias voltage is shown in Figure 8.32a. Electrons in the valence band on the p side are 
directly opposite empty states in the conduction band on the n side, so electrons can 
now tunnel directly from the p region into the n region, resulting in a large reverse- 
bias tunneling current. This tunneling current will exist for any reverse-bias voltage. 
The reverse-bias current will increase monotonically and rapidly with reverse-bias 
voltage as shown in Figure 8.32b. 

8.7 1 SUMMARY 
When a forward-bias voltage is applied across a pn junction (p region positive with 
respect to the n region), the potential barrier is lowered so that holes from the p region 
and electmns from the n region can Row across the junction. 
The boundary conditions relating the minority carrier hole concentration in then region 
at the space charge edge and the minority carrier electron concentration in the p region 
at the space charge edge were derived. 

m The holes that are injected into the n region and the electrons that are injected into the 
p region now become excess minority carriers. The behavior of the excess minority 
carrier is described bv the ambioolar transoon eauation develooed and described i n  
Chapter 6. Solving the ambipolar transpon equation and using the boundary conditions. 
the steady-state minority carrier hole and electron concentrations in the n region and 
p region, respectively, were derived. 
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Glossary of Important Terms 

I Gradients exist in the minority carrier hole and electron concentrations so that minority 
carrier diffusion currents exist in the pn junction. These diffusion currents yield the 
ideal current-voltage relationship of the pn junction diode. 

I The small-signal equivalent circuit of the pn junction diode was developed. The twu 
parameters of interest are the diffusion resistance and the diffusion capacitance. 

I Excess caniers are generated in the space charge region of a reverse-biased pn junction. 
These carriers are swept out by the electric field and create the reverse-bias generation 
current that is another component of the reverse-bins diode current. Excess carriers 
recon~bine in the space charge region of a forward-biased pn junction. This recombination 
pmcess creates the forward-bias recombination current that is another component of the 
forward-bias diode current. 

{ I Avalanche hreakdown occurs when a sufficiently large reverse-bias voltage is applied to 
the pn junction. A large reverse-hias currcnt may then be induced in the pn junction. 
The breakdown voltage as a function of the doping levels in the pn junction was I derived. In a one-sided pn jun~.tion, the breakdown voltage is a function of the doping 
concentration in the low-doped region. 
When a pn junction is switched from forward bias to revcrse bias, the stored excess 
minority carrier charge must be removed from the junction. The time required to 
remove this charge is called the storage time and is a limiting fdctor in the switching 
speed of a diode. 

GLOSSARY OF IMPORTANT TERMS 
avalanche breakdown The process whereby a large reverse-bias pn junction current is cre- 

ated due to the generation of electron-holc pairs by the collision of electrons andor holes 
with atomic electrons within the space charge region. 

carrier injection The flow of carriers across the space charge region of a pn junction when 
avoltage is applied. 

critical electric field The peak electric field in the space charge region at breakdown. 

diffusion capacitance The capacitance of a forward-biased pn junction due to minority car- 
rier storage etfccts. 

diffusion conductance The ratio of a low-frequency, small-signal sinusoidal current to volt- 
age in a forward-biased pn junction. 

diffusion resistance The inverse of diffusion conductance. 

lornard bias The condition in which a positive voltage is applied to the p region with re- 
spect to then region of a pn junction so that the potential barrier between the two regions 
is lowered below the thermal-equilibrium value. 

generation current The reverse-bias pn junction current pruduced by thc thermal genera- 
tion of electron-hole pairs within the space charge region. 

"long" diode A pn junction diode in which both the neutral p and n regions are long com- 
pared with the respective minority carrier diffusion lengths. 

recombination current The foru,ard-hias pn junction current produced as a result of the 
How of electrons and holes thdt recombine within the space charge region. 

reverse saturation current The ideal reverse-bias current in a pn junction. 

"short" diode Apn junction diode in which at least one of the neutral p o r n  regions is short 
compaed to the respective minority carrier diffusion length. 
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storage time The time required for the cxcc\\ nc~n(~rity carrier concentrations at thr ira'& 
charge edge to go from their steady-state values to zero when the diade is switchtk. 
forward to revcrse bias. 

CHECKPOINT 
After studying this chapter, the reader should hare the ability to: 

Descrihc thc mechanism of charge How acmss rhc space charge rrgiun of a pn juncrion 
urhcn a fr~nuard-bias volrege is applisd. 
Statr the boundary conditions for thc minority carrier concentmtians ;kt the edge of the 
space charge region. 

I 

Derive the expressions for the steady-statc inlinal-ity carrier cuncentrations in the 
pn junctiun. 
Derivc thc ideal currmt-volvage relationhhip for a pn junction diode. 
Daclibe the characteristics of a "short" diode. 
Descrihe what is meant by diffusion rcsistance and diffusion capacitancc. 
Describe generation and recombinatian currents in a pn junction. 
Describe the avalanche breakdown mechanism in a pn junction. 

i 
Descrihe the turn-oil transient responsc in a pn juncuon. 

REVIEW QUESTIONS 
1. Why does the putmtial barrier decrease in af(~rward-biased pn junction? 

2. Writc the boundary conditions for the e x c e s  minority carriers in a pn junction (a)  under 
forward hias and (b) under reverse bias. 

3. Sketch the steady-state minority carrier concentration\ in a fbrward-biased po junction. 

4. Explain the procedure thiit is used in deriving the ideal current-volt;ige relationship in :i 

pn junction diode. 

5. Sketch the electron and holc currents through a forward-biased pn junction diode. 

6 .  What i \  meant by a "short" diode? 

7. (a)  Explain the physical rnechanisrn of difti~sion capacitance. (b) What i~ diffuqion 
resistance? 

8. Explain the physical mechanism of the ( a )  generation currcnt and (b) recombination 
cllrrellt. 

9. Why docs the breakdown voltage of a pn junction decrease as the doping concentration 
increases'? 

10. Explain what is lnrant by storage time. 

PROBLEMS 

Section 8.1 pn Junction Current 

8.1 ( a )  C o n d e r  an ideal pn junction diode at T = 100 K operating in the forward-bias 
region. Calculate the change in diade voltage that will cause a factor al 10 increase 
in current. ( b )  Repcat part (o )  for a factor of 100 incrcasr in current. 
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Calculate the applied reverse-bias voltage at which the ideal reverse current in a pn 
junction diode at T = 300 K reaches 90 percent of its reverse saturation current value. 

An ideal silicon pn junction at T = 300 K is under forward bias. The minority carrier -- :a lifetimes are r,,,, = lo-' sand r,,, = lo-' s. The doping concentration in the n region 
is N, = IOIb cm-2. Plot the ratio of hole current to the total current crossing the 

- 
< -. 

space charge region as the p-region doping concentration varies over the range 
10" 5 N ,  cm i .  (Use a log scale for the doping concentrations.) 

A silictln pn junction diode is to be designed to operate at T = 300 K such that the 
diode current is I = I0  mA at a diode voltage of V ,  = 0.65 V. The ratio of electmn 

than 20 A/cm2. Use the semiconductor parameters given in Example 8.2. 
current to total current is to be 0.10 and the maximum current density is to be no more 

For a silicon pn junction at T = 300 K, assume r,,o = O.lr,,o and w,, = 2 . 4 ~ ~ .  The 
ratio of electron current crossing the depletion region to the total current is defined as 
the electron injection efficiency. Determine the expression for the electron injection 
efficiency as a function of (a) N d / N ,  and (b) the ratio of n-type conductivity to p-type 
conductivity. 

Consider a p'n silicon diode at T = 300 K with doping concentrations of N,, = 
IOIR  cm-' and Nd = 10I6 cm-'. The minority carrier hole diffusion coefficient is 
D, = 12 cm2/s and the minority canier hole lifetime is r,,o = LO-' s.  The cross- 
sectional area is A = 1 0 P  cm'. Calculate the reverse saturation current and the 
diode current at a forward-bias voltage of 0.50 V. 

, ,, ,. ", .. 
95 percent of the current in the depletion region is carried by electrons? 

A silicon pn junction with a cross-sectional area of cm2 has the following prop- 
erties at T = 300 K: 

n region p region 

(a )  Sketch the thermal equilibrium energy-band diagram af the pn junction, including 
the values of the Fermi level with respect ta the intrinsic level on each side of the 
junction. (b) Calculate the reverse saturation current I,? and determine the forward- 
bias current I at a forward-bias voltage of 0.5 V. (c) Determine the ratio of hole 
current to total current at the space charge edge x,, . 
Agermaniumpin diode at T = 300 K has the following parameters: N,, = 10" cm-', 
Nd = 10lh cm-j, D, = 49 cm2/s, D,, = 100 cm21s, rPo = ran = 5 ps, and A = 
10.' cm2. Determine the diode current for (a) a forward-bias voltage of 0.2 V and 
(b) a reverse-bias voltage of 0.2 V. 

An n+p silicon diode at T = 300 K has the following parameters: Nd = 10" cm-', 
N,, = 1016 cm-l, D,, = 25 cm2/s, 0, = lOcm'/s, r,,, = r,o = 1 ps ,  and 
A = lo-' cm2. Determine the diode current for (a) a forward-bias voltage of 0.5 V 
and (b) a reverse-bias voltage of 0.5 V. 
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CHAPTER 8 The pn Junction Diode 

Figure 8.33 1 Figure for 
Problem 8.11. 

Figurn 8.34 1 Figure for 
Problem 8.12. 1 

8.11 A silicon step junction has uniform impurity doping concentrations of N ,  = 5 x 
10'' cm-' and Nd = 1 x 10" c m  ', and a cross-sectional area of A = lo-' cm2. 
Let I,,,, = 0.4 j ~ s  and r,,,, = 0. I ps .  Consider the geometry in Figure 8.33. Calculate 
(u)  the ideal reverse saturation current due to holes, (b) the ideal reverse saturation 
current due to electrons, ( c )  the hole concentration at x,, if V; = V b j .  and I d )  the 
electron current at x = x,, + L ,  for V,, = V,,, 

8.12 Consider the ideal long silicon pn junction shown in Figure 8.34. 7 = 300 K. The 

! 
n region is doped with 10'" donor atoms per cm' and the p region is doped with 
5 x 10'" acceptor atoms per cm'. The minority carrier lifetimes are r,,,, = 0.05 ws a 
r,,,, = 0.01 11s. The minority carrier diffusion coefficients are D,, = 23 cm'ls and 
D,, = 8 cm'ls. The forward-bias wlltage is V,, = 0.610 V. Calculate (a) the excess 

at .r = 3 x lo-' cm. and (r)  the electron current density at .r = 3 x lo-' cm. 

described in ( a )  Problem 8.9 and (b) Problem 8.10. 

diode is 7 = 300 K. and the doping concentrations are Nd = 10'%cms and N,, = 

I hole concentration as a function of x for x ? 0, (b) the hole diffusion current density 

8.13 The limit of low injection is normally defincd to he when the minority carrier concen- 
tration at the edge of the space charge region in the low-doped region becomes equal 1 
to one-tenth the majority carrier concentration in this region. Determine the \,slue of 
the forward-bias voltage at which the limit of lnw injection is reached fbr  the diode 4 

8.14 The cross-sectional area of a silicon pn junction is LO' cm'. The temperature ofthe 

8 x cm-'. Assume minority carrier lifetimes of r,,,, = s and I,,,, = lo-' s. 
Calculate the total number uf excess electrons in the p region and the total number of 
excess hales in the n regirln for (0) V,, = 0.3 V, (h )  V,, = 0.4 V, and ( c )  V,, = 0.5 V. 

- 3 8.15 Consider two ideal pn junctions at 7 = 300 K. having exactly the same electrical and 
physical parameters except for the handgap energy of the semiconductor materials. 
The tint pn junction has a bandgap energy of 0.525 eV and a forward-bias current of 
10 mA with V ,  = 0.255 V. For the secund pn junction, "design" the handgap energy 
so that a forward-bias voltage of V ,  = 0.32 V will produce acurrent of I0 uA. 

8.16 The reverse-bias saturati<~n current is a function of temperature. (o) Assuming that I, 
varies with temperature only Srwn the intrinsic carrier concentration, show that we 
can write I, = CT' exp (-E,/kT) where Cis  a constant and a hlnction only of the 
diode parameters. (b) Determine the increasc in I, as the ternpcrature increases from 
T = 300 K to T = 400 K for a (i) germanium diode and ( i i )  silicon diode. 

-- 8.17 Assume that the mobilities, diffusion coefficients, and minority carrier lifetime b parameters are independent of temperature (use the T = 300 K valuec). Assume that 
-G r,,, = s, rPo = 10-' s. N,, = 5 x 10" c n ~ i ' ,  and N,, = 5 x 10Ih cm-'. Plot the 

ideal reverse saturation current density from T = 2CU K to I = 500 K for (a) silicon, 
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( b )  germanium, and (c)  gallium arsenide ideal pn junctions. (Use a log scale for the 
current density.) 

kl8 An idral uniformly doped silicon pnjunction diode ha? acmss-sectional area of 
lo-'' cm2. The p region is doped with 5 x lo1* acceptor aloms per cm' and then region 
is doped with 10" donor atoms per c d .  Assume that the following parameter values 
are independent of temperature: E, = 1.10 eV, r , , ~  = T,,O = 10-' S. D,, = 25 cm'ls. 
D,, = 10cm'ls. N, = 2.8 x 10" cm-'. and N ,  = 1.04 x I0lY cm-'.Theratioofthe 
forward to reverse current is tu be no less than 10' with forward- and reverse-bias 
voltages of 0.50 V. Also, the reverse saturation current is to be no larger than I @A. 
What is the maximum temperature at which the diode will meet these specifications? 

'8.19 Apin silicon diode is fabricated with a narrow n region as shown in Figure 8.10, 
in which W,, < L,,. Assume the boundary condition of p,, = p.,, at r = x. + W, 
( a )  Deri1.e the expression for the excess hole concentration Sp,, (x) as given by 
Equation (8.27) ib)  Using the resultr of pan (a), show that the current density in 
the diode is given by 

! 8.20 A silicon diode can be used to measure temperature by operating the diode at a fixed 
forward-bias current. The forward-bias voltage is then a function of temperature. At 

/ T = 300 K. the diode voltage is found to be 0.60 V Determine the diode voltage at 

I 
(a )  T = 310 K and ( h )  T = 320 K .  

8.21 A forward-biased silicon diode is to be used as a temperature sensor. The diode is for- =- 

ward biased with a constant current source and I:, is measured as a function of ternpr- 
I ature. ( r i )  Derive an expression for V,, (TI  assuming that DIL  for electruns and holes. 

/ and E, are independent of tcmperature. ( h )  If the diode is biased at I,, = 0.1 mAand if 
1 
1 I, = l 0 I 5  Aat T = 300 K,  plot V,, versus Tfor 2 0 C  i T < 200C.  ( c )  Repeat palt 
1 (h )  if 1 ,  = 1 mA. (d) Determine any changes in the results of pans (a) through ( c )  if 

the change in bandgap energy with temperature is taken into account. 

Section 8.2 Small-Signal Model of the pn Junction 

822 Calculate the small-signal ac admittance of a pn junction biased at V,, = 0.72 V 
and 1rJn = 2.0 mA. Assume the minority carrier lifetime is I p s  in both the n and 
p regions. T = 300 K. 

1.23 Consider a ptn silicon diode at T = 300 K The diode is b w a d  biased at a current of 
1 mA. The hole lifetime in the n region is lo-' s.Neglecting the depletion capacitance, 
calculate the diode impedance at frequencies of 10 kHz, 100 kHz, I MHz, and I0 MHz, 

8.24 Consider a silicon pn junction with parameters as described in Problem 8.8. 
((I) Calculate and plot the depletion capacitance and diffusion capacitance over the 
voltage range -10 5 V,, 5 0.75 V .  ( b )  Determine the voltage at which the two 
capacitances are equal. 

8.25 Consider a ptn silicon diode at T = 300 K .  The slope of the diffusion capacitance 
versus forward-bias current is 2.5 x 10-"lA. Determine the hole lifetime and the 
diffusion capacitance at a forward-bias current of 1 mA. 

8.26 A one-sided nip silicon diode at 7 = 300 K with a cross-sectional area of lo-' cm' 
is operated under forward bias. The doping levels are Nd = 10'' cm-' and 
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C H A P T E R  8 The on Junctlon D~ode 

N, = 10" cm-', and the minority canier parameters are r,,,, = I 0  s. r,,,, = 10-' s, 
D ,  = 10 cm'h. and P,, = 25 cm'ls. The maximum diffusion capacitance is to be 1 
Determine ( a )  the maximum current through the diode, (b) the maximum forward-bi 
voltage, and (c )  the diffusion resistance. 

d 
8.27 A silicon pn junction diode at T = 300 K has a cross-sectional area of 10~%m'.  

length of the p region is 0.2 cm and the length of the n region is 0.1 cm. The doping 
concentrations are Nd = I0l5 ~ m - ~  and Nu = 10'" cm-'. Determine (a )  approxi- 
mately the series resistance of the diode and (b) the current through the diode that w' 
produce a 0.1 V drop across this series resistance. 

8.28 We want to consider the effect of a series resistance on the forward bias voltage 
required to achieve a particular diode current. (a) Assume the reverse saturation 
current in a diode is I, = 10-"' A at T = 300 K. The resistivity of the n region is 
0.2 0-cm and the resistivity of the p region is 0.1 R-cm. Assume the length of each 
neutral region is lo-' cm and the cross-sectional area is 2 x lo-' cm2. Determine 
the required applied voltage to achieve a current of (i) 1 mA and (ii) 10 mA. 
( h )  Repeat part (a) neglecting the series resistance. 

8.29 The minin~urn mall-signal diffusion resistance of an ideal forward-biased silicon 
pn junction diode at T = 300 K is to be r,  = 48 Q. The reverse saturation current is 

applied to meet this specification. 

diffusion resistance. (b) Repeat pan ( a )  for an applied reverse-bias voltage of 
Vc, = -20 mV, 

1 I, = 2 x 10-" A. Calculate the maximum applied forward-bias voltage that can be 

8.30 (',)An ideal silicon pn junction diode at T = 300 K is forward biased at V, = 
f 2 0  mV. The reverse-saturation current is I, = 10-l3 A. Calculate the small-signal 

1 
Section 8.3 Generation-Recombination Currents 1 
8.31 Consider a reverse-biased gallium arsenide pn junction at T = 300 K. Assume that a 

reverse-bias voltage, VR = 5 V, is applied. Assume parameter values of: N,  = Nd = 
10" cm-', D I )  - - 6 cm21s, D,, = 200 cm'ls, and r,o = r , , ~  = ro = 10@ s. Calculate 
the ideal reverse saturation current density and the reverse-biased generation current 
density. How does the relative value of these two currents compare to those of the 
silicon pn junction? 

*8.32 (a) Consider Example 8.7. Assume that all parameters except n, are independent of 
temperature. Determine the temperature at which J, and J,,, will be equal. What are 
the values of J ,  and J,,, at this temperature? (b) Using the results of Example 8.7, 
calculate the forward-bias voltage at which the ideal diffusion current is equal to the 
recombination current. 

8.33 Consider a GaAs pn diode at T = 300 K with N ,  = N ,  = 10'' cm-' and with a cross- 
sectional area of cm2. The minority carrier mobilities are p, = 3000 cm'1V-s and 
w p  = 200cm'N-s. The lifetimes are r,,, = r,,, = r,, = 10.' s. As a first approxitna- 
tion, assume the electron-hole generation and recombination rates are constant across 
the space charge region. (u)  Calculate the total diode current at a reverse-bias voltage 
of 5 V and at forward-bias voltages of 0.3 V and 0.5 V. (h )  Compare the results af pan 
(0) to an ideal diode at the same applied voltages. 

8.34 Consider the pn junction diode described in Problem 8.33. Plot the diode recombina- 
tion current and the ideal diode current (on a log scale) versus forward bias voltage 
over the range 0.1 5 V,, 5 I .0V.  

Page 342 of 566



Problems 

Figure 8.35 1 Figure for 
Problem 8.38 and 8.39. 

A~il icon pn junction diode at T = 300 K has the following parameters:Na = N,, = 
I O l h  cm-'. i,,,, = T ,,,, = ro = 5 x 10.' s. D,, = IOcm'ls, D,, = 25 cm2/s. and a 
cross-sectional area of lo-' cm2. Plot the diode recombination current and the ideal 
diode current (on a log scale) versus forward bias volr:~ge over the range 0.1 5 
V,, 5 0.6 V. 

Consider a GaAs pn diode at T = 300 K with N,, = N., = 10" cm-' and with a 
cmss-sectional area of 5 x cm'. The minurity carrier niohilitirs are jr, ,  = 
3500 cm'N-s and p,, = 220 cm2/V-s. The rlectron-hole lifetimes are T,,,, = r,,,, = < 

r,, = s. Plot the diode forward-bias current including recombination currcnt 
herween diode volr;!pes of 0.1 5 V ,  _i 1.0 V. Compare this plnt tn that for an ideal 
dirlde. 

Starting with Equation (8.83) and using !he cuitable appri~ximations. show that the max- 
inlunl recombination rate in a forward-biased pn junction is given by Equatian (8.9 1 i. 

Consider. as shown in Figure 8.35, a uniformly doped silicon pn junction at 7 = 300 K 
with impurity doping concentrations of N,  = Nd = 5 x 10'' cm-' and minority 
carrier lifetin~cs of rno = rpo = ro = lo-' s.Areverse-bias voltageof VR = IOV is 
applied. A light source is incident only on the space charge region. pmducing an excess 
carrier generation ratc of g' = 4 x 10'' cm-' s-' . Calculate the generation current 
density. 

Along silicon pn junction diode has the following parameters: N,, = 10'' cm-', 
N,, = 3 x 10'" cm '. i,," = r,,,, = r0 = lo-' s .  D,, = 18 cm'ls. and D,, = 6 cm'/s. 
A light source is incident on the space charge region such as shown in Figure 8.35, 
producing a generation current density of JG = 25 mA/cm2. The diode is open 
circuited. The generation current density forward biases the junction, inducing a 
forward-bias current in the opposite direction to the generation current. A steady-state 
condition is reached when !he generation current density and forward-bias current 
density are equal in magnitude. What is the induced forward-bias voltage at this 
steady-state condition? 

Section 8.4 Junction Breakdown 

8.4U The critical electric field for breakdown in silicon is approximately E,,,, = 4 x 

10' Vlcm Determine the maximum n-type doping concentration in an abrupt p+n 
junction such that the breakdown voltage is 30 V. 
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CHAPTER 8 The pn Junction Dlode 1 
8.41 Design an abrupt silicon ptn junction diode that has a reverse breakdown voltage 

120 V and has a forward-bias current of 2 mA at V = 0.65 V. Assume that r,,,, = 
lo-' s. and find I',, from Figure 5.3. 

8.42 Consider an abrupt n+p GaAs junction with a p-type doping concentration of N, = 
IOlh cm-'. Determine the breakdown voltage. 

8.43 A symmetrically dnped silicon pn junction has doping concentrations of N,, = N, = 
5 x 10" cm-'. If the peakelectric field in the junction at breakdown is E = 4 x 
lo5 Vlcm. determine thc breakdown voltage of this junction. 

8.44 An abrupt silicon p+n junction has an n-region doping concentration of N,, = 
5 x I0l5 cm-). What must be the minimum n-region width such that avalanche bre 
down occurs before the depletion region reaches an ohmic contact (punchthrough)? 

8.45 A silicon pn junction diode is doped with Nu = Nd = 10" c m .  Zener breakdown 
occurs when the peak electric field reaches 10' Vlcm. Determine the reverse-bias 
breakdown voltage. 

p region to avoid premature breakdown. Assume the p region doping is 10'' cm-'. 
Determine the reverse-bias voltage such that the depletion region remains within 
the p region and does not reach breakdown if the p region width is (0) 75 Wm and 
( b )  150 Wm. For each case, state whether the maximum depletion width or the 
breakdown voltage is reached first. 

from N, = I O I R  c m  ' to N, = 101%m-' over a distance of 2 bm. Estimate the 
breakdown voltage. 

i 
8.46 Adiode will very often have the doping profile shown in Figure 7.19. which is known 

as an n+ppi diode. Under reverse bias, the depletion region must remain within the 

8.47 Consider a silicon pn junction at T = 300 K whose doping profile varies linearly 

Section 8.5 Charge Storage and Diode Transients 

8.48 (u) In switching a pn junction from forward to reverse bias, assume that the ratio of I 
reverse current, I x ,  to forward current, I F ,  is 0.2. Determine the ratio of storage time 
to minority carrier lifetime, t,/r,,n. (b) Repeat part (a) if the ratio of I R  to IF is 1.0. 

8.49 A pn junction is switched from forward to reverse bias. We want to specify that 
t,, = O.2rpo. Determine the required ratio of IR to I,. to achieve this requirement. In 
this case, determine f2/rp0. 

8.50 Consider a diode with a junction capacitance of 18 pF at zero bias and 4.2 pF at a 
reverse bias voltage of VR = I0  V. The minority carrier lifetimes are I F 7  s. The 
diode is switched from a forward bias with a current of 2 mA to a reverse bias voltage 
of 10 V applied through a 10 kQ resistur. Estimate the tum-off time. 

Section 8.7 The Tunnel Diode 

8.51 Consider a silicon pn junction at T = 300 K with doping concentration of N, = 

the space charge width at a forward-bias voltage of V,, = 0.40 V. 

1 
N, = 5 x 10" cm-'. Assuming the abrupt junction approximation is valid, determine 

8.52 Sketch the energy-band diagram of an abrupt pn junction under zero bias in which the 
p region is degenerately doped and 4 = E, in the n region. Sketch [he forward- and 
reverse-bias current-voltage characteristics. This diode is sometimes called a hack- 
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Summary and Review 

8.53 (n) Explain physically why the diffusion capacitance is not important in a reverse- 
biased pn junction. (6) Consider a silicon. a gennanium, and gallium arsenide pn 
junction. If the total current density is the same in each diode under forward bids, 
discuss the expected relative values of electron and hole current densities. 

$8.54 Asilicon pn junction diode at T = 300 K is to be designed to have a reverse-bias break- 
down voltage of at least 50 V and to handle a forward-bias current of 10 = 100 mA 
while still operating under low injection. The minority carrier diffusion coefficients and 
lifetimes are D, = 25 cm2/s, 0 ,  = 10 cm2/s, and r,,, = rpu = 5 x lo-' s. The diode 
is to be designed for minimum cross-sectional area. 

*8.55 The donor and acceptor concentrations on either side of a silicon step junction are 
equal. ( a )  Derive an expression for the breakdown voltage in terms of the critical 
electric field and doping concentration. (6) If the breakdown voltage is to be VB = 
50 V. specify the range of allowed doping concentrations. 
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Metal-Semiconductor and 
Semiconductor Heterojunctions 

P R E V I E W  

I n the preceding two chapters, we considered the pn junction and assumed that 
the semiconductor material was the same throughout the entire structure. This 
type of junction is referred to as a homojunction. We developed the electrostat- 

ics of the junction and derived the current-voltage relationship. In this chapter, we 
will consider the metal-semiconductor junction and the semiconductor heterojunc- 
tion, in which the material on each side of the junction is not the same. These junc- 
tions can also produce diodes. 

Selniconductor devices, or integrated circuits, must make contact with the out- 
side world. This contact is made through nonrectifying metal-semiconductor junc- 
tions, or ohmic contacts. An ohmic contact is a low-resistance junction providing 
current conduction in both directions. We will examine the conditions that yield 
metal-semiconductor ohmic contacts.. 

9.1 1 THE SCHOTTKY BARRIER DIODE 
One of the first practical semiconductor devices used in the early 1900s was the 
metal-semiconductor diode. This diode, also called a point contact diode, was made 
by touching a metallic whisker to an exposed setniconductor surface. These metal- 
semicondi~ctor diodes were not easily reproduced or mechanically reliable and were 
replaced by the pn junction i n  the 1950s. However, semiconductor and vacuum tech- 
nology is now used to fabricate reproducible and reliable metal-semiconductor con- 
tacts. In this section, we will consider the metal-semiconductor rectifying contact, or 
Schottky barrier diode. In most cases, the rectifying contacts are madc on n-type 
semiconductors; for this reason we will concentrate on this type of diode. 
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9.1 The Schottky Barrier Diode 

9.1.1 Qualitative Characteristics 

The ideal energy-band diagram for a particular metal and n-type semiconductor be- 
fore making contact is shown in Figure 9. la. The vacuum level is used as a reference 
lebel. The parameter @,,, is the metal work function (measured in volts), $T is the 
semiconductor work function, and x is known as the electron affinil)- The work 
functions of various metals are given in Table 9.1 and the electron affinities of sev- 
eral semiconductors are given in Table 9.2. In Figure 9.la, we have assumed that 
4,,, > 4,. The ideal thermal-equilibrium metal-semiconductor energy-band diagram, 
for this situation, is shown in Figure 9.lh. Before contact, the Fermi level in the 
semiconductor was above that in the metal. In order for the Fermi level to become a 
constant through the system in thermal equilibrium, electrons from the semiconduc- 
tor flow into the lower energy states in the metal. Positively charged donor atoms re- 
main i n  the semiconductor, creating a space charge region. 

The parameter 4 ~ "  is the ideal barrier height of the semiconductor contact, the 
potential bamer seen by electrons in the metal trying to move into the semiconductor. 

Figure 9.1 1 (a) Energy-band diagram of a metal and 
semiconductor before contact; (b) ideal energy-hand diagram 
of a metal-n-semiconductor junction for @,,, z $., . 
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818 CHAPTER 9 Metal-Semiconductor and Sem~conductor Heterojunctons 

Table 9.1 1 Work fitncrionc nf \rime el.-mentq 

Element Wnrk function, +,,, 
Ax. silver 4.26 

b 

Al, aluminum 4.28 
Au, gold 5.1 Table 9.2 1 Electron affinity of some 
Cr, chromium 4.5 scmiconduclars 
Mo, molybdenum 4.6 
Ni, nickel 5.15 Element Electron affinity, x 
Pd, palladium 5.12 Ge, germanium 4.13 
Pt, platinum 5.65 Si, silicon 4.01 
Ti, titanium 4.33 CaAs, gallium arsenide 4.07 
W. tungsten 4.55 AIAs, alurninum arsmide 3.5 

This barrier is known as the Schottb burrier and is given. ideally, by 

lh8o=l*.-i)] 
On the semiconductor side, Vbi is the built-in potential barrier. This barrier, similar to 
the case of the pn junction, is the barrier seen by electrons in the conduction band try- 
ing to move into the metal. The built-in potential barrier is given by 

which makes V,>, a slight function of the semiconductor doping, as was thc case i n  a 
pn junction. 

If we apply a positive voltage to the semiconductor with respect to the metal. the 
semiconductor-to-metal barrier height increases. while @ ~ o  remains constant in this 
idealized case. This bias condition is the reverse bias. If a positive voltage is applied 
to the metal with respect to the semiconductor, the semiconductor-to-metal bdsner 
Vbi is reduced while @so again remains essentially constant. In this situation. elec- 
trons can more easily flow from the semiconductor into the metal since the bal~ier 
has been reduced. This bias condition is the forward bias. The energy-band diagrams 
for the reverse and forward bias are shown in Figures 9.2a and 9.2b, where VR is the 
magnitude of the reverse-bias voltage and K, is the magnitude of the forward-bias 
voltage. 

The energy-band diagrams versus voltage for the metd-semiconductor junction 
shown in Figure 9.2 are very similar to those of the pn junction given in the last chap- 
ter. Because of the simikdrity, we expect the current-voltage characteristics of the 
Schottky barrier junction to be similar to the exponential behavior of the pn junction 
diode. The current mechanism here, however, is due to the flow of majority carrier 
electrons. In forward bias, the barrier seen by the electrons in the semiconductor is 
reduced, so majority carrier electrons How more easily from the semiconductor into 
the metal. The forward-bias current is in the direction from metal to semiconductor; 
it is an exponential function of the forward-bins voltage V,. 
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Figure 9.2 I Ideal mergy-band diagram of a mctal-semiconductorjunction (a) under revrrsc bias and (b) ulider 
.: forward bias. 

9.1.2 Ideal Junction Properties 

We can determine the electrostatic properties of the junction in the same way as we 
did for the pn junction. The electric field in the space charge region is determined 

I" mPoisson's equation. We have that 

dE p ( x )  - - - 
dx cs 

(9.3) 

where p(x)  is the space charge volume density and <, is the permittivity of the semi- 
conductor. If we assume that the semiconductor doping is uniform, then by integrat- 

g Equation (9.3, we obtain 

+ C I  (9.4) 

where C, is a constant of integration. The electric field is zero at the space charge 
edge in the semiconductor, so the constant of integration can he found as 

- 
The electric field can then be written as 

which is a linear function of distance, for the uniformly doped semiconductor, and 
reaches a peak value at thc metal-semiconductor interface. Since the E-held is zero 
inside the metal. a negative surface charge must exist i n  the metal at the metal- 
semiconductor junction. 
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The space charge region width, W, may be calculated as we did for the pn junc- 
tion. The result is identical to that of a one-sided p+n junction. For the unifortlrl? 
doped semiconductor, we have 

where VR is the magnitude of the applied reverse-bias voltage. We are again assum- 
ing an abrupt junction approximation. 

EXAMPI.E 9.1 I Objective 

To calculate the ilieorelical harrier height, built-in potential barrier, and maximom elcct~lc 
field in a meVal-semiconductor diode for zero applied bias. 

Consider a contact hetween tungsten and n-type silicon doped to N,, = 10'" c n i  .it 

T =300K. 

Solution 
The metal work function for tungsten (W) from Tttble 9.1 is @,,, = 4.55 V and the elec 
affinity for silicon from Table 9.2 is x = 4.01 V. The barrier height is then 

= @,,, - x = 4.55 - 4.01 = 0.54 V 

where is the ideal Schottky barrier height. We can calculate @,, as 

(2.Xl;,;") = 0.206 V 

Then 

Vb, = @ H o  @ , ,  = 0.54- 0.206 = 0.33 V 

The space charge width at zero bias is - = ["I1" = [2(M .7)(X.X5 x M" 

eNd (1.6 x 10-19)(10~6) 

or 

x,, = 0.207 x cm 

Then the maximum electric field is 

rNds,, (1.6 x 10-1n)(1016)(0.207 x 10-') 
IE,",, = - 

- - 

6, (11.7)(8.85 x 

or finally 

lEnlal = 3.2 x lo4 Vlcm 
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r 
I Comment 
The values of space charge width and electric field are very similar to those ohtained for a 
pn junction. 

A junction capacitance can also be determined in the same way as we did for  the 
pn junct~on. We have that 

where C' is the capacitance per unit area. If we  square the reciprocal of  Equa- 
tion (9.8). we  obtain 

We can use Equation (9.9) to  obtain, to  a first approximation, the built-in potential 
barrier !f,, , and the slope of the curve from Equation (9.9) to  yield the seniiconductor 
doping N,!. We can calculate the potential $,, , and then determine the Schottky barrier 

from Equation (9.2). 

i TEST YOUR UNDERSTANDING 

E9.1 Consider an ideal chmmium-lo-n-type silicon Schottky diode at T = 300 K. Assume 
the semicunductor is doped at a cuncentration of N,, = 3 x 10" ~ m - ~ .  Determine the 
(a) ideal Schottky barrier height, (h)  huill-in potential harrier, (c) peak electric ticld 
with an applied reverse-bias voltage of V K  = 5 V, and id) junction capacitance per 
unit area for V, = 5 V. I,'JJ3/cl a-O1 x 889  = ,3 W )  "JJVA x L = '"'"31 1.1) 
'A ESZ.0 = '"A (9) 'A 6V0 = (") 'Sub'] 

E9.2 Repeat E9.1 for an ideal palladium-to-n-type GaAs Schottky diode with the same 

I impurity concentration. [z"3/cl 6-01 X 98'9 = ,3 (P) 'UlVA rO1 X L = ly'1LU31 I J )  
'A 616'0 = "'A (Y) 'A 50'1 = ""@ 1") 'yUV1 

O b j e c t i v e  1 EXAMPLE 9.2 

To calculate thc semiconductor doping and Schottky barrier height from the silicon diode 
/ experimental data shown in Figure 9.3. T = 300 K. 

I Solution 
The intercept of the tungsten-silicon curve is approximately at V,,, = 0.40 V From Equa- 

; tion (Y.Y), we can write 
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I't / I 

Figure 9.3 1 I /C2  versus V ,  for W-Si and W-GaAs 
, , 

Schottky barrier diodes. +. 
(From Sre / 141.) 

Then, horn the figure, we have 

so that 

We can calculate 

so that 

4,,, = Vb, + @, = 0.40 + 0.12 = 0.52 V 

where $,, is the actual Schottky barricr height, 

Comment 
The experimental value of 0.52 V can be compared with the ideal barrier height of @,, = 

054V found in Example 9.1. These results agree iairly well. For other metals, the discrepancy 
between experiment and theory is larger. 
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We can see that the built-in potential barrier of the gallium arsenide Schottky 
/diode is larger than that ofthe silicon diodr  This experimental result is normally oh- 
j served for all types of metal contacts. 

b.1.3 Nonideal Effects on the Barrier Height 

r~everal effects will alter the actual Schottky barrier height from the theoretical value 
given hy Equation (9.1). The first effect we will consider is the Schottky effect, or 
image-force-induced lowering of the potential barrier. 

An electron in a dielectric at a distance I from the metal will create an electric 
'field. The field lines must be perpendicular to the metal surface and will be the same I 
as if an image charge, +e. is located at the same distance from the metal surface, but 
inside the metal. This image effect is shown in Figure 9.4a. The force on the electron, 
due to the coulomb attraction with the image charge, is 

I Metal I Dielectric 

Figure 9.4 1 (a) Image charge and electric field lines at a metal4ielectric interface. (b) Distortion of 
the potential harrier due to image forces with zero electric field and (c) with a constant electric field. 
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P 

The potential can then be found as 

where s' is the integration variable and where we have assumed that the potential is 
zero at x = cw. 

The potential energy of the clectron is e 4 ( . s ) ;  Figure 9.4b is a plot of the 
potential energy assuming that no other electric tields exist. With an electric field 
present in the dielectric, the potential is modified and can be written as V 

The potential energy of the electron, including the effect of a constant electric field, 
is plotted in Figure 9 . 4 ~ .  The p e ~ k  potential barrier is now lowered. This lowerinpof 
the potential barrier is the Schottky effect, or image-force-induced lowering. 

We can find the Schottky barrier lowering, A@, and the position of the maxi- 
mum barrier, x,,,, from the condition that 

We find that 

and 

EXAMPLE 9.3 I Objective 
I 

To calculalr the Schottky barrier lowering and the position nf the maximum barrier height. 
Cansider a gallium arsenide metal-semicunductor contact in which thc electric field in the 

semiconductor is assumed to be E = 6.8 x 10' Vlcm. 

Solution 
The Schottky barrier lowering is gi\*en by Equation (9.15). which i n  this case yields 

(1.6 x 101")(6.8 x lo") 

The position ol the maximum barrier height is 
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Comment 
Although the Schottky bamer lowering may seem like a small value, the barrier height and the 
barrier lowering will appear in exponential terms in the current-voltage relationship. A small 
change in the barrier height can thus have a significant effect on the current in n Schouky har- 
rier diode. 

TEST YOUR UNDERSTANDING 

E9.3 Determine the Schottky barrier lowering and the position of the maximum barrier 
height for the junction described in E9. I .  Use the value of the electric ficld found in 
this exercise. ('f 12 = "'x'Aa E6Z0.0 = @V 'sub') 

E9.4 Repeat E9.3 for the junction described in E9.2. (7 8 6 1  = "'x 'A 81200 = @V 'sub') 

Figure 9.5 shows the measured barrier heights in gallium arsenide and silicon 
Schottky diodes as  a function of metal work functions. There is a monotonic relation 
between the measured hanier  height and the metal work function, but the curves 
do not fit the simple relation given in Equation (9.1). The  barrier height of the 

All  1 ~. 
Mg Al H g W  Pd Pt 

3.0 4.0 5 0 6.0 
Metal work functton, e+,,, (rV) 

Figure 9.5 1 Experimental banier heights as a function of 
metal work functions for GaAs and Si. 
(From Crnwle) and Sie  [Zl.) 
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Figure 9.6 1 Energy-band diagram of a metal-semiconductor 
junction with an interfacial layer and interface states. 

metal-semiconductor junction is determined by both the metal work function and tl 
semiconductor surface or interface st.dtes. 

A more detailed cnergy-band diagram of a metal to n-type semiconductor conta 
in thermal equilibrium is shown in Figure 9.6. We will assume that a narrow interfaci 
layer of insulator exists between the metal and semiconductor. The interfacial layerci 
support a potential difference, hut will be transparent to the flow of electrons betwa 
the metal and semiconductor. The semiconductor also shows a distribution of surfar 
states at the metal-semiconductor interface. We will assume that all states below tl 
surface potential @o are donor states, which will be neutral if the state contains an ele 
tron and positively charged if the slate does not contain an electron. We will also a 
sume that all states above & are acceptor states, which will be neutral if the state do 
not contain an electron and negatively charged if the state contains an electron. 

The diagram in Figure 9.6 shows some acceptor statcs above @I, and below E 
These states will tend to contain electrons and will be negatively charged. We m; 
assume that the surface state density is constant and equal to D,, states/cm2-eV. T 
relation between the surface potential, surface state density, and other semiconduct 
parameters is found to be 

We will consider two limiting cases 

Case 1 Let D;, -t x. In this case, the right side of Equation (9.16) goes to zel 
We then have 

The barrier height is now fixed by the bandgap energy and the potential $0. The b. 
rier height is totally independent of the metal work function and the semiconduc~ 
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electron affinity. The Fermi level becomes "pinned" at the surface, at the surface po- 
tential 40. 

Case 2 Let D,,S -t 0. Equation (9.16) reduces to 

which is the original ideal expression. 
The Schottky barrier height is a function of the electric field in the semiconduc- 

tor through the barrier lowering effect. The barrier height is also a function of the sur- 
face states in the semiconductor. The barrier height, then, is modified from the ideal 
theoretical value. Since the surface state density is not predictable with any degree of 
certainty. the barrier height must be an experimentally determined parameter. 

9.1.4 Current-Voltage Relationship 

The current trarispnlr in a metal-semiconductor junction is due mainly to majority 
carriers as opposed to minority carriers in a pn junction. The basic process in the 
rectifying contact with an n-type semiconductor is by transport of electrons over the 
potential barrier. which can be described by the thermionic emission theory. 

The thermionic emission characteristics arc derived by using the assumptions 
that the barrier height is much larger than k T ,  so that the Maxwell-Boltzmann 
approximation applies and that thermal equilibrium is not affected by this process. 
Figure 9.7 shows the one-dimensional barrier with an applied forward-bias voltage 
V, and shows two electron current density components. The current J,,,,, is the elec- 
tron current density due to the flow of electrons from the selniconductor into the 
metal, and the current J,,,,, is the electron current density due to the flow of elec- 
trons from the metal into the semiconductor. The subscripts of the currents indicate 

: the direction of electron How. The conventional current direction is opposite to elec- 
tron flow. 

The current density J,,,, is a function of the concentration of electrons which 
i have x-directed velocities sufficient to overcome the barrier. We may write 

1 where E; is the minimum energy required for thertnionic emission into the metal, u ,  
is the carrier velocity in the direction of transport, and e is the magnitude of the elec- 

i tronic charge. The incremental electron concentration is given by 

I 
i where g, ( E )  is the density of states in the conduction band and J F i E )  is the 

Fermi-Dirac probability function. Assuming that the Maxwell-Boltrmann approxi- 
mation applies, we may write 
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Figure 9.7 1 Energy-band diagram of a forw~rd-biased 
metal-semiconductor junction including the image 
lowering effect. 

If all of theelectron energy above E, is assumed to be kinetic energy, [hen 

1 
-mzv2 = E - E, 
2 

The net current density in the metal-to-semiconductor junction can be written as 

J =.I,+, - J,+, (9.24 

which is defined to be positive in the direction from the metal to the semiconductor. 
We find that 

where 
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The parameter A* is called the effective Richardson constant for therrnionic 
emission. 

Equation 19.23) can be written in the usual diode form as 

where 3 , ~  is the reverse-saturation current density and is given by 

We may recall that the Schottky barrier height @n,, change5 because of the image- 
force lowering. We have that @B,, = @HI, - A@. Then we can write Equation (9.26) as 

The change in barrier height, A@. will increase with an increase in the electric field, 
or with an increase in the applied reverse-bias voltage. Figure 9.8 shows a typical 
reverse-bias currcnt-voltage characteristic of a Schottky barrier diode. The reverse- 
bias current increases with reverse-bias voltage because of the barrier lowering effect. 
This figure also shows the Schottky barrier diode going into breakdown. 

Figure 9.8 1 Experimental and theoretical 
reverse-bias currents in a PtSi-Si diode. 
( f i ,m  SIP l141.) 
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EXAMPLE 9.4 ] Objective 

To calculate the effective Richardson constant from the 1-Vcharacteristics. 
Consider the tungsten-silicon diode curve in Figure 9.9 and assume a harrier height of 

#A,,  = 0.67 V. From the figure, .Isr = 6 x 10-' Alcm'. 

H Solution 
We have that 

so that 

Then 

H Comment 
The experimenlally determined value of A' is a very strong funclion of #",, since is in 
exponential term. A small change in 41~,, will change the value of the Richardson cons 
subslantially. 

Q 

Figure 9.9 I Forward-bias current 
dunsity Ji versus V,, for Wi-Si and 
W-GaAs diodcs. 
(From Sre /I411 
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1 TEST YOUR UNDERSTANDING 1 
E9.5 The Schottky barrier height of a silicon Schottky junction is $R,,  = 0.59V, the e8ective 

Richardson constant is A' = 114 NK'-cm', and the cross-sectional area is A = 
lo-' cm2. For T = 300 K, calculate (a) the ideal reverse-saturation current and (b) the 
diodecurrentfor V,, = 0.30V. Iv'JJ I'PI = 1 ( 9 )  'VL-01 X I E I  = "1 ("1 'SUVI 

We may note that the reverse-saturation current densities of the tungsten-silicon 
and tungsten-gallium arsenide diodes in Figure 9.9 differ by approximately 2 orders 
of magnitude. This 2 order of magnitude difference will be reflected in the effective 
Richardson constant, assuming the harrier heights in the two diodes are essentially 
the same. The definition of the effective Richardson constant, given by Equa- 
tion (9.24), contains the electron effective mass, which differs substantially between 
silicon and gallium arsenide. The fact that the effective mass is in the expression for 
the Richardson constant is a direct result of using the effective density of states func- 
tion in the thermionic emission theory. The net result is that A* and Js7 will vary 
widely between silicon and gallium arsenide. 

9.1.5 Comparison of the Schottky Barrier Diode 
and the pn Junction Diode 

Although the ideal current-voltage relationship of the Schottky banier diode given 
by Equation (9.25) is of the same form as that of the pn junction diode, there are two 
imponant differences between a Schottky diode and a pn junction diode: The first is 
in the magnitudes of the reverse-saturation current densities, and the second is in the 
switching characteristics. 

The reverse-saturation current density of the Schottky barrier diode was given 
by Equation (9.26) and is 

-@B. 

f 
J > T  = A * T ? ~ X ~  ( F )  

The ideal reverse-saturation current density of the pn junction diode can be written as 

The form of the two equations is vastly different, and the current mechanism in the 
two devices is different. The current in a pn junction is determined by the diffusion 
of minority carriers while the current in a Schottky banier diode is determined by 
thermionic emission of majority carriers over a potential barrier. 

Objective 1 EXAMPLE 9.5 

To calculate the reverse-saturation current densities of a Schottky barrier diode and a pn junc- 
tion diode. 

Consider a tungsten banier on silicon with a measured barrier height of em,,, = 0.67 eV. 
The effective Richardson constant is A' = I I4 ~ I K ' - c r n ~ .  Let T = 300K. 

s 
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Solut ion 
If we neglect the barrier lowering effect, we have for the Schottky barrier diode 

e m r , ,  , = A'T' exp ( F )  = (1 14)(300)' e r p  = 5.98 x 10' ~ l c r n '  

Consider a silicon pn junction with the following parameters at T = 300 K. 

N, = lo t8  cm-3 N,, = l0Ih cm-' 

D,, = 10 cm2/s D,, = 25 cm'ls 

7,,, = lo-.' r,,,, = lo-' 

We can then calculate the following parameters: 

L, = 1.0 x 10-' cm L,, = 1.58 x lo-' cm 

p,,, = 2.25 x lo4 cm-' n,,, = 2.25 x 10' cm-' 

The idcal revcrse-saturation cunent density of the pn junction diode can be determined fr 
Equation (9.28) as 

8 Comment 
The idcal reverse-saturation current density of the Schottky barrier junction is orders of 
magnitude larger than that at'the ideal pn junction diode. 

Figure 9.10 I Comparison of forward. 
bias 1-Vcharacteristics between a 
Schottky diode and a pn junction 
diode. 
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Recall that the reverse-bias current in a silicon pn junction diode is dominated 
by the generation current. A typical generation current density is approximately 
lo-' A!cm2. which is still 2 to 3 orders of magnitude less than the reverse- 
saturation current density of the Schottky bamer diode. A generation current also ex- 
ists in the reverse-biased Schottky bamer diode; however, the generation current is 
negligible compared with the J ,T  value. 

Since J,T >> J , .  the forward-bias characteristics of the two types of diodes will 
also be different. Figure 9.10 shows typical I-V characteristics of a Schottky barrier 

!diode and a pn junction diode. The effective turn-on voltage of the Schottky diode is 
less than that of the pn junction diode. 

C 
Objective 1 EXAMPLE 9.6 

;To calculate the forward-bias voltage required to generate a foward-bias current density of 
10 ~lcm'  in a Schottky barrier diode and a pn junction diode. 

Consider diodes with the paramctrrs given in Example9.5. Wecan assume that thepn junc- 
j tion diode will be sufficiently forward biased so that the ideal diffusion current will dominate. 
Let T = 300K. 

I Solution 
For the Schottky barrier diode, we have 

For the pn junction diode, we have 

# Comment 
A comparison of thc two forward-bias voltages shows that the Schottky barrier diode has a 
hun-on voltage that In this case, is approximately 0.37 V smaller than the tom-on voltage of 
the pn junction diode: 

The actual difference between the turn-on voltages will be a function of the bar- 
I rier height of the metal-semiconductor contact and the doping concentrations in the 

pn junction, but the relatively large difference will always be realized. We will con- 
sider one application that utilizes the differcnce in turn-on voltage in the next chap- 
ter, in what is referred to as a Schottky clamped transistor. 
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( TEST YOUR UNDERSTANDING 

E9.6 (0) The rcversr saturation cunents of a pn junction and a Schollky diode arc 10-'- .\ 
and 10 " A, respectively. Determine the required forward-bias voltages in the 
pn junction diode and Schottky diode to produce a current of 100 @ A  i n  cach diodi. 
( b )  Repsat pan (a) for forward bias currents of 1 mA. 
[A RSE'U A 9S9'0 ('4) 'A 86Z'O 'A 96i'O (") 'sUV1 

E9.7 A pn junction diode and a Schottky diode have equal cross-sectional areas and have 
forward-biased currents of 0.5 mA. Thc reverse-saturation current of the Schottky 
diode is 5 x lo-' A. The difference in fonvard-bias voltage between the two diodes 
is 0.30 V Determine the reverse-saturation current of the pn junctioll diode. 
(V z l O 1  X 99'0 'SuV) 

The second major difference between a Schottky banier diode and a pn juncti 
diode is i n  the frequency response, or switching characteristics. In our discussion, 
have considered the current in a Schottky diode as being due to the injection of m ' 
ity carriers over apotential barrier. The energy-band diagram of Figure 9.1. fore 
ple. showed that there can he electrons in the metal directly adjacent toempty sta 
the semicondoctor. IT im electron froln the valence hand of the semiconductor wer 
flow into the metal, this effect would bc equivalent 10 holes being injected into 
semiconductor. This injection of holes would create excess minority carrier hole 
then region. However, calculations as well as measurements have shown that the ra 
of the minority carricr hole current to the totel cutrent is extremely low in most case 

The Schottky harrier diode, then, is a majority carrier device. This fact me 
that there is no diffusion capacitance associated with a forward-hiased Schot 
diode. The elimination of the diffusion capacitance makes the Schottky diod 
higher-frequency device than the pnjunction diode. Also, when switching a Schot 
diode from forward to reverse bias, there is no minority carrier stored charge 
remove, as was the case in the pn junction diode. Since there is no minority cam 
storage time, the Schottky diodes can be used in fast-switching applications. A typ' 
cal switching time fbr a Schottky diode is in the picosecond range, while for - 
pn junction it is normally in the nanosecond range. 

9.2 1 METAL-SEMICONDUCTOR OHMIC CONTACTS j 
Contacts must be made between any hcmiconductor device, or integrated circuit, and 
the outside world. These contacts are made via ohmic contnctv. Ohmic contacts are 
metal-to-semiconductor contacts, but in this cnse they are not rectifying contacts. An 
ohmic contact is a low-resistance junction providing conduction i n  both directions 
between the metal and the semiconductor. Ideally, the current through the ohmic con- 
tact is a linear function of applied voltage, and the applied voltage should be very 
small. Two general types of ohmic c1)ntacts are possible: The first type is the 
nonrectifying banier, and the second is the tunneling barrier. We will define a 
cific contact resistance that is used to characterize ohmic contacts. 
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9.2.1 Ideal Nonrectifying Barriers 

We considered an ideal metal-to-n-type selniconductor contact in Figure 9.1 for the 
case when @,,, > @.>. Figure 9.1 1 shows the same ideal contact for the opposite case 
of @,,, < @.>. In Figure 9.1 l a  we see the energy levels before contact and, in Fig- 
ure 9. I I b. the barrier after contact for thermal equilibriun~. To achieve thermal equi- 
librium in this junction. electrons will Row from the metal into the lower energy 
states in the semiconductor, which makes the surface of the semiconductor more 
n type. The excess electron charge in the n-type semiconductor exists essentially as a 
surface charge density. If a positive voltage is applied to the metal, there is no harrier 
to electrons flowing from ihe semiconductor into the metal. If a positive voltage is 
applied to the semiconductor, the effective barrier height for electrons flowing from 
the metal into the semiconductor will be approximately @H,,  = @,,, which is fairly 
small for a moderately to heavily doped semiconductor. For this bias condition, elec- 
trons can easily flow from the metal into the semiconductor. 

Figure 9.12a shows the energy-hand diagram when a positive voltage is applied 
to the metal with respect to the semiconductor. Electrons can easily flow "downhill" 
from the semiconductor into the metal. Figure 9.12b shows the case when a positive 
voltage is applied to the semiconductor with respect to the metal. Electrons can eas- 
ily Row over the barrier from the metal into the semiconductor. This junction, then, ! is an ohmic contact. 

Figure 9 1 3  shows an ideal nonrectifying contact between a metal and a p-type 
semiconductor. Figure 9.13a shows the energy levels before contact for the case 
when @,,, @,. When contact is made, electrons from the semiconductor will flow 
into the metal to achieve thermal equilibrium, leaving behind more empty states, or 
holes. The excess concentration of holes at the surface makes the surface of the semi- 
conductor more p type. Electrons from the metal can readily move into the empty 
states in the semiconductor. This charge movement corresponds to holes flowing 

Figure 9.11 I Ideal energy-band diagram (a) before contact and (h) after contact for a metal-n-semiconductor junction 
for 4,,, < 4, 
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E ------ 

E ------ 
F 

Figure 9.12 1 Ideal energy-band diagram of a metal-n-semiconductor ohmic crrntact (a) wi 
a positive voltage applied to the metal and (b) with a positive voltage applied to the 
serniconductur. 

I 
I 

I 

Figure 9.13 1 Ideal energy-band diagram (a) before canlact and (b) after contact for a 
metal-p-semiconductor junction for #,,, > #.$ 

from the semiconductor into the metal. We can also visualize holes in the metal flow- 
ing into the semiconductor. This junction is also an ohmic contact. 

The ideal energy hands shown in Figures 9.11 and 9.13 do not take into account 
the effect of surface states. If we assume that acceptor surface states exist in the 
upper half of the semiconductor handgap, then, since all the acceptor states are below 
E,. for the case shown in Figure 9.11h, these surface states will he negatively 
charged, and will alter the energy-band diagram. Similarly, if we assume that donor 
surface states exist in the lower half of the bandgap, then all of the donor states will 
be positively charged for the case shown in Figure 9.13b; the positively charged sur- 
face states will also alter this energy-band diagram. Therefore, if $,, c $.s for the 
metal-n-type se~niconductor contact, and if @,, > @.T for the metal-p-type semicon- 
ductor contact. we may not necessarily form a good ohmic contact. A 
9.2.2 Tunneling Barrier 1 
The space charge width in a rectifying metal-semiconductor contact is inversely pro- 
portional to the square root of the semiconductor doping. The width of the depletion 
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E, 
EI; 

E, 

Figure 9.14 1 Energy-band diagram of 
a heavily doped n-semiconductor-to- 
metal Junction. 

gion decreases as the doping concentration in the semiconductor increases; thus, a s  
thedoping concentration increases, the probability of tunneling through the barrier in- 

,creases. Figure 9.14 shows ajunction in which the metal is in contact with a heavily 
#doped n-type epitaxial layer. 

L Objective I EXAMPLE 9.7 

%calculate the space charge width for a Schottky barrier on a heavily doped semiconductor. 
Consider silicon at T = 300K doped at Nd = 7 x 10" cm '. Assume a Shottky barrier 

with #B,, = 0.67 V. For this case. we can assume that &,, % m u u .  Neglect the barrier lowering 

! 
effect. 

w Solution 
From Equation (9.7). we have lor Lero applied bias 

C (1.6 x 10-19)(7 x 10l8) 

x,, = 1.1 x 1 0 F  cm = 110 dr 
- 

Comment 
In a heavily doped semiconductor. the depletion width is on the order of angstroms, so that 
tunneling is now a distinct possibility. For these types of barrier widths, tunneling may become 
the dominant current mechanism. 

The tunneling current has the form 

where 

I 

The tunneling current increases exponentially with doping concentration 
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9.2.3 Specific Contact Resistance 

A figure of merit of ohmic contacts is the snecific contact resistance. R,. This nai 

I 
- 

eter is defined as the reciprocal of the derivative of current density with 
voltage evaluated at zero bias. We may write 

We want R, to be as small as possible for an ohmic contact. 
For a rectifying contact with a low to moderate semiconductor doping conc 

tratiou, the current-voltage relation was given by Equation (9.23) as 

The thermionic emission current is dominant in this junction. The specific con taa  
resistance for this case is then 

The specific contact resistance decreases rapidly as the barrier height decreases. 
For a metal-semiconductor junction with a high impurity doping concentration, 

the tunneling process will dominate. From Equations (9.29) and (9.30), the specifi 
contact resistance is found to be 

R, a exp 
+ 2 m  48, 

which shows that the specific contact resistance is a very strong function of semi- 
conductor doping. 

Figure 9.15 shows a plot of the theoretical values of R, as a function of semi- 
conductor doping. For doping concentrations greater than approximately 10" cm-l, 
the tunneling process dominates and R, shows the exponential dependence on Nd. 
For lower doping concentrations, the R, values are dependent on the barrier heights 
and become almost independent of the doping. Also shown in the figure are experi- 
mental data for platinum silicide-silicon and aluminum-silicon junctions. 

Equation (9.33) is the specific contact resistance of the tunneling junction, 
which corresponds to the metal-to-o+ contact shown in Figure 9.14. However, the 
n+n junction also has a specific contact resistance, since there is a barrier associated 
with this junction. For a fairly low doped u region, this contact resistance may actu- 
ally dominate the total resistance of the junction. 

The theory of forming ohmic contacts is straightforward. To form a good ohmic 
contact, we need to create a low barrier and use a highly doped semiconductor at the 
surface. However, the actual technology of fabricating good, reliable ohmic contacts 
is not as easy in practice as in theory. It is also more difficult to fabricate good ohmic 
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Figure 9.15 1 Theoretical and experimental 
specific contact resistance as n function 
of doping. 
(Fmm S:e 1141) 

contacts on wide-bandgap materials. In general, low barriers are not possible on 
these materials, so a heavily doped semiconductor at the surfice must be used to 
form a tunneling contact. The formation of a tunneling junction requires diffusion, 
ion implantation, or perhaps epitaxial growth. The surface doping concentration in  
the semiconductor may be limited to the impurity solubility, which is approxi- 

I mately 5 x 10" cm-"or n-type GaAs. Nonuniformities in  the surface doping con- 
centration may also prevent the theoretical limit of the specific contact resistance 
from being reached. In practice, a good deal of empirical processing is usually re- 
quired before a good ohmic contact is obtained. 

9.3 1 HETEROJUNCTIONS 
In the discussion of pn junctions in the previous chapters, we assumed that the semi- 
conductor material was homogeneous throughout the entire structure. This type of 
junction is called a homojrmrtion. When two different semiconductor materials are 
used to form a junction, the junction is called a semiconducror heterojunction. 

As with many topics in this text, our goal is to provide the basic concepts con- 
cerning the heterojunction. The complete analysis of heterojunction structures 
involves quantum mechanics and detailed calculations that are beyond the scope of 
this text. The discussion of heterojunctions will, then, be limited to the introduction 
of some basic concepts. 
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9.3.1 Heterojunction Materials 

Since the two materials used to form a heterojunction will have different ene 
bandgaps, the energy band will have a discontinuity at the junction interface. We 
have an abrupt junction in which the semiconductor changes abruptly from a rdno 
bandgap material to a wide-bandgap material. On the other hand, if we have 1 
GaAs-A1,Gal_,As system, for example, the value o fx  niay continuously vary (11, 
distance of several nanometers to form a graded heterojunction. Changing the b:~,,, .  

of .r in the A l , G a l , A s  system allows us to engineer, or design, the bandgap energ!. 
In order to have a useful heterojunction, the lattice constants of the two rnaterl;il\ 

must be well matched. The lattice match is important because any lattice rnism;ilch 
can introduce dislocations resulting in interface states. For example, germanium a114 
gallium arsenide have lattice constants matched to within approximately 0.13 per- 
cent. Germanium-gallium arsenide hetcr~~junctions have been studied quite exten- 
sively. More recently, gallium arsenide-alurninurn gallium arsenide (CiaAs-AIG;lAji 
junctions have been investigated quite thoroughly. since the lattice constants of G a l \  
and thc AlGaAs system vary by no more than 0.14 percent. 

9.3.2 Energy-Band Diagrams 

In the formation of a heterojunction with a narrow-bandgap material and a wide- 
handgap material. the alignment of the bandgap energies is important in deterrnin~ns 
the characteristics of the junction. Figure 9.16 shows three possible situations. In FIS- 
use 9.16a we see the cahc when the forbidden bandgap of the wide-gap matcrinl 
completely overlaps the bz~ndgap of the narrow-gap material. This case, called s r i i ~ < i ~  
dling, applies to most heterojunctions. We will consider only this case here. The otlier 
poshibilities are called staggered and hrokrn gap and are shown in Figures 9 l h h  
and 9 . 1 6 ~ .  

There are four basic types of heterojunction. Those in which the dopant t!l~z 
changes at the junction are called anisoQpe. We can form nP or Np junctions, uhoc 
the capital letter indicates the larger-bandgap material. Heterojuncrions with the hat , '  

dopant type on either side of the junction are called isutype. We can form nN and 
isotype heterojunctions. 

Figure 9.17 shows the energy-band diagrams of isolated n-type and P-t!pe 
materials, with the vacuum level used as a reference. The electron affinity of 111c 

Figure 9.16 I Relation between narrow-bandgap and wide-bandgap energies: (a1 straddling, (b) staggered, and 
(c) bn~ken gap. 
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Figure 9.17 1 Energy-band diagrams of a narrow-bandgep 
and a wide-bandgap material before contact. 

wide-bandgap material is less than that of the narrow-bandgap material. The differ- 
ence between the two conduction band energies is denoted by AE,, and the differ- 
ence between the two valence band energies is denoted by AE,. From Figure 9.17. 
we can see that 

In the ideal abrupt heterojunction using nondegenerately doped semiconductors, the 
vacuum level is parallel to both conduction bands and valence bands. If the vacuum 
level is continuous, then the same AE, and A E ,  discontinuities will exist at the het- 
erojunction interface. This ideal situation is known as the electron affini9 rule. There 
is still some uncertainty about the applicability of this rule, but it provides a good 
starting point for the discussion of heterojunctions. 

Figure 9.18 shows a general ideal nP heterojunction in thermal equilibrium. In 
order for the Fermi levels in the two materials to become aligned, electrons from the 
narrow-gap n region and holes from the wide-gap P region must flow across the junc- 
tion. As in the case of a homojunction. this flow of charge creates a space charge 

: region in the vicinity of the metallurgical junction. The space charge width into the 
! n-type region is denoted by x,, and the space charge width into the P-type region is 
denoted by x p .  The discontinuitieh in the conduction and valence bands and the 
change in the vacuum level are shown in the figure. 

1 9.3.3 Two-Dimensional Electron Gas 

I Before we consider the electrostatics of the heterojunction, we will discuss a unique 
characteristic of an isotype junction. Figure 9.19 shows the energy-band diagram of 
an nN GaAs-AlGaAs heterojunction in thermal equilibrium. The AlGaAs can he 
moderetely to heavily doped n type, while the GaAs can be more lightly doped or 
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, I 

Figure 9.18 I ldeal mrrgy-hand diagram of an nP 
heterojunction in thermal equilibrium. 

E 
f i r  

I 

Figure 9.19 1 ldeal energy-hand diagram of an nN 
hrteroiunctiun in thermal euuilibrium. 

even intrinsic. As mentioned previously. to achieve thermal equilibrium, electra 
from the wide-bandgap AlGaAs Row into the GIAS. forming an accumulation lay 
of electrons in the potential well adjacent to the interface. One basic quantur 
mechanical result that we have found previously is that the energy of an electron con. 
tained in a potential well is quantized. The phrase fvvo-diinensional electron gar 
refers to the condition in which the electrons have quantized energy levels in one 
spatial direction (perpendicular to the interface), but are free to move in the other two 1 
spatial directions. 

The potential function near the interface can be approximated by a triangular po- 
tential well. Figure 9.20a shows the conduction band edges near the abrupt junction 
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Figure 9.20 I (a) Conduction-band edge at N-AIGaAs, n-GaAs heterojunction; (b) triangular well 
approximation with discrete electron energies. 

Figure 9.21 I Electron density in 
triangular potential well. 

interface and Figure 9.20b shows the approximation of the triangular potential well. 
We can write 

V ( x )  = eEz z > 0 (9.351) 

V ( z )  = m z < O  (9.35b) 

Schrodinger's wave equation can be solved using this potential function. The quan- 
tized energy levels are shown in Figure 9.20b. Higher energy levels are usually not 
considered. 

The qualitative distribution of electrons in the potential well is shown in Fig- 
ure 9.21. A current parallel to the interface will be a function of this electron concen- 
tration and of the electron mobility. Since the GaAs can be lightly doped or intrinsic, 
the two-dimensional electron gas is in a region (1f low impurity doping so that impu- 
rity scattering effects are minimized. The electron mobility will be much larger than 
if the electrons were in the same region as the ionized donors. 
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- Doprd -1- Undoped - 

Fizure 9.22 I Conduction-hand edge at 
a graded heterojunction. 

The movement of the electrons parallel to the interface will still be influenced by 
the coulomb attraction of the ionized impurities in the AlGaAs. The effect of the 
forces can be fu~ther reduced by using a graded AlCaAs-GaAs heterojunction. The 
graded layer is Al,Gei_,As in which the mole fraction x varies with distance. In this 
case, an intrinsic layer of graded AlCaAs can be sandwiched between the N-type 
AIGaAs and the intrinsic GaAs. Figure 9.22 shows the conduction-band edges across 
a graded AlCaAs-GaAs heterojunction in thermal equilibrium. The electrons in the 
potential well are further separated from the ionized impurities so that the electron 
mobility is increased above that in an abrupt heterojunction. 

"9.3.4 Equilibrium Electrostatics I 
We will now consider the electrostatics of the nP heterojunction that was shown in Fig- 
ure 9.18. As in the case of the homojunction, potential differences exist across the 
space charge regions in both then region and the Pregion. These potential differences / 
correspond to the built-in potential barriers on either side of the junction. The built-in 1 
potential barrier for this ideal case is defined as shown in Figure 9.18 to be the poten- / 
tial difference across the vacuum level. The built-in potential barrier is the sum of the / 
potential differences across each of the space charge regions. The heterojunction built- 1 
in potential barrier, however, is not equal to the difference between the conduction ' 
bands across the junction or the difference between the valence bands across the junc- / 
tion, as we defined for the homojunction. 

Ideally, the total built-in potential barrier Vb, can be found as the difference be- 
tween the work functions, or 

Vlb! = 4 % ~  - 47n 

Equation (9.36). from Figure 9.17, can be wntten as 
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which can b e  expressed as  

P eV , ,  = A E ,  + AE, + hT In (3) - k~ ln (2) (9.38) 

Finally, we can write Equation (9.38) as 

rVb, = AE, ,  + k T l n  - . - (2  2)  
where p,,,, and p,,, are the hole concentrations in the P and n materials, respectively, 
and N,,, and N,,,  are the cffective density of states functions in t h e n  and P materials, 
respectively. We could also obtain an expreshion for the built-in potential barrier in 
terms of the conduction band shift a s  

O b j e c t i v e  I EXAMPLE 9.8 

To detcmminc AE, . A t , .  and Vh, for an nGe to P-CaAs heternjunction using the electron 
affinity rule. 

Consider n-type Ge doped with N,, = 10'' cm-' and P-type GaAs doped with N,, = 

lO1%cm3. Let T = 300 K so that , I ,  = 2.4 x 10'' cm-' for Ce. 

H Solution 
From Equaliun (934aJ. we have 

I AE, = e ( ~ , ,  - x P J  = e(4.13 -4.07) = 0.06 eV 

and from Equation (9.34bJ. we have 

A E ,  = AE,  - A E ,  = (1.43 - 0.67) -0.06 =0.70 eV 

1 Todetermine Vh, using Equation (9.39). wc need lo determine p,,,, in Ge. or 

(2.4 x 10")' 
P,,,, = - = = 5.76 x 10"' cm-' 

Nd I0l6 

eVb, = 0.70 + (0.0259) In 
[ 1 l 0 ' ~ ) t h  x 10") 

(5 7h x 101°)(7 x 10IXJ  

or, finally. 

I 

1 Comment 
There is a nonsymmetry in the AE, and A E ,  valucs that will tend to make the potential harriers 
seen by electrons and holes different. This nonsynimetry does not occur in homr,junctions. 
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We can determine the electric field and potential in the junction from Poisso 
equation in exactly the same way as we did for the homojunction. For homogen 
doping on each side of the junction, we have in then region 

eNd,, E n = - ( x , + x )  ( - X . ~ X < O )  
6" 

and in the P region 

eN0p 
Ep = --(xp - x )  (0 < x 5 X P )  

G P  

where E,, and c p  are the pennittivities of the n and P materials, respectively. We 
note that E,, = 0 at x = -x,, and Ep = 0 at x = x p .  The electric flux density D 
continuous across the junction, so 

c,E,(x = 0) = tpEp(x = 0 )  

which gives 

Ndnx, = N , , P ~ P  

Equation (9.42b)  simply states that the net negative charge in the P region is equal to 
the net positive charge in the n region-the same condition we had in a pn homo- 
junction. We are neglecting any interface states that may exist at the heterojunction. 

The electric potential can be found by integrating the electric field through the 
space charge region so that the potential difference across each region can the 
termined. We find that 

eNdnx2 
Vhin = 

2t" 
and 

eN,px; 
vb ip  = --- 

2 6 ~  

Equation (9.42b) can be rewritten as 

xn Nap - - - - 
x r  Ndn 

The ratio of the built-in potential baniers can then be determined as I 

Assuming that t ,  and c p  are of the same order of magnitude, the larger potential dif- 
ference is across the lower-doped region. 

The total built-in potential barrier is 
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If we solve for x p ,  for example, from Equation (9.42h) and substitute into Equa- 
tion (9.46), we can solve for x,, as 

We can also find 

The total depletion width is found to be 

If a reverse-bias voltage is applied across the heterojunction, the same equations 
apply if Vbi is replaced by Vb, + V R .  Similarly, if a forward bias is applied, the same 
equations also apply if V, ,  is replaced by Vb, - V,. As before, V R  is the magnitude 
of the reverse-bias voltage and V, is the magnitude of the forward-bias voltage. 

As in the case of a homojunction, a change in depletion width with a change in 
junction voltage yields a junction capacitance. We can find for the nPjunction 

Aplot of (1, '~;) '  versus VH again yields a straight line. The extrapolation of this plot 
of (1,'~;)' = 0 is used to find the built-in potential harrier, Vh,. 

Figure 9.1 8 showed the ideal energy-band diagram for the nP abrupt heterojunc- 
tion. The experi~nentally determined values of AE, and AE,  may differ from the 
ideal values determined using the electron affinity rule. One possible explanation for 
this difference is that most heterojunctions have interface states. If we assume that 
the electrostatic potential is continuous through the junction, then the electric flux 
density will he discontinuous at the heterojunction due to the surface charge trapped 
in the interface states. The interface states will then change the energy-band diagram 
of the semiconductor heterojunction just as they changed the energy-band diagram of 
the metal-semiconductor junction. Another possible explanation for the deviation 

? 
from the ideal is that as the two materials are brought together to form the hetero- 
junction, the electron orbitals of each material begin to interact with each other, re- 

; sulting in a transition region of a few angstroms at the interface. The energy bandgap 
is then continuous through this transition region and not a characteristic of either ma- 

. terial. However. we still have the relation that 

I A E , + A E ,  = AE,  (9.50) 

for the straddling type of heterojunction, although the AE, and A E ,  values may dif- 
fer from those determined from the electron affinity rule. 

We may consider the general characteristics of the energy-hand diagrams of the 
other types of heterojunction. Figure 9.23 shows the energy-band diagram of an Np 

s 
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Figure 9.23 1 Ideal energy-band diagmrn of an 
Np hcten~,junction in thennal equilibrium. 

Figure 9.21 1 Ideal energy-bend diagram of a 
pP heterojunction in thermal cquilihrium. 

heterojunction. The same AE, and AE,, discontinuities exist, although the general 
shape of the conduction band, for example, is different in the nP and the Np junc- 
tions. This difference in energy bands will influence the I-Vcharacteristics of the two 
junctions. 

The other two types of heterojunctions are the nN and the pP isotype junctions. 
The energy-hand diagram of the nN junction was shown in Figure 9.19. To achieve 

I 
thermal equilihrium. electrons from the wide-bandgap material will How inta the 
narrow-bandgap material. A positive space charge region exists in the widc-gap mate- 
rial and an accumulation layer of electrons now exists at the interface in the nanuw- 
gap material. Since there are a large number of allowed energy states in the conduction 
band, we expect the space charge width r,, and the built-in potential barrier V,,,,, to be 
small in the narrow-gap material. The energy-band diagram of the pP heterojunction 
in thermal equilibrium is shown in Figure 9.24. To achieve thermal equilibrium, holes 
from the wide-bandgap material will Row inta the narrow-bandgap material, creating 
an accumulation layer of holes in the narrow-handgap material at the interface. These 
types of isotype heterojunctions are obviously not possible in a homojunction. 
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$9.3.5 Current-Voltage Characteristics 

The ideal current-voltage characteristics of a pn homojunction were developed in 
Chapter 8. Since the energy-band diagram of a heterojunction is more complicated 
than that o f a  homojunction, we would expect the 1-Vcharacteristics of the two junc- 
tions to differ. 

One immediate difference between a homojunction and a heterojunction is in the 
barrier heights seen by the electrons and holes. Since the built-in potential harrier 
for electrons and holes in a homojunction is the same, the relative magnitude of the 
electron and hole currents is determined by the relative doping levels. In a hetero- 
junction. the harrier heights seen by electrons and holes are not the same. The 
energy-band diagrams in Figures 9.18 and 9.23 demonstrated that the barrier heights 
forelectrons and holes in a heterojunction can be significantly different. The barrier 
height for electrons in Figure 9.18 is larger than for holes, so we would expect the 
current due to electn~ns to be insignificant compared to the hole current. If the barrier 
height for electrons is 0.2 eV larger than for holes, the electron current will he 
appn~ximately a factor of 10' smaller than the hole current, assuming all other 
parameters are equal. The opposite situation exists for the band diagram shown in 
Figure 9.23. 

The conduction-band edge in Figure 9.23 and the valence-band edge in Fig- 
ure 9.18 are somewhat similar to that of a rectifying metal-semiconductor contact. 
We derive the current-voltage characteristics of a heterojunction, in general. on the 
hasis of thernlionic emission of carriers over the banier, as we did in the metal- 
scmiconductor junction. We can then write 

where E,, is an effective barrier height. The barrier height can be increesed or re- 
duced by an applied potential across the junction as in the case of a pn hon~ojunction 
ora Schottky barrierjunction. The heterojunction 1-Vcharacteristics, however, may 
need to he modified to include diffusion effects and tunneling effects. Another com- 
plicating factor is that the effective mass of a carrier changes from one side of the 
junction to the other. Although the actual derivation of the I-Vrelationship of the het- 
erojunction is complex, the general form of the 1-Vequation is still similar to that of 
a Schottky barrier diode and is generally dominated by one type of carrier. 

9.4 1 SUMMARY 
A metal on a lightly doped semiconductor can produce a rectifying contact that is 
known as a Schottky barrier diode. The ideal banier height between the metal and 
semiconduct<>r is the difference between the metal work function and the semiconductor 
electron affinity. 
When a positive voltage is applied to an n-type semiconductor with respect to the metal 
(rcverse bias), the barrier between the semiconductor and metal increases so that there is 
essentially no How of charged carriers. When a positive mlltage is applicd to the metal 
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with respect to an n-type semiconductor (forward bias), the barrier between the 
semiconductor and metal is lowered so that electrons can easily flow from the 
semiconductor into the metal by a process called thennionic emission. 
The ideal current-voltage relationship of the Schottky barrier diode is the same as that 
of the pn junction diode. However, since the current mechanism is different from that of 
the pn junction diode, the switching speed of the Schottky diode is faster. In addition, 
the reverse saturation current of the Schottky diode is larger than that of the pn junction 
diode, so a Schottky diode requires less forward bias voltage to achieve a given current 
compared to a pn junction diode. 
Metal-semiconductor junctions can also form ohmic contacts, which are low-resistance 
junctions providing conduction in both directions with very little voltage drop across I 
the junction. 
Semiconduct<x heterojunctions are fonned between two semiconductor materials with 
different bandgap encrgies One useful property of a heterojunction is the creation of 
a potential well at the interface. Electrons are confined to the potential well in the 
direction perpendicular to the interface, but are free ttl move in the other two directions. 

GLOSSARY OF IMPORTANT TERMS 
anisotype junction A heterojunction in which the type of dopant changes at the metallurgi- 

cal junction. 

electron affinity rule The rule stating that, in an ideal heterojunctian, the discontinui 
the conduction band is the difference between the electron affinities in the two semi 
ductors. 

I 
heterojunction The junction fonned by the contact between two different semiconduct 

materials. 

image-force-induced lowering The lowering of the peak potential barrier at the med  
semiconductor junction due to an electric field. 

isotype junction A heterojunction in which the type of dopant is the same on both sides 
the junction. 

ohmic contact A low-resistance metal-semiconductor contact providing conduction in bo 
directions between the metal and semicc~nductor. 

Richardson constant The parameter A' in the current-voltage relation of a Schottky di 

Schottky harrier height The potential barrier 40,, from the metal to semiconductor I 

metal-semiconductor junction. 

Schottky effect Another term for image-force-induced lowering. 

specific contact resistance The inverse of the slope of the J versus V curve of a metal 
semiconductor contact evaluated at V = 0. 

therminnic emission The process by which charge flows over a potential barrier as a result 
of carriers with sufficient thermal energy. 

tunneling harrier A thin potential barrier in which the current is dominated by the tunneling 
of carriers through the barrier 

two-dimensional electron gas (2-DEG) The accumulation layer af electrons contained ina 
potential well at a heter<?junction interface that are free to move in the "other" two spatial 
directions. d 
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Problems 

After studying this chapter, the reader should have the ability tu: 

Sketch the energy band diagram of zero-biased. revcne-biased, and forward-biased 
Schottky barrier diodes. 
Describe the charge How in a forward-biased Schottky barrier diode. 
Explain the Schottky barrier lowering and its effect on the reverse saturation current in 
a Schottky barrier diode. 
Explain the effect interface states on the characteristics of a Schottky harrier diode. 
Describe one effect of a larger reverse saturation current in a Schottky banier diode 
compared to that of a pn junction diode. 
Drscribr what is meant by an ohmic contact. 
Draw the energy band diagram of an nN heterojunction. 
Explain what is mcant by a two-dimensional electron gas. 

REVIEW QUESTIONS 
I. What is the ideal Schottky barrier height? Indicate the Schottky harrier height on an 

energy band diagram. 

2. Using an energy band diagram, indicate the effect of the Schottky bamier lowering. 

3. What is the mechanism of charge flow in a forward-biased Schottky barrier diode? 

4. Compare the forward-biased current-voltagc characteristic of  a Schottky barrier diode to 
that of pn junction diode. 

5. Sketch the ideal energy band diagram of a metal-semiconductorjunction in which 
$,, i q5,. Explain why this is an ohmic contact. 

6. Sketch the energy band diagram of a tunneling junction. Why is this an ohmic contact? 

7. What is a hetcrojunction'? 

8. What is a 2-D elcctron gas? 

PROBLEMS 
(In the following problems, assume A^ = 120 MI('-cm' for silicon and A' = 1.12 A/K2-cm' 
fur  gallium arsenide Schottky diodes unless otherwise stated.) 

Section 9.1 The Schottky Barrier Diode 

9.1 Consider a contact between Al and n Si doped at Nd = 10lh cm-). T = 300 K. 
( u )  Draw the energy-bmd diagrams of the two materials before the junction is formed. 
(6) Draw the ideal energy band at zero bias after thc junction is formed. ( c )  Calculate 
$a,,. xd, and E,,,, for pan (b). i d )  Repeat parts (bl and (c) using the data in Figure 9.5. 

9.2 An ideal rectifying contact is formed by depositing gold on n-type silicon doped at 
10'' cm-'. At T = 300 K, determine (a) $#o, (b) Vb;, (c) W, and (d)  E,,,,, all under 
cquilibnum conditions. 

9.3 Consider a gold Schottky diode at T = 300 K fvrmed on n-type GaAs doped at Nd = 
5 x 10" cm-'. Determine (0) the theoretical barrier height. m,,,. i b )  m,,, (c) V b , ,  

Page 381 of 566



CHAPTER 9 Metal-Semiconductor and Semlcondu~tor Heteroiunctions 

Figure 9.25 1 Ftgure for 
Problem 9 6 

(d)  the space charge width, i,,, for V, = 5 V. and (el the electric field at the metal 
junction for VR = 5 V. 

9.4 Repeat problem 9.3, parts (b) through (e l ,  if the experimentally determined harrier 
height is found tu be @",, = 0.86 V. 

9.5 An Au-n-Si junction with No = 5 x 10" cm-' has a crocs-sectional area of A = 
5 x 10 ' cm'. 7 = 300 K. Use the data in Figure 9.5. ( a )  Determine the junction 
capacitance when Vx = 4 V. (b )  Repeat paR (a) if the doping is increased to Nd = 
5 x cm-'. 1 

9.6 A Schottky diode with n-type GaAs at 7 = 300 K yields the l/C" versus V R  plot 
shown in Figure 9.25. where C' is the capacitance per cm'. Determine (a) Vh,, (b) Nd 
( c )  4,,, and (4 40,) 

9.7 Consider an Al-n-Si Schottky barrier at 7 = 300 K with N,< = 10'" c m ' .  Use the 
data in Figure 9.5 to dcterminc the barrier heighl. (o) Determine Vh,. I',. and Em, at 
zero bias. (h )  Using the value of Em,, from pan ((0. determine A+ and r,,, for the 
Schottky barrier lowering. (c) Repeat part (h) for the case when a reverse bias of 
V, = 4 V is npplicd. 

9.8 Starling with Equation (9.12). derivc Equations (9.14) and (9.15). B 
9.9 An Au-n-GaAs Schottky diode is at T = 300 K with Nd = 5 x 10'' cm-'. Use the 

data in Figurc 9.5 to determine the harrier height. ( a )  Determine V h , .  x,,, and Em,, at 
zero bias. (b) Determine the reverse-bias voltage at which the Schottky bamier lowering, 
Am, win he 7 percent of 4 ~ , ,  . (Use the value of Em,, in the space charge region.) 

b 9.10 Consider n-type silicon doped at N,, = 10'' cm ' with a gold contact to form a 
Schottky diode. Investigate the effect of Schottky barrier lowering. ( a )  Plr~t the - s- Schottky barrier lowering Ad  versus revcr~e-bias \,oltagc over the range 0 5 VR 5 
50 V. (b) Plot the ratio J , , (VR)/J ,T(VR = 0)  over the same range of reverse-bias 
voltage. 

*9.11 The energy-band diagram of a Schottky diodc is shown in Figure 9.6. Assume the fol- 
lowing parameters: 

+,,, = 5.2 V + , , = 0 . 1 0 ~  @ , = o . ~ o v  
* 1 

Ex = 1.43 eV 8 = 2 5 A  C, = fii 1 
1 

6, = (13.1)to x = 4.07V N,, = 10'" cm ' 
D. - 10" eV-l cm ' ,, - 
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C ( a )  Determine the theoretical barrier height @,,. without interface states. (b) Deter- 
mine the barrier height with interface states. (c) Repeat pans (a) and ( h )  if @,,, is 
changed to @,,, = 4.5 V. 

*9.12 A Schottky barrier diode contains interface states and an intefiacial layer Assume the 

I following parameters: 

@,,, = 4.75 v @,, = 0.164 V 40 = 0.230 V 

E, = 1.12eV S = ~ O A  t, = to 

, = I 7 x = 4.01 V Nd = 5 x 10lh cm-3 

$no = 0.60 V 
? 

Determine the interface state density, D,,, in units of e V '  cm-'. 

9.13 A PtSi Schottky diode at T = 300 K is fabricated on n-type silicon with a doping of 
N ,  = 1 0 ' % m 3 .  From Figure 9.5, the barrier height is 0.89 V Determine (a )  @,,, 
(b) V , , .  (c) JlTl whcn thc harrier lowering is neglected, and Id) V,, so that 
J, = 2 A/cm2. 

9.14 ( a )  Consider a Schottky diode at T = 100K fortncd with tungsten on n-type silicon. 
Let N,, = 5 x I0l5 cm-' and assume a cross-sectional area of A = 5 x 10-' cm'. 
Determine the forward-bias voltage required to obtain a current of I mA, 10 mA, and 
100 mA. (b) Repeat pan (n)  if the temperature i~ increased to T = 400 K. (Neglect 
Schottky barrier lowering.) 

9.15 A Schottky diode is formed by depositing Au on n-type GaAs doped at N,! = 5 x 
1016 cm-'. T = 3 0 0 K  ( I , )  Determine the forward-bias vollage required to obtain 
J, = 5 A/cm2. (b) What is the change in forward-hias vnltage necessary to double the 
current? (Neglect Schottky barrier lowering.) 

9.16 ( a )  Consider an Au n-type GaAs Schottky diode with a cross-sectional arca of 
10 ' cm'. Plot the forward-bias current-voltagc characteristics over a voltage range 
of 0 5 V D  5 0.5 V. Plot thc current an  a log scale. (b)  Repeat part ( a )  for an Au 
n-type silicon Schottky diode. (c) What conclusions can he drawn from thess results? 

9.17 A Schottky diode at T = 300 K is formed between tungsten and n-type silicon dopcd 
at N,! = l o t 6  c m ' .  Thc croys-sectional area is A = 10-%m2. Dctcrminc thc 
reverse-bias saturation current at ( a )  Vx = 2 V and (b )  VR = 4 V. (Take into account 
the Schuttky barrier lowering.) 

*9.18 Starting with the basic current equation given by Equation (9.18). derive the rclation 
given by Equation (9.23). 

9.19 A Schottky diode and a pn junction diode have cross-sectional arras of A = 
5 x 1 0 P  cm2. The reverse saturation currcnt density uflhe Schottky diode is 
3 x Alcm' and the reverse saturalion current density of the pn junction diode is 
3 x 1 0 "  Alcm? The temperature is 300 K. Determine the fr~rward-bias voltage in 
each diode required to yield diode currents of 1 mA. 

19.20 The reverse saturation current densities in a pn junction diode and a Schuttky diode 
are 5 x LO-'' Alcm' and 7 x 10-a Alcm', respectively, at T = 300 K. The cross- 
sectional area of the pn junction diode is A = 8 x 10-"m'. Determine the cmss- 
sectional area of the Schottky diode so that the difference in forward-bias voltagcs to 
achieve 1.2 mA is 02h5  V. 

9.21 ( a )  The reverse-saturation currents of a Schotlky diode and a pn junction diode at 
T = 300 K are 5 x IWX A and 10-" A, respectively. Thc diodes are connected in 
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each diode. (ii) Determine the voltage across cach diode. (b) Repeat part (u )  if the 
diodes are connected in series. 

parallel and arc driven by a constant current of 0.5 mA. ( i )  Determine the current in 

and pn junction are 4 x 1 0  ' A/cm2 and 3 x 1 0 ' '  A/crn2, respectively. A fonvard- 
bias current of 0.8 mA is required in each diode. ( a )  Determine the forward-bias 
voltage required across each diode. (b)  If the voltage from part (a) is maintained 
across each diode, determine the current in each diode if the temperature is increased 
to 400 K. (Take into account the temperature dependence of the reverse-saturntion 
currents. Assume E ,  = 1.12 eV for the pn junction diode and = 0.82 V. for the 
Schottky diode.) 

- ~ - - - ;ee 9.23 Compare the current-voltage characteristics of a Schottky banier diode and a pn junc- 
tion diode. Use the results of Example 9.5, and assume diode areas of 5 x cm2. 

- 
< -~ Plot the current-voltage characteristics on a linear scale over a current range of 0 5 

In < 10 mA. - 

Section 9.2 Metal-Semiconductor Ohmic Contacts 

9.24 I1 is possible, theoretically, to form an ohmic contact hetween a metal and silicon that 
has a very low harrier height. Considering the specific contact resi\tnnce, determine 
the value of @,,, that will give a value of R, = lo-' a-cm2 at T = 300 K. 

9.25 A metal, with a work function $,,, = 4.2 V, is deposited on an n-type silicon semicon- 
ductor with X ,  = 4.0 V and E, = 1 . I2  eV. Assume no interface states exist at the 
junction. Let T = 300 K. ( a )  Sketch the energy-hand diagram for zero bias fur the case 
when no space charge region exists at the junction. (b) Determine Nd so that the condi- 
tion in pan ( a )  is satisfied. (c) What is the potential barrier height seen by electrons in 
the metal moving into the semiconductor? 

9.26 Consider the energy-hand diagram of a silicon Schottky junction under zero bias sho 
in Figure 9.26. Let dHo = 0.7 V and T = 300 K. Determine the doping required so 

barrier lowering effect.) 
xd = 50 A at the point where the potential is @811/2 below the peak value. (Neglect the tk * .  EF Ec 

E,. 

Figure 9.26 I Figure for 
Problem 9.26. 
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9.27 A metal-semiconductor junction is formed between a metal with a work function of 
4.3 eV and p-type silicon with an electn~n affinity of 4.0 eV. The acceptor doping 
concentration in the silicon is No = 5 x 1016 ccm3. Assume T = 300 K. (a) Sketch 
the thermal equilibrium energy band diagram. ( h )  Determine the height of the 
Schottky barrier. ( c )  Sketch the energy band diagram with an applied reverse-bias 
voltage of VR = 3 V. (d )  Sketch the energy band diagram with an applied forward- 
bias voltage of V, = 0.25V. 

9.28 ( a )  Consider a metal-semicanductor junction formed between a metal with a work 
function of 4.65 eV and Ge with an electron affinity of 4.13 eV. The dopingconcen- 
tration in the Ge material is Nd = 6 x 10'' cm-' and N, = 3 x lo" ern->. Assume 
T = 300 K. Sketch the zero bias energy-band diagram and determine the Schottky 
barrier height. (b) Repeat pan ( a )  if the metal work function is 4.35 eV. 

Section 9.3 Heterojunctions 

9.29 Sketch the energy-band diagrams of an abrupt Alo ,G@I ,AsGaAs  heterojunction for: 
(a) N+-AIGaAs. intrinsic GaAs, (b) N+-AIGaAs, p G a A s ,  and (c) P+-AIGaAs, 
ni-CaAs. Assume E, = 1.85 eV forAlo 'Gao ,AS and assume AE,  = ;AE, .  

9.30 Repeat Problem 9.29 assuming the ideal electron affinity rule. Determine AE, and 
A E ,  

$9.31 Starting with Poisson's equation, derive Equation (9.48) for an abrupt heterojunction. 

Summary and Review 

'9.32 (a) Derive an expression for dV,/dT as a function of current density in a Schottky 
diode. Assume the minority carrier current is negligible. ( b )  Compare dV,r/dT for a 
GaAs Schottky diode to that for a Si Schottky diode. ( c )  Compare dV,/dT for a Si 
Schottky diode to that for a Si pn junction diode. 

9.33 The (1/C,)2 versus V, data are measured for two Schottky diodes with equal areas. 
One diode is fdbricated with 1 R-crn silicon and the other diode with 5 I2-cm silicon. 
The plots intersect the voltage axis as VR = -0.5 V for diode A and at VR = - 1.0 V 
for diode B. The slope of the plot for diode A is 1.5 x 10'' (F"V)-' and that for 
diode B is 1.5 x lo" (FLV))' . Determine which diode has the higher metal work 
function and which diode has the lower resistivity silicnn. 

$9.34 Both Schottky barrier diodes and ohmic contacts are to be fabricated by depositing a 
particular metal on a silicon integrated circuit. The work function of the metal is 4.5 V, 
Considering the ideal metal-semiconductor contact, determine the allowable range of 
doping concentrations for each type of contact. Consider both p- and n-type silicon 
regions. 

9.30 Consider an n-GaAs-p-AIGaAs heterojunction in which the bandgap offsets are 
AE, = 0.3 eV and A E ,  = 0.15 e V  Discuss the difference in the expected electron 
and hole currents when the junction is forward biased. 
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C H A P T E R  

The Bipolar Transistor 

P R E V I E W  

T he single-junction devices we have considered, including the pn homojunc- 
tion diode, can be used to obtain rectifying current-voltage characteristics, and 
to form electronic switching circuits. The transistor is a multifunction semi- 

conductor device that, in conjunction with other circuit elements, is capable of current 
gain, voltage gain, and signal-power gain. The transistor is therefore referred to as an 
active device whereas the diode is passive. The basic transistor action is the control of 
current at one terminal by voltage applied across two other terminals of the device. 

The three basic transistor types are the bipolar transistor, the metal-oxide- 
semiconductor field-effect transistor (MOSFET), and the junction field-effect tran- 
sistor (JFET). The bipolar transistor is covered in this chapter, the MOSFET is 
treated in Chapters I I and 12, and the JFET is discussed in Chapter 13. The chap- 
ters dealing with each of the transistor types are written to stand alone, so that each 
type of transistor may be covered in any order desired. 

The bipolar transistor has three separately doped regions and two pn junctions, 
sufficiently close together so that interactions occur between the two junctions. We 
will use much of the theoly developed for the pn junction in the analysis of the bipolar 
transistor. Since the flows of both electrons and holes are involved in this device, it is 
called a bipolar transistor. 

We will first discuss the basic geometry and operation of the transistor. Since 
there is more than one pn junction in the bipolar transistor, several combinations of 
reverse- and forward-bias junction voltages are possible, leading to different operat- 
ing modes in the device. As with the pn junction diode, minority carrier distributions 
in the bipolar transistor are an important part of the physics of the device-minority 
carrier gradients produce diffusion currents. We will determine the minority carrier 
distribution in each region of the transistor, and the corresponding currents. 

The bipolar transistor is a voltage-controlled current source. We will consider the 
various factors that determine the current gain and derive its mathematical expression. 
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11 As with anv semiconductor device. nonideal effects inHuence device characteristics: 
a few of these effects, such as breakdown voltage, will be described. 

In order to analyze or design a transistor circuit. especially using computer sim- 
ulations, one needs a mathematical model or equivalent circuit of the transistor. We 
will develop two equivalent circuits. The first equivalent circuit, the Ebers-Moll 
model, can be used for a transistor biased in any of its operating modes and is espe- 
cially used for transistors in switching circuits. The second equivalent circuit, the 
hybrid-pi model, is applied when transistors are operated in a small signal linear am- 
plifier and takes into account frequency effects within the transistor. 

Various physical factors affect the frequency response of the bipolar transistor. 
There are several time-delay factors within the device that determine the limiting 
frequency response. We will define these time delays and develop expressions for 
each factor. The limiting frequency is given in terlils of a cutoff frequency, a figu 
of merit for the transistor. The frequency response generally applies to the 
signal, steady-state ~.haracteristics of the device. The switching characteristics, 

input signal.. 
contrast, determine the transient behavior of the transistor to large changes 

10.1 I THE BIPOLAR TRANSISTOR ACTION 
The bipolar transistor has three separately doped regions and two pn junctions. Fig- 
ure 10.1 shows the basic structure of an npn bipolar transistor and a pnp bipolar tran- 
sistor, along with the circuit symbols. The three terminal connections are called the 
emitter, base, and collector. The width ofthe base region is small compared to the mi- 
nority carrier diffusion length. The (++) and (+) notation indicates the relative mag- 
nitudes of the impurity doping concentrations normally used in the bipolar transistor, 
with [++I meaning very heavily doped and (+) meaning moderately doped. The 
emitter region has the largest doping concentration: the collector region has the small- 
est. The reasons for using these relative impurity concentrations, and for the narrow 
base width. will become clear as we develop the theory of the bipolar transistor. The 
concepts developed for the pn junction apply directly to the bipolar transistor. 

Figure 10.1 1 Simplified block diagrams and circuit symbols of (a) npn and (b) pnp 
bipolar transistors. 
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Bullrd Base 
layer 

Con\,mtional npn transistor 

(a) 

, . 
Silicon 

substrate 

1 Figure 10.2 I Cross section uf (a) a conventional integrated-circuit npn bipolar transistor and (b) an oxide-isolated npn 
bipolar transistor 
(Front Muiler and Kornins 131.) 

' The block diagrams of Figure 10.1 show the basic structure of the transistor. 

i but in very simplified sketches. Figure 10.2a shows a cross section of a classic npn 
bipolar transistor fabricated in an integrated circuit configuration, and Figure l0.2b 
shows the cross section of an npn bipolar transistor fabricated by a more modem 1 technology. One can immediately observe that the actual structure of the bipolar 
transistor is not nearly as simple as the block diagrams of Figure 10.1 might sug- 
gest. A reason for the complexity is that terminal connections are made nt the sur- 

/ face: in order to minimize semiconductor resistances, heavily doped n+ buried lay- 
ers must be included. Another reason for complexity arises out of the desire to 
fabricate more than one bipolar transistor on a single piece of semiconducror mate- 
rial. Individual transistors {nust be isolated from each other since all collectors, for 
example, will not be at the same potential. This isolation is accomplished by adding 
pt regions so that devices are separated by reverse-biased pn junctions as shown in 
Figure 10.2a. or they are isolated by large oxide regions as shown in Figure 10.2b. 

An important point to note from the devices shown in Figure 10.2 is that the 
bipolar transistor is not a symmetrical device. Although the transistor may contain 
two n regions or two p regions, the impurity doping concentrations in the emitter and 
collector are different and the geolnctry of these regions can be vastly different. The 
block diagrams of Figure 10.1 are highly simplified, but useful, concepts in the de- 
velopment of the basic transistor theory. 

10.1.1 The Basic Principle of Operation 

The npn and pnp transistors are complementary devices. We will develop the bipolar 
transistor theory using the npn transistor, but the same basic principles and equations 
also apply to the pnp device. Figure 10.3 shows an idealized impurity doping profile 
in an npn bipolar transistor for the case when each region is uniformly doped. Typi- 
cal impurity doping concentrations in the emitter, base, and collector may be on the 
order of 10'" 10''. and 10'"m3, respectively. 
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( a )  (b) 

Figure 10.3 1 Idealized doping profile of a uniformly doped npn bipolar transistor. 3 

'9 The base-emitter (B-E) pn junction is forward-biased, and the base-collector 
(B-C) pn junction is reverse-biased in the nonnal bias configuration as shown in 
Figure 10.4a. This configuration is called the,fnrwurd-uctive operating mode: The 
B-E junction is forward-biased so electrons from the emitter are injected across the 
B-E junction into the base. These injected electrons create an excess concentration 
of minority carriers in the base. The B-C junction is reverse biased, so  the minority 
canier electron concentration at the edge of the B-C junction is ideally zero. We ex- 
pect the electron concentration in the base to be like that shown in Figure 10.4b. 
The large gradient in the electron concentration means that electrons injected from 
the emitter will diffuse across the base region into the B-C space charge region. 
where the electric field will sweep the electrons into the collector. We want as many 
electrons as possible to reach the collector without recombining with any majority 
carrier holes in the base. For this reason, the width of the base needs to be small 
compared with the minority carrier diffusion length. If the base width is small, rhen 
the minority carrier electron concentration is a function of both the B-E and 
B-C junction voltages. The two junctions are close enough to be called intera~.fing 
pn junctions. 

Figure 10.5 shows a cross section of an npn transistor with the injection of elec- 
trons from the n-type emitter (hence the name emitter) and the collection of the elec- 
trons in the collector (hence the name collector). 

10.1.2 Simplified Transistor Current Relations 1 
We can gain a basic understanding of the operation of the transistor and the relations 1 between the various currents and voltages by considering a simplified analysis.After 
this discussion, we will then delve into a more detailed analysis of the physics of the 
bipolar transistor. 1 The minority carrier concentrations are again shown in Figure 10.6 for an npn 
bipolar transistor biased in the forward active mode. Ideally. the minority canier 
electron concentration in the base is a linear function of distance, which implies no 
recombination. The electrons diffuse across the base and are swept into the collector 
by the electric field in the B-C space charge region. 
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(a) 

E-B space B-C space 
charge region charge reglum 

Figure 10.4 I (a) Biasing of an npn hipolar transistor in the forwad-active mode, 
(b) minority uarricr distribution in an npn bipolar transistor operating in the forward-active 
mode. and ( c )  energy band diagram of the npn bipolar transistor under zero bias and under a 
forwerd-active mode bias. 

Collector Current Assuming the ideal linear electron distribution in the base, the 
collector current can be written as a diffusion current given by 
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Figure 10.5 1 Cross section of an npn 
bipolar transistor showing the injection 
and collection of electrons in the 
forward-active mode. 

Figure 10.6 1 Minority carrier distributions and basic currents in a 
forward-biased npn bipolar transistor. 

where ABE is the cross-sectional area of the B-E junction, nna is the thermal equi 
librium electron concentration in the base, and V, is the thermal voltage. The diffu- 
sion of electrons is in the +x direction so that the conventional current is in the -x 
direction. Considering magnitudes only, Equation (10.1) can be written as I 

ic = IS exp - ";: 
The collector current is controlled by the base~rni t ter  voltage; that is, the current at 
one terminal of the device is controlled by the voltage applied to the other two ter- 
minals of the device. As we have mentioned, this is the basic transistor action. I 
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mitter Current One component of emitter current, i ~ , ,  shown in Figure 10.6 is 
ue to the flow of elections injected from the emitter into the hase. This current, then, 
equal to the collector current given by Equation (10.1). 

Since the b a s e ~ m i t t e r  junction is forward biased; majority canier holes in the 
ase are injected across the B-E junction into the emitter. These injected holes pro- 
uce a pn junction current iE2 as indicated in Figure 10.6. This current is only a B-E 
unction current so this component of emitter current is not part of the collector cur- l nt. Since iE2 is a forward-biased pn junction current, we can write (considering 
magnitude only) 

1 where Is2 involves the minority carrier hole parameters in the emitter. The total emit- 
ter current is the sum of the two components, or 

Since all current components in Equation (10.4) are functions of exp ( u a L /  V,), the 
I ratio of collector current to emitter current is a constant. We can write 

i ic 
- = a  (10.5) 
It 

where a is called the common-base currenrgain. By considering Equation (10.4). we 
see that ic c iE or ol < 1. Since iE2 is not part of the basic transistor action, we 
would like this component of current to be as small as possible. We would then like 
the common base current gain to be as close to unity as possible. 

Referring to Figure 10.4a and Equation (10.4). note that the emitter current is an 
exponential function of the basexmitter voltage and the collector current is ic = 
w i ~ .  To a first approximation, the collector current is independent of the hase- 
collector voltage as long as the B-C junction is reverse biased. We can sketch the 
common-base transistor characteristics as shown in Figure 10.7. The hipolar transis- 
tor acts like a constant current source. 

Figure 10.7 1 Ideal bipolar transistor common-base 
current-voltage characteristics. 
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Base Current As shown in Figure 10.6, the component of emitter current i E 2  isa 
B-E junction current so that this current is also a component of base current sh 
as iso.  This component of base current is proportional to exp ( V H E /  V i ) .  9 

There is also a second component of base current. We have considered the ideal 
case in which there is no recombination of minority carrier electrons with rn:, 
carrier holes in the base. However, in reality, there will be some recombill. 
Since majority carrier holes in the base are disappearing, they must he resuppll,. 
a flow of positive charge into the base terminal. This flow of charge is indicated as a 
current is(, in Figure 10.6. The number of holes per unit time recombining in the base 
is directly related to the number of minority carrier electrons in the base (see Equa- 
tion (6.13)). Therefore, the current igb is also proportional to exp (vBt/ V,). The iota1 
base current is the sum of iflo and iah, and is proportional to exp ( u B E /  V,). 

The ratio of collector current to hase current is a constant since both current, ui. 
directly proportional to exp ( v e t /  V , ) .  We can then write 

where f i  is called the common-emitter current gain. Normally. the hase current will 
be relatively small so  that, in general, the common-emitter current gain is much larga 
than unity (on the order of 100 or larger). 

10.1.3 T h e  Modes of Operation 

Figure 10.8 shows the npn transistor in a simple circuit. In this configuration, tk 
transistor may be biased in one of three modes of operation. If the B-E voltage is 
zero or reverse biased ( V B E  5 0). then majority carrier electrons from the emitter 
will not be injected into the hase. The B-C junction is also reverse biased; thus. the 
emitter and collector currents will be zero for this case. This condition is referrcd to 
as cutof-all currents in the transistor are zero. 

Figure 10.8 I An npn bipolar transi~tor in 
a common-emitter circuit configuration. 
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When the B-Ejunction becomes forward biased, an emitter current will be gener- 
ated as we have discussed, and the injection of electrons into the base results in a col- 
lector current. We may write the KVL equations around the collector-emitter loop as 

Vcc = I c R c  + VCH + V H I  = V R + V C E  (10.7) 

If Vcc is large enough and if VR is small enough, then VCB > 0, which means that 
the B-C junction is reverse biased for this npn transistor. Again, this condition is the 
forward-active region of operation. 

As the forward-biased B-E voltage increases, the collector current and hence VR 
will also increase. The increase in VR means that the reverse-biased C-B voltage 
decreases, or 1 VCB 1 decreases. At some point, the collector current may become large 
enough that the combination of VR and Vec produces zero voltage across the B-C 
junction. A slight increase in ic beyond this point will cause a slight increase in VR 
and the B-C junction will become forward biased (VC8 c 0). This condition is called 
saturation. In the saturation mode of operation, both B-E and B-C junctions are 
forward biased and the collector current is no longer controlled by the B-E voltage. 

Figure 10.9 shows the transistor current characteristics, 1'- versus V C E ,  for con- 
stant base currents when the transistor is connected in the common-emitter configu- 
ration (Figure 10.8). When the collector-emitter voltage is large enough so that the 
base-collector junction is reverse biased, the collector current is a constant in this 
first-order theory. For small values of C-E voltage, the base-collector junction be- 
comes forward biased and the collector current decreases to zero for a constant base 
current. 

Writing a Kirchhoff's voltage equation around the C-E loop, we find 

Equation (10.8) shows a linear relation between collector current and collector- 
emitter voltage. This linear relation is called a load line and is plotted in Figure 10.9. 
The load line. superimposed on the transistor characteristics, can be used to visualize 
the bias condition and operating mode of the transistor. The cutoff mode occurs when 

~~J~~~~~~~~~~ I n  

, . Cutoff . 

Figure 10.9 1 Bipolar transistor common-emitter current-voltage 
characteristics with load line superimposed. 
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4. = 0, saturation occurs when there is no longer a change in collector current for 
change in base current, and the forward-active mode occurs when the relati 
Ic = B I B  is valid. These three operating modes are indicated on the figure. 

A fourth mode of operation for the hipolar transistor is possible, although 
with the circuit configuration shown in Figure 10.8. This fourth mode, known as in- 
verse ucrive, occurs when the B-Ejuncfon is reverse biased and the B-C junction 1 is 
forward biased. In this case the transistor is operating "upside down," and the roles 
of the emitter and collector are reversed. We have argued that the transistor is not a 
symmetrical device; therefore, the inverse-active characteristics will not be the same 
as the forward-active ckaracterislics. 

The junction voltage conditions for the four operating modes are shown in Fig- 
ure 10.10. 

10.1.4 Amplification with Bipolar Transistors 

Voltages and currents can he amplified by bipolar transistors in conjunction wi 
other elements. We will demonstrate this amplification qualitatively in the fullowin 
discussion. Figure 10.11 shows an npn bipolar transistor in a cornmon-emitter co 

(such as a signal from a satellite) that needs to be amplified. 

1 figuration. The dc voltage sources, VBB and Vcc, are used to bias the transistor in the 
forward-active mode. The voltage source L', represents a time-varying input voltage 

Figure 10.12 shows the various voltages and currents that are generated in the 
circuit assuming that u; is a sinusoidal voltage. The sinusoidal voltage v, induces a 
sinusoidal component of base current superimposed on a dc quiescent value. Since 
ic = @i8. then a relatively large sinusoidal collector current is superimposed on a 
dc value of collector current. The tirne-varying collector current induces a time- 
varying voltage across the Rc- resistor which, by Kirchhoff's voltage law, means that 
a sinusoidal vollage, superimposed on a dc value, exists between the collector and 
emitter of the bipolar transistor The sinusoidal voltages in the collector-emitter 

- 
Figure 10.10 i Junction voltage 
conditions for the four Figure 10.11 1 Cornmtln-emitter npn bipolar 
operating modes of a bipolar circuit configuration with a time-varying signal 
transistor. voltage u, included in the basc-emitter loop. 

"ca 

Cutoff 

Inverse 
active 

' 
Forward 

active 

- 
VBE 

+ 
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- 

Page 396 of 566



Figure 10.12 1 Currents and voltages existing in the 
circuit shown in Figure 10.11. (a) Input sinusoidal 
signal voltage. (bj Sinusoidal base and collector 
currents superimposed o n  the quiescent dc values. 
(c) Sinusoidal voltage across the Rc resistor 
superimposed on the quiescent dc value. 

portion of the circuit are larger than the signal input voltage v , .  so that the circuit has 
produced a voltage gain in the time-varying signals. Hence, the circuit is known as a 
voltage amplifie,: 

In the remainder of the chapter, we will consider the operation and characteris- 
tics of the bipolar transistor in more detail. 

10.2 1 MINORITY CARRIER DISTRIBUTION 
We are interested in calculating currents in the hipolar transistor which, as in the sim- 
ple pn junction, are determined by minority carrier diffusion. Since diffusion currents 
are produced by minority carrier gradients, we must determine the steady-state 
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Table 10.1 1 Notation used in the analysis of the bipolar transistor 

Notation Definition 

For both the npn and pnp transistors 
Na, N s .  Nc Doping concentrations in the emitter, base, and collector 

X I . X B . X C  Widths of neutral emitter, base. and collectur regions 

D E .  D R .  Dr  Minority cnrrier difkusion coefficients in emitter, base. and 
collector regions 

L E . L B .  LC Minority carrier diffusion lengths in emitter, base, and 
collector regions 

T i o . T s o . I c o  Minority carrier lifetimes in emitter, base, and collector 
regions 

For the npn 
P E O .  ~ B C I .  pco Themlal equilibrium minorit? carrier hole, electron, and hole 

concentrations in the emitter, base, and collector 

P E ( x ' ) , ~ B ( x ) .  PC(X")  Total minority carrier hole, electron. and hole ctjncentrations 
in the emitter base, and collector 

S ~ E ( X ' ) ,  SnB(r), Sp,(x") Excess minoriry carrier hole, electron. and hole 
concentrations i n  the emitter, base, and collector 

For the pnp 
nrn, ~ s i i .  nco Thermal equilibrium minority cnmri6~r electn~n, hole, and 

electron concentrations in the emitter, base. and collector 

ns(x'1. p,(x),nc(x") Total minority carrier electron. hole, and electron 
concentrations in the emitter, base, and collector 

Gnr (x'),  Sp, ( X I ,  Gnc (x")  Excess minorin. carrier electron, hole, and electron 
concentrations in the emitter, base, and collector 

Emitter Base Collector 
-n- I. - P ~  I. -"- 

Figure 10.13 1 Geometry of thc npn bipolar transistor used 
to calculate the minority carrier distribution. 

minority carrier distribution in each of the three transistor regions. Let us first con- 
sider the forward-active mode. and then the other modes of operation. Table 10.1 
surnmarires the notation used in the following analysis. 

10.2.1 Forward-Active Mode 

Consider a uniformly doped npn bipolar transistor with the geometry shown in Fig- 
ure 10.13. When we consider the individual emitter, base, and collector regions, we 
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I b;mitter I I Babe I ( Collector 

Figure 10.14 1 Minority carrier distribution in an npn 
hipolar transistor operating in the forward-active mode. 

will shift the origin to the edge of the space charge region and consider a positive x ,  
x' ,  or x" coordinate as shown in the figure. 

1 In the forward-active mode, the B-Ejunction is forward biased and the B-C is re- 
verse biased. We expect the minority carrier distributions to look like those shown in 
Figure 10.14. As there are two n regions, we will have minority carsier holes in both 
emitter and collector. To distinguish between these two minority canier hole distrib- 
utions, we will use the notation shown in the figure. Keep in mind that we will be 
dealing only with minority carriers. The parameters pro, nBo, and pca denote the 
thermal-equilibrium minority canier concentrations in the emitter, base, and collec- 
tor, respectively. The functions p ~ ( x ' ) ,  ns(x), and pc(xt') denote the steady-state 
minority carrier concentrations in the emitter, base, and collector, respectively. We 
will assume that the neutral collector length xc is long compared to the minority car- 
rier diffusion length Lc in the collector, but we will take into account a finite emitter 
1ength.r~. If we assume that the surface recombination velocity at x' = r E  is infinite, 
then the excess minority canier concentration at x' = xE is zero, or pE(xl = XE) = 
p ~ o .  An infinite surface recombination velocity is a good approximation when an 
ohmic contact is fabricated at x '  = xE.  

I 
Base Region The steady-state excess minority carrier electron concentration is 
found from the ambipolar transport equation, which we discussed in detail in Chap- 

: ter 6. For a zero electric field in the neutral base region, the ambipolar transport equa- 
i tion in steady state reduces to 

where 6nB is the excess minority carrier electron concentration, and D g  and roo are 
the minority canier difiusion coefficient and lifetime in the base region, respectively. 

i The excess electron concentration is defined as 
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The general solution to Equation (10.9) can be written as 

where L5 is the minority carrier diffusion length in the base, given by L g  = 
G. The base is of finite width so both exponential terms in Equation (10.11) 
must be retained. 

The excess minority carrier electron concentrations at the two boundaries become 

S n ~ ( x  = 0) = Sns(0) = A + B (10.17.a) 

and 

Sna(x = xa) E S ~ B ( X B )  = Aexp (2) + B p (2) (ID11b) 

The B-E junction is forward biased, so the boundary condition at r = 0 is 

a n ~ ( 0 )  = n5(x = 0) - n5, = n," [ exp - - I ]  (10.13a) 

The B-C junction is reverse biased, so the second boundary condition at x = xs is 

From the boundary conditions given by Equations (10.13a) and (10.13b), the 
coefficients A and B from Equations (10.12a) and (10.12b) can be determined. The 
results are 

.. - 
2 sinh (5) I .  

and 

2 sinh (E) 
Then, substituting Equations (10.14a) and (10.14b) into Equation (10.9), we can 
write the excess minority carrier electron concentration in the base region as 

nso 1 [exp (9) - I ]  sinh ( ) - sinh (&) 1 Sno(x) = 

sinh (2) i 
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10.2 Minority Carrier Distribution 

Figure 10.15 1 Hyperbolic sine function 
and its linear approximation. 

Equation (10.15a) may look formidable with the sinh functions. We have 
ctrs~red that we want the base width X B  to be small compared to the minority carrier 
diffusion length L a .  This condition may seem somewhat arbitrary at this point, but 
the reason will become clear as we proceed through all of the calculations. Since we 
want XH < L B ,  the argument in the sinh functions is always less than unity and in 
most cases will he much less than unity. Figure 10.15 shows a plot of sinh ( y )  for 
0 5 y 5 I and also shows the linear approximation for small values of y .  If y < 0.4, 
the sinh ( y )  function differs from its linear approximation by less than 3 percent. All 
of this leads to the conclusion that the excess electron concentration 6na in Equa- 
tion ( 1 0 . 1 5 ~ )  is approximately a lineur function of x through the neutral base region. 
Using the approximation that sinh (x) % x for x << I .  the excess electron concentra- 
tion in the base is given by 

We will use this linear approximation later in some of the example calculations. 
The difference in the excess canier concentrations determined from Equations (10.1Sa) 
and (10.15b) is demonstrated in the following exercise. 

TEST YOUR UNDERSTANDING 

E1O.l The emitter and ba~e  of a silicon npn bipolar transistor are uniformly doped at 
impurity concentrations of loL8 cm-' and 10j6 cm-', respectively. A forward-bias 
B-E voltage of V B E  = 0.610 V is applied. The neutral base width is x" = 2 pm and 
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the minority camer diffusion length io the bace is LH = 1011m. Calculate the 
excess minority carrier concentration in  thc basc at (a )  x = 0 and ( h )  x = x , / 2 .  
(c) Determine the ratio of the actual minority canier concentration at x = xs/2 

(Equation (10.15a)) to that i n  the ideal case of a linear minority carrier distribution 
(Equation (lO.lSh)). IOS66'0 = (*,01 X z P O h l / + , ~ l  x Lb681) = O!I@8 

'r-UJ *,01 X LP68I = (z/'")"u = (ilH-')""9 (Y) 
'r-ms b , o ~  x I X E  = (0)" ( w )  W V J  

Tahle 10.2 shows the Taylor expansions of some of the hyperbolic functions t 
will he encountered in this section of the chapter. In most cases. we will consi 
only the linear terms when expanding thesc functions. 

Emitter Region Consider, now, the minority carrier hole concentration in the emit 
ter. The steady-state excess hole concentration is determined from the equation 1 
where Dc and rz" are the minority carrier diffusion coefficient and minority cam 
lifetime, respectively. in the emitter. The excess hole concentration is given by 1 
The general solution to Equation (10.16) can he written as 

where L E  = G. If we assume the neutral emitter length XE is not necessarily 
long compared to L E .  then both exponential terms in Equation (10.18) must be 
retained. 

The excess minority canier hole concentrations at the two boundaries are 

SPE(X'? 0) -- S / > E ( ~ )  =- C +  D (10.19a) 
and 

Table 10.2 I Taylor expansions ol hyperholic functions 

Function Taylor expansion 

xi xi 

sinh ( .I)  I+-+-+--. 
3!  5! 
x2  XI 

cosh (r ) I + - +- +  . . .  
2! 4! 
x' 21' 

tanh ( x )  x - - + - + . . .  
3  15 
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!gain, the B-E junction is forward biased so 

I SPE(OJ = p,(x' = 0) - PEU = PEU [ exp ) - - I ]  ( I O Z O ~ )  

An infinite surface recombination velocity at I' = xE implies that 

JPE(XE) = 0 (10.20b) 

Solving for C and D using Equations (10.19) and (10.20) yields the excess mi- 
rity carrier hole concentration in Equation (10.1 8): 

This exress concentration will also vary approximately linearly with distance i f x ~  is 
small. We find 

p.0 [exp (3) - 11 sinh (y ) 
Spt(x') = 

sinh (2) 

I f x ~  is comparable to LE, then SpE(x') shows an exponential dependence on x E  

(l0.21a) 

TEST YOUR UNDERSTANDING I 
E10.2 Consider a silicon npn bipolar transistor with emitter and base regions uniformly 

doped at concentrations of 10'8cm-' and 10'%cm3. respectively. Aforward bias 
B-E voltage of Vnf = 0.610 V is applied. The neutral emitter width is rE = 4 Gm 
and the minority carrier diffusion length in the emitter is L E  = 4 um. Calculate the 
excess minority carrier concentration in the emitter at (a) x '  = 0 and (b) x' = xi/2 
[i-"Ji lOl X 689'1 (9 )  '<-"J r l O l  X 808E (0) 'sub'] 

Collector Region The excess minority carrier hole concentration in the collector 
can he determined from the equation 

where Dc and rca are the minority carrier diffusion coefficient and minority carrier 
lifetime, respectively, in the collector. We can express the excess minority canier 
hole concentration in the collector as 
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The general solution to Equation (10.22) can he written as . 

~ p c ( x " )  = G exp ($) + H exp ($) 
where LC = -. If we assume that the collector is long. then the coefficient 
must be zero since the excess concentration must remain finite. The second bound 
condition gives 

fipc(x8' = 0 )  = 6p<(0)  = p<(x"  = 0 )  - pco = 0 - pco = -pco (10.2 

The excess minority carrier hole concentration in [he collector is then given as 1 
This result is exactly what we expect fronl the results of a reverse-biased pn junctio i 

1 
TEST YOUR UNDERSTANDING 

E10.3 Consider the collector region of an npn bipolar transistor biased in the forward ac- 
tive region. At whet value of A " .  compared to L C .  doe? the magnitude of the minor- 
ity carrier concentration reach 95 percent of the thermal equilibrium value. 
( E  % ~ i ~ l / , , x ' s u v )  I 

10.2.2 Other Modes of Operation 4 
The bipolar transistor canal50 operate in the cutoff, saturation, or inverse-active mode. 
We will qualitatively discuss the minority carrier distrihutions for these operating 
conditions and treat the actual calculations as problems at the end of the chapter. 

Figure 10.16a shows the minority carrier distribution in an npn bipolar transis- 

I 
tor in cutoff. In cutoff, both the B-E and B-C junctions are reverse biased: thus, the, 

Figure 10.16 I Minority carrier distribution i n  an npn bipolar transistor operating i n  (a) cutoff and (b) saturation 
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C B E 

Emiller Collector 

I'm --- --- Pcu 
---- 'I",, 

~ ~ ( 1 ' 1  

Figure 10.17 1 (a) Minorily carrier distribution i n  an npn bipolar transistor operating in the inverse-active mode. 
(b) Cross section of an npn bipolar transistor showing the injection and collection of clectrons in the inverse-active 
mode. 

I minority camier concentrations are zero at each space charge edge. The emitter and 
collector regions are assumed to be "long" in this figure, while the base is narrow 
compared with the minority carrier diffusion length. Since x~ << Lo ,  essentially all 
minority carriers are swept out of the base region. 

Figure 10.16b shows the minority carrier distribution in the npn bipolar transis- 
tor operating in saturation. Both the B-E and B-C junctions are forward biased; thus, 
excess minority carriers exist at the edge of each space charge region. However, 
since a collector current still exists when the transistor is in sdturation, a gradient will 
still exist in the minority carrier electron concentration in the base. 

Finally, Figure 10.17a shows the minority carrier distribution in the npn transis- 
tor for the inverse-active mode. In this case, the B-E is reverse biased and the B-C is 
forward biased. Electrons from the collector are now injected into the base. The 
gradient in the minority carrier electron concentration in the base is in the opposite 
direction compared with the forward-active mode, so the emitter and collector cur- 
rents will change direction. Figure 10.17b shows the injection of electrons from the 
collector into the base. Since the B-C area is normally much larger than the B-E area. 
not all of the injected electrons will be collected by the emitter. The relative doping 
concentrations in the base and collector are also different compared with those in the 
base and emitter; thus, we see that the transistor is not symmetrical. We then expect 
the characteristics to be significantly different between the forward-active and 
inverse-active modes of operation. 

10.3 1 LOW-FREQUENCY COMMON-BASE 
CURRENT GAIN 

The basic principle of operation of the bipolar transistor is the control of the collec- 
tor current by the B-E voltage. The collector current is a function of the number of 
majority carriers reaching the collector after being injected from the emitter across 
the B-E junction. The cotnmon-base current ~ a i n  is defined as the ratio of collector 
current to emitter current. The flow of various charged carriers leads to detinitions of 
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- 
particular currents in the device. We can use these definitions to define the current 
gain of the transistor in terms of several factors. 

10.3.1 Contributing Factors 

Figure 10.18 shows the various particle flux components in the npn bipolar transis- 
tor. We will define the various flux components and then consider the resulting cw- 
rents. Although there seems to be a large number of flux components, we may 
clarify the situation by correlating each factor with the minority carrier distnbuti 
shown in Figure 10.14. 

The factor J,; is the electron flux injected from the emitter into the base. As 
electrons diffuse across the base, a few will recombine with mdiority camer ho 
The majority carrier holes that are lost by recomhination must be replenished f 
the base terminal. This replacement hole flux is denoted by The electron flux 
that reaches the collector is .I,>. The majority camer holes from the base that arc 111- 

jected back into the emitter result in a hole flux denoted by J&. Some electrons and 
holes that are injected into the forward-biased B-E space charge region will recom- 
bine in this region. This recombination leads to the electron flux J; .  Generation of 
electrons and holes occurs in the reverse-biased B-C junction. This generation yields 
a hole flux J z .  Finally, the ideal reverse-saturation current in the B-C junction is 
denoted by the hole flux JG,. 

The corresponding electric current density components in the npn transistor are 
shown in Figure 10.19 along with the minority carrier distributions for the forward 
active mode. The curves are the same as in Figure 10.14. As in the pn junction, 
currents in the bipolar transistor are defined in terms of minority cmier  diffus 
currents. The current densities are defined as follows: 

J n t :  Due to the diffusion of minority canier electrons in the base at x = 0. 
3 , ~ :  Due to the diffusion of minority carrier electrons in the base at x = r ~ .  I 
J R ~ :  The difference betwecn J,,E and Jnc ,  which is due to the recomhination 
of excess minority carrier electrons with majority carrier holes in the base. The 
J K B  current is the flow of holes into the base to replace the holes lost by 
recombination. 
JpE:  Due to the diffusion of minority canier holes in the emitter at x' = 0. 

Figure 10.18 1 Particle current density or flux components in 
an npn bipolar transistor operating in the fanvard-active mode 
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Emitter Base Collector 
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Figure 10.19 I Current density components in an npn bipalar transistor operating in the 
forward-active mode. 

J R :  Due to the recombination of carriers in the forward-biased B-E junction. 
J,,": Due to the diffusion of minority carrier holes in the collector at x" = 0. 

.Iti: Due to the generation of carriers in the reverse-biased B-C junction. 

The currents JKH. J,,E. and J R  are B-E junction currents only and do not con- 
hihute to the collector current. The currents J,>,o and Jc are B-C junction currents only. 
These current components do not contribute to the transistor action or the current gain. 

The dc common-base current gain is defined as 

If we assume that the active cross-sectional area is the same for the collector and 
emitter, then we can write the current gain in terms of the current densities, or 

We are pri~narily interested in determining how the collector current will change 
with a change in emitter current. The small-signal, or sinusoidal, common-base cur- 
rent gain is defined as 

The reverse-bias B-C currents, JG and .Ipco, are not functions of the emitter current. 
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We can rewrite Equation (10.29) in the form 

a = yarS 

The factors in Equation (10.30b) are defined as: - emitter injection efficiency factor 

a. = (g) s base transport factor 

S = 
J = E  + J p z  

r recombination factor 
J,E + J R +  J p ~  

We would like to have the change in collector current be exactly the same as th 
change in emitter current or. ideally, to have a = 1. However, a consideration o 
Equation (10.29) shows that a will always be less than unity. The goal is to make 
as close to one as possible. To achieve this goal, we must make each term in Equ 
tion (10.30b) as close to one as possible, since each factor is less than unity. 

The emitter injection eficiency factor y takes into account the minority came 
hole diffusion current in the emitter. This current is part of the emitter current, but 
does not contribute to the transistor action in that J p 6  is not part of the collector cur- 
rent. The base transportfl~ctor ar takes into account any recombination of exce 
minority carrier electrons in the base. Ideally, we want no recombination in the base. 
The recombinution factor S takes into account the recombination in the fonvard- 
biased B-E junction. The current JR contributes to the emitter current, but does not 
contribute to collector current. I 
10.3.2 Mathemat i ca l  Der ivat ion o f  C u r r e n t  G a i n  Factors I 
We now wish to determine each of the gain factors in terms of the electrical 
geometrical parameters of the transistor. The results of these derivations will show 
how the various parameters in the transistor influence the electrical properties of 
the device and will point the way to the design of a " g o o d  bipolar transistor. 

Emitter Iqjection Eficiency Factor Consider, initially, the emitter injection 
ciency factor. We have from Equation (10.31a) 

We derived the minority carrier distribution functions for the forward-active mode 
in Section 10.2.1. Noting that J n ~ ,  as defined in Figure 10.19, is in the negative 
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xdirection, we can write the current densities as 

Jpt = - ~ D E  (10.33a) 

J n ~  = ( - ) ~ D B  d(8yx(x)) lx=n (10.33b) 

where S ~ E ( X ' )  and Sne(x) are given by Equations (10.21) and (10.15), respectively. 
Taking the appropriate derivatives of S p ~ ( x ' )  and Sne(x), we obtain 

~ D E P E O  ~ V B E  1 
J p ~  = - [exp - I ]  . (10.34a) 

L E tanh (xEILE) 

1 [ e x p ( e V ~ ~ l k T )  - 11 
J,,E = - 

+ tanh (xB/LB) 

' Positive J,,E and JnE values imply that the currents are in the direct~ons shown in 
Figure 10.19. If we assume that the B-E junction is biased sufficiently far in the for- 

i ward bias so that VBE >> kT/e, then 

exp (+) >> I 

I and also 

e x p ( e V ~ ~ / k T )  >> , 1 
tanh (xB/LB) s l n h ( x ~ / L e )  

The emitter injection efficiency, from Equation (10.32), then becomes 

y = - 
1 

1 - ,B tanh(xalLs)  - .  
, E  tanh (xE/LE) 

If we assume that all the parameters in Equation (10.35a) except pro and nso are 
fixed, then in order for y % 1, we must have pEo << noo. We can write 

n' n? 
PEO = - and nao = - 

NE NB 

where NE and NB are the impurity doping concentrations in the emitter and base, re- 
spectively. Then the condition that pEO << nBO implies that NE >> Ng. For the emit- 
ter injection efficiency to be close to unity, the emitter doping must be large com- 
pared to the base doping. This condition means that many more electrons from the 
n-type emitter than holes from the p-type base will be injected across the B-E space 
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charge region. If both xo << LB and xr  << L E ,  then the emitter injection efficieni! 
can be written as 

Base Transport Factor The next term to consider is the base transport facka. 
given by Equation (l0.31b) as ur = J , , c / J , , ~ .  From the definitions of the currrilt 
directions shown in Figure 10.19, we can write 

and 

Using the expression for Sno(x) given in Equation (10.15), we find that 

, - ~ D B ~ H U  l e x p ( e V ~ ~ / k T )  - 11 + 
" - ( sinh (xB/Lo) 

(10.3ii 
LB 

The expression for J,,E was given in Equation (10.34a). 
If we again assume that the B-E junction is biased sufficiently far in the forward 

bias su that VBP; >> k T / e ,  then exp(rVnE/kT) >> 1. Substituting Equations (10..37) 
and (10.34b) into Equation (10.31 b), we have I 

J,,c exp i e V ~ ~ l k T )  + cosh (xBILB) a ? = - %  
J,E 1 + exp ( e v ~ ~ / k T )  cosh (.x8/L8) 

(10.38) I 
In order for cxr to be close to unity, the neutral base width X B  must be much smal- 

cosh (XB/LB) will be just slightly greater than unity. In addition, if exp(eVnr/ 
I ler than the minority can.ier diffusion length in the base L B .  If .vg << Lti. then 

kT) >> 1, then the base transport factor is approximately 

cosh(xa/Lo) 

For x~ << Lo, we may expand the cosh function in a Taylor heries, so that 

1 - - I I 

cosh (xti/Lo) 1 + f ( z B ~ L B ) ~  

The base transport factor CYT will be close to one if x8 << Lo. We can now see why 
we indicated earlier that the neutral base width nB would be less than LB.  
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Recombination Factor The recombination factor was given by Equation (10.3 lc). 
We can write 

We have assumed in Equation (10.40) that J,,E << J,,E. The recombination current 
density, due to the recombination in a forward-biased pn junction, was discussed in 
Chapter 8 and can be written as 

where is the B-E $pace charge width. 
The cumnt  Jnc from Equation (10 34b) can be approximated as 

f VRE 
J,,E = A0.x P ( F )  (10.42) 

where 

eDanao 
Jsu = (10.41) L B  tanh(x8/LB) 

The recombination factor, from Equation (10.40), can then be written as 

(10.44) 

f The recombination factor is a function of the B-E voltage. As VBE increases, the 
recombination current becomes less dominant and the recombination factor 
approaches unity. i The recombination factor must also include surface effects. The surface effects 
can be described by the surface recombination velocity as we discussed in Chapter 6. 
Figure 10.20a shows the B-E junction of an npn transistor near the semiconductor 
surface. We will assume that the B-E junction is forward biased. Figure 10.20b 
shows the excess minority carrier electron concentration in the base along the cross 
section A-A'. This curve is the usual forward-biased junction minority carrier con- 
centration. Figure 1 0 . 2 0 ~  shows the excess minority carrier electron concentration 
along the cross section C-C' from the surface. We showed earlier that the excess con- 
centration at a surface is smaller than the excess concentration in the bulk material. 
With this electron distribution, there is a diffusion of electrons from the bulk toward 
the surface where the electrons recombine with the majority carrier holes. Fig- 
ure 10.20d shows the injection of electrons from the emitter into the base and the dif- 
fusion of electrons toward the surface. This diffusion generates another component 
of recombination current and this component of recombination current must be 
included in the recombination factor 8. Although the actual calculation is difficult 
because of the two-dimensional analysis required, the form of the recombination 
current is the same as that of Equation (10.41). 
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C 

- - - ,-, , . .:--.. ' j B (P )  
A ------t A' 

C' 

(a) 

Diffusion of ciectrons 

n p  c-C' E 
Surface 

(c) 

Figure 10.20 1 The surface at the E-B junction showing the diffusion of carriers toward th 
surface. 

10.3.3 Summary 

Although we have considered an npn transistor in all of the derivations, exactly 
same analysis applies to a pnp transistor; the same minority carrier distributions will 
be obtained except that the electron concentrations will become hole concentrations 
and vice versa. The current directions and voltage polarities will also change. 

We have been considering the common-base current gain, defined in Equa- 
tion (10.27) as a. = l, -//~. The common-emitter current gain is defined as b0 = 
I c / l ~ .  From Figure 10.8 we see that I E  = It, + I,-. We can determine the relation 
between common-emitter and common-base current gains from the KCL equation. 
We can write 

I 
I E  I f l  - = -  
1c /c 

+ 1 

Substituting the definitions of current gains, we have 

1 I - - - - + I  
00 Bo 

Since this relation actually holds for hoth dc and small-signal conditions, we can 
drop the subscript. The common-emitter current gain can now be written in terms of 
the common-base current gain as 

LY b=-- 
1 - a  

The common-base current gain, in terrns of the common-emitter current gain, is 
found to be 

B 
(Y = -- 

l + B  
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Table 10.3 1 Summary of limiting factors 

Emitter injection efficiency 

t Base transport factor 

I Recombination factor 

6 = 
I 

! Common-base current gain 

Common-emitter current gain 

Table 10.3 summarizes the expressions for the limiting factors in the common 
base current gain assuming that xa << La and XE << LE. Also given are the approx- 
imate expressions for the common-base current gain and the common-emitter current 
gain. 

10.3.4 Example Calculations of the Gain Factors 

If we assume a typical value of p to be 100, then u = 0.99. If we also assume that 
y = ar = 8 .  then each factor would have to be equal to 0.9967 in order that 
f l  = 100. This calculation gives an indication of how close to unity each factor must 
be in order to achieve a reasonable current gain. 

DESIGN 
O

b
j
ective 

EXAMPLE 10.1 
To design the ratio of emitter doping to base doping in order to achieve an emitter injection 
efficiency factor equal toy = 0.9967. 

Consider an npn bipolar transistor. Assume, for simplicity, that D ,  = DB,  L E  = LB . and 
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Solution 
Equation (10.35a) reduces to 

1 
y = =  

I 
P i o  .:INE 

I + -  I+-  
1 ~ 8 "  ": IN8 

SO 

I 
y = ----- = 0.9967 

N R  
I + - 

Nt 

Then 

NP -- N E  - 302 - 0.00331 or - - 
Nt N A 

Comment 
The emitter doping concentration must be much larger than the base doping concentration 
achieve a high emitter injection efticiency. 

DESIGN 1 Objective 
EXAMPLE 10.2 

To design the base width required to achieve a base transport factor equal t o u r  = 0.991 
Consider a pnp bipolar transistor. Assume that D8 = 10 cm2/s and rB,, = lo-' s. 

5 Solution 
The base transport factor applies to both pnp and npn transistors and is given by 

Then 

. xB/L8  = 0.0814 

We have 

L~ = = Jm = 10-' cm 

so that the base width must then be 

x s  = 0.814 x 10-' cm = 0.813 u m  

m Comment 
If the base width is less than approximately 0.8 um,  thcn the required base transport 
will be achieved. In most cases, the base transport factor will not be the limiting factor 
bipoliu; transistor current gain. 
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Objective I EXAMPLE 10.3 

To calculate the forujard-biased B-E voltage required tu achieve a recombination fdctor equal 
to6 = 0.9967. 

i Consider an npn hlpolar transistor at T = 300 K. Assume that J,, = 10 Alcm' and 
that .Iso = 1 0 "  Alcm'. 

I Solution 
The rccr~mbination factor, fiom Equation (10.44), is 

We then have 

We can rearrange this equation and write 

I Comment 
This cxamplc demonstrates that the recombination factor may be an important limiting factor 
in the bipolar current gain. In this example, if V B Z  is smaller than 0.654 V, then the recombi- 
nation factor S will fall below the desired 0.9967 value. 

Objective 1 EXAMPLE 10.4 

To calculate the common-emitter current gain of a silicon npn bipolar transistor at 7 = 300 K 
given a set of parameters. 

Assume the following parameters: 
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The following parameters are calculated: 

Solution 
The emitter injection efficiency factor, from Equation (10.35a), is 

The base vansport factor, from Equation (10.39~~) is 

The recombination factor, from Equation (lO.U), is 

where 

~ D R ~ B O  - - 
(1.6 x 10-'9)(25)(2.25 x I@) = 

A/cm2 J,e = 
LH tanh (t) 3.54 x lo-' tanh (1.977 x 

We can now calculate S = 0.99986. The common-base current gain is then 

a = yui8 = (0.9944)(0.9998)(0.99986) = 0.99406 

which gives a common-emitter current gain of 

Comment 
In this example, the emitter injection efficiency is the limiting factor in the current gain. 

I TEST YOUR UNDERSTANDING 
NOTE: In Exercises E10.4 through E10.9, assume a silicon npn bipolar transistor at T = 300K 
has the following minority carrier parameters: Dt = 8 cm21s. Dx = 20 crn21s, Dc = 12 cm'h 
r,o = 1 0 P  s, THO = lo-' S, T C ~ I  = S. 
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E10.4 If the emitter doping concentration is NE = 5 x 10" cm-'. find the base doping 
concentration such that the emitter injection efficiency is y = 0.9950. Assume 
xi = 21, = 2 fim. (c-m3 p,OI X £0'1 = R~ .SUV) 

E10.5 Assume that ar = 6 = 0.9967. x ,  = x, = I Wm, NH = 5 x LOt6 cm-', and N E  = 

5 x 1018 cm-'. Determine the common emitter current gain p. ( 5 . ~ 6  = d ' s u ~ )  
E10.6 Determine the minimum base width X B  such that the base transport factor is 

ar = 0.9980. ("fl S68'0 = '1 'SUE-) 

E10.7 Assume that y = S = 0.9967 and x8 = 0.80 um. Determine the common-emitter 
current gain p .  ( l Z l  = d 'Sub') 

E10.8 If JFo = lo-' A/cm2 and J,,o = 10-" Alcm2, find the value of V R E  such that 
S = 0.9960. (A 9EP9.0 = ' "A  "JV) 

E10.9 Assume that y =a, = 0.9967. J,o = 5 x 10-"cm2, Jso = 10-" Alcm', and 
V 8 ~  = 0.585 V. Determine the common-emitter current gain 8. (VLL = d s U V )  

10.4 1 NONIDEAL EFFECTS 
In all previous discussions, we have considered a transistor with uniformly doped re- 
gions, low injection, constant emitter and base widths, an ideal constant energy 
bandgap, uniform current densities, and junctions which are not in breakdown. If any 
of these ideal conditions are not present, then the transistor properties will deviate 
from the ideal characteristics we have derived. 

10.4.1 Base Width Modulation 

We have implicitly assumed that the neutral base width x~ was constant. This base 
width, however, is a function of the B-C voltage, since the width of the space 
charge region extending into the base region varies with B-C voltage. As the B-C 
reverse-bias voltage increases, the B-C space charge region width increases, which 
reduces x ~ .  A change in the neutral base width will change the collector current as 
can be observed in Figure 10.21. A reduction in base width will cause the gradient 
in the minority carrier concentration to increase, which in turn causes an increase in 
the diffusion current. This effect is known as base width modulation; it is also 
called the Early effect. 

The Early effect can be seen in the current-voltage characteristics shown in Fig- 
ure 10.22. In most cases, a constant base current is equivalent to a constant B-E volt- 
age. Ideally the collector current is independent of the B-C voltage so that the slope 
of the curves would be zero; thus the output conductance of the transistor would be 
zero. However, the base width modulation, or Early effect, produces a nonzero slope 
and gives rise to a finite output conductance. If the collector current characteristics 
are extrapolated to zero collector current, the curves intersect the voltage axis at a 
point that is defined as the Early voltage. The Early voltage is considered to be a pos- 
itive value. It is a common parameter given in transistor specifications; typical val- 
ues of Early voltage are in the 100- to 300-volt range. 
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Base 1 Movinp space 
I charge edge 
I with increasing 

C-B voltage 

I I 
I I 
I ,  
I l l  
/ / I  
, 1 1 1  

lncrrilsing I l l  

minority 
carrier 

gradlent 

Figure 10.21 1 The c h a n ~ e  in the base width and the change 
in the minority carrier gradient as the B-C space charge 
width changes. 

Figure 10.22 1 The collector current versus collector- 
emitter voltage showing the Early effect and Early voltage. 

From Figure 10.22, we can write that 1 

where VA and VCE are defined a s  positive quantities and go is  defined as the outp 
conductance. Equation (l0.45a) can be rewritten in the form 

Ic = ~ ~ ( V C E  + VA) (10.45b 1 
showing explicitly that the collector current is now a function of the C-E voltage 04 - .  
the C-B voltage. 

rn 

EXAMPLE 10.5 I O b j e c t i v e  

To calculate the change in the neutral base width with a change in C-B voltage. 
Consider a uniformly doped silicon bipolar transistor at T = 100 K with a base doping of 

N ,  = 5 x 10'6 c m  andacollecLordopingofNc = 2 x lo i5  cm'.Assume themetallurgical 
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base width is 0.70 urn. Calculate the change in the neutral base width as the C-B voltage 
changes from 2 to 10 V. 

I Solution 
The space charge width extending into the base region can be written as 

which becomes 

x,,~ = ((9.96 x 10-")(vh, + v ~ ~ ) ) ' ' ~  

The built-in potential 1s 

For Vcn = 2 V. we find xn, = 0.052 irm. and for VCB = 10 V, we find xdtl = 0.103 um.  If 
we neglect the B-E space charge region, which will be small because of the forward-biased 
junction, then we can calculate the neutral base width. For Vc8 = 2 V. 

ss = 0.70 - 0.052 = 0.648 @m 

and for V , ,  = 10 V, 

xB = 0.70 - 0.103 = 0.597 wm 

I Comment 
This example shows that the neutral base width can easily change by approximately 8 percent 
as the C-B voltage changes from 2 to 10 V. 

Objective I EXAMPLE 10.6 

To calculate the change in collector current with a change in neutral base width, and to esli- 
mate the Early voltage. 

Consider a uniformly doped silicon npn bipolar transistor with parameters described in Ex- 
ample 10.5. Assume Dg = 25 cm2/5, and VBE = 0.60 V, and also assume that r, << L , .  

I Solution 
The excess minority cat~ier electron concentration in the base is given by Equation (10.15) as 

n.0 [[ex. (3) - I]  sinh ( ) - sinh (2) 1 G n ~ ( x )  = 
sinh (z)  
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If xR << LB.  then ( r 8  - r) << L ,  so we can write the approximations 

i n  (2) ( and sinh ( ) * ( y) 
The expression for S n x ( x )  can then he approximated as 

X" 

The collector current is now 

I . )  C D X I ~ H O  eVsi 
IJcl=eD, dx 

I 8 

The value of nxo is calculated as 

n' (1.5 x 10'')' 
nR" = - = = 4.5 x 10' c m 3  

N u  5 x I0l6 

If we let xB = 0.648 pni when V,-0 = 2 V (Vci = 2.6 V) .  then 

(1.6 x 1019)(25)(4.5 x 10') 
IJc = cxp (z) = 3.20 ~ l c m '  

0.648 x lo-" 00259 

Now Ict ,rH = 0.597 urn when V,-x = 10 V (VCE = 10.6 V). In this case we have J C  

3.47 Alcni'. From Equation (10.45a). we can write 

Using the calculated values of current and voltage, we have 

The Early voltage is then determined to be 

Comment 
This example indicates how much the collector curient can change as the neutral base width 
changes with a change in the B-C space charge width. and it also indicates the magnitude of 
the Early voltage. 

The example demonstrates, too, that we can expect variations in transistor prop- 
erties due to tolerances in transistor-fabrication processes. There will be variations, 
in particular, in the base width of narrow-base transistors that will cause variations in 
the collector current characteristics simply due to the tolerances in processing. 
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TEST YOUR UNDERSTANDING 

0.10 A particular transistor has an out~ut resistance of 200 kR and an Early voltage of . 
V, = 125 V. Determine the change in collector current when Vcs increases from 
2 V to 8 V (ifd OC = ' IV  .SuV) 
(n )  If. because of fabrication tolerances, the neutral hase width for a set of transis- 
tors varie over !he range nf 0.800 5 s8 < l.O0/1m. delermine the variation in the 
base transport factor mi. Assume L B  = 1.414 x cm. (b) Using the results of 
part ((1) and assuming y = 6 = 0.9967, what is the variation in common emitter 
current gain. 1 1 Z 1  5 d 5 601 (Y) 'P866'0 5 "a 5 SL66'0 (0) 'sub'] 

10.4.2 High Injection 

b e a m h i p o l a r  transport equation that we have used to determine the minority canier 
distributions assumed low injection. As VBE increases, the injected minority carrier 
concentration may approach, or even becomelarger than, the majority carrier concen- 
tmtion. If we assume quasi-charge neutrality, then the majority carrier hole concen- 
tration in the p-type hase at x = 0 will increase as shown in Figure 10.23 because 
of the excess holes. 

Two effects occur in the transistor at high injection. The first effect is a reduction 
inemitter injection efficiency. Since the majority carrier holc concentration at x = 0 
increases with high injection, more holes are injected back into the emitter because 
of the forward-biased B-E voltage. An increase in the hole injection causes an in- 
crease in the J p ~  current, and an increase in J,,E reduces the emitter injection effi- 
ciency. The common, emitter current gain decreases, then, with high injection. Fig- 
ure 10.24 shows a typical common-emitter current gain versus collector current 

injection 
effects 

eiiects 

Collector current (A) 
Fieure 10.23 1 Minority and rnaioritv . . 
carrier concentrations in the base under 
low and high injection (solid line: low 
injection: dashed line: high injection). 

Figure 10.24 I Common-emitter current 
gain versus collector current. 
(From .S'hur 1131) 
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curve. The low gain at low currents is due to the small recombination factor andtbc 
drop-off at the high current is due to the high-injection effect. 

We will now consider the second high-injection effect. At low injection, t h e m  
jority carrier hole concentration at x = 0 for the npn transistor is 

and the minor~ty carrier electron concentration is 

n,(O) = n,o exp - 
(e:) (10. 

C 
The pn product is 

,.iP(o) = pponpo exp (+) (lo. 

At high injection, Equation ( 1 0 . 4 6 ~ )  still applies. However, p,(O) will also increase, 
and for very high injection it will increase at nearly the same rate as n,(O). The in- 
crease in n,(O) will asymptotically approach the function 

n,(O) % r zPo  exp - (;?: 1 
The excess minority carrier concentration in the base, and hence the collector cur- 
rent, will increase at a slower rate with B-E voltage in high injection than low injec- 
tion. This effect is shown in Figure 10.25. The high-injection effect is vely similar to 
the effect of a series resistance in a pn junction diode. 

Figure 10.25 1 Collector current versus 
baseemitter voltage showing high- 
injection effects. 

[ - 
2 

injection /'Pigh- effects 

, 
t , 
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10.4.3 Emitter Bandgap Narrowing 

Another phenomenon affecting the emitter injection efficiency is bandgap narrow- 
ing. We implied from our previous discussion that the emitter injection efticiency 
(actor would continue to increase and approach unity as the ratio of emitter doping to 
base doping continued to increase. As silicon hecomes heavily doped, the discrete 
donor energy level in an n-type emitter splits into a band of energies. The distance 
between donor atoms decreases as the concentration of impurity donor atoms in- 
creases and the splitting of the donor level is caused by the interaction of donor atoms 
ilith each other. As the doping continues to increase, the donor hand widens, he- 
comes skewed, and moves up toward the conduction hand, eventually merging with 
it. At this point, the effective handgap energy has decreased. Figure 10.26 shows a 
plot of the change in the handgap energy with impurity doping concentration. 

A reduction in the bandgap energy increases the intrinsic canier concentration. 
The intrinsic carrier concentration is given by 

- Es 
rii = N, N, ,  exp (F) 

In a heav~ly doped emitter, the intrinsic carrier concentration can he written as 

I n;E = N, N, exp 

where E,o is the handgap encrgy at a low doping concentration and A E ,  is the 
bandgap narrowing factor. 

The emitter injection efficiency factor wau given by Equat~on (10.35) as 

N,, (cm ' )  

Figure 10.26 1 Bandgap-narrowing factor versus donor 
irnpurity cancentration in silicon. 
(Frorn Sze il8I.j 
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and must be written as 

As the emitter doping increases, AE, increaes; thus, p ~ o  does not continue to 
crease with increased emitter doping. If p ~ "  starts to increase because of the bandg 
narrowing, the emitter injection efficiency bcgins to fall off instead of continuing 
increase with increased emitter doping. 

Consider a silicon emitter at T = 300 K. Assume the emitter doping increases 
10'8 cm-3 to lot9 crn-'. Calculate the change in the pEn value. 

Solution 
For emitter dopings of N, = 1Ui8 cm-' and l0l9 ern-?, we have, neglecting bandgap 
narrowing, 

nf (1.5 x 10IU)' 
Pro = - = 10'8 

= 2.25 x 10' cm-? 
NE 

and 

(1.5 x 1010)2 
Pto = = 2.25 x lo1 cm-) 

10" 
! 

Takmg into account the bandgap narrowing, we obtain, respectively, for N E  = 10" cm-' and 
N~ = 1019 ~ ~ - 3  

and 

Comment 
If the emitter doping increases from 10" to 1019 cm-), the thermal-equilibrium minority car- 
rier concenrration actually increases by a factor of 1.5 instead of decreasing by the expected 
factor of 10. This effect is due to bandgap narrowing. 

As the emitter doping increases, the bandgap narrowing factor, AE,, will in- 
crease; this can actually cause PEO to increase. As p ~ u  increases, the emitter injection 
efficiency decreases; this then causes the transistor gain to decrease, as in Figure 10.24. I 
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i A very high emitter doping may result in a smaller current gain than we anticipate be- 
cause of the handgap-narrowing effect. 

1 10.4.4 Current Crowding 

It is tempting to minimize the effects of base current in a transistor since the base cur- 
rent is usually much smaller than either the collector or the emitter current. Fig- 
ure 10.27 is a cross section of an npn transistor showing the lateral distribution of 

I base current. The base region is typically less than a micrometer thick, so there can 
be a sizable base resistance. The nonzero base resistance results in a lateral potential 
difference under the emitter region. For the npn transistor, the potential decreases 
from the edge of the emitter toward the center. The emitter is highly doped, so as a 
first approximation the emitter can be considered an equipotential region. / The number of electrons from the emitter injected into the base is exponentially 
dependent on the B-E voltage. With the lateral voltage drop in the base between the 
edge and center of the emitter, more electrons will be injected near the emitter edges 

1 than in the center, causing the emitter current to be crowded toward the edges. This 
current-crowding effect is schematically shown in Figure 10.28. The larger current 
density near the emitter edge may cause localized heatingeffects as well as localized 

1 high-injection effects. The nonuniform emitter current also results in a nonuniform 
lateral base current under the emitter. A two-dimensional analysis would he required 
to calculate the actual potential drop versus distance because of the nonuniform base 
current. Another approach is to slice the transistor into a number of smaller parallel 
transistors and to lump the resistance of each base section into an equivalent external 
resistance. 

Power transistors, designed to handle large currents, require large emitter areas 
to maintain reasonable current densities. To avoid the current-crowding effect, these 
transistors are usually designed with narrow emitter widths and fabricated with an in- 
terdigitated design. Figure 10.29 shows the basic geometry. In effect, many narrow 
emitters are connected in parallel to achieve the required emitter area. 

Base Emitter 

1 1 L ' 
p base nt ernitte p base 

Collector 

Figure 10.27 1 Cross section of an npn bipolar transistor 
showing the base current distribution and the lateral 
potential drop in the base region. 

Collector current 

Figure 10.28 I Cross section of an npn 
bipolar transistor showing the emitter 
current-crowding effect. 
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Baae 

, Base Emitter 
terminal 

1 
I 
I 

Figure 10.29 1 (a) Top view and (b) cross section of an * 
interdigitated npn bipolar transistor stmcture. * 

TEST YOUR UNDERSTANDING 

E10.12 Consider the geometry shown in Figure 10.30. The base doping concentration is 
N ,  = 101%cm3, the neutral base width i s r ~  = 0.80pm. the emitterwidth is 
S = 10 pm, and the emitter length is L = 10 pm. (a) Determine the resistanceof 
the base between x = 0 and x = S/Z.Assume a hole mobility of p,, = 400 cmZN-s. 
(b) If the base current in this region is uniform and given by I n / 2  = 5 pA. determine 
the potential difference betweenx = 0 and x = S/2. ( c )  Using the results of panib). 
what is the ratio ofemirtercul.ren1 density atx = 0 to tharatx = S/2? 
I659 ( 5 )  'A" 5 8 8 P  ('4) 'UY LL.6 (0) 'S'JV] 

*10.4.5 Nonuniform Base Doping 

In the analysis of the bipolar transistor, we assumed uniformly doped regions. Ho 
ever, uniform doping rarely occurs. Figure 10.31 shows a doping profile in a dou 
diffused npn transistor. We can start with a uniformly doped n-type substrate, di 
acceptor atoms from the surface to form a compensated p-type base, and then di 
donor atoms from the surface to form a doubly compensated n-type emitter. 
diffusion process results in a nonuniform doping profile. 
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n+ emitter 
p base 

r = U x = S / 2  
n ~ l l e c t o r  

Figure 10.30 I Figure for ElO.12. 

Figure 10.31 1 Impurity concentration 
profiles of a double-diffused npn bipolar 
transistor. 

We determined in Chapter 5 that a graded impurity concentration leads to an in- 
duced electric field. For the p-type base region in thermal equilibrium, we can write 

dN" J,, = efi,N,E - ED,- = 0 
d x  

Then 

According to the example of Figure 10.31, d N , / d x  is negative; hence, the induced 
electric field is in the negative x direction. 

Electrons are injected from the n-type emitter into the base and the minority car- 
rier base electrons begin diffusing toward the collector region. The induced electric 
field in the base, because of the nonuniform doping, produces a force on the electrons 
in the direction toward the collector. The induced electric field, then, aids the flow of 
minority carriers across the base region. This electric field is called an accelerating 
jeld. 
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The accelerating field will produce a drift component of current that is in 

tion to the existing diffusion current. Since the minority carrier electron concen 
tion varies across the base, the drift current density will not he constant. The t 
current across the base, however, is nearly constant. The induced electric field in 
base due to nonunifonn base doping will alter the minority carrier distnbuti 
through the base so that the sum of drift current and diffusion current will be a c 

for estimating the base characteristics. 

10.4.6 Breakdown Voltage 

1 
stant. Calculations have shown that the uniformly doped base theory is vely useful 

There are two breakdown mechanisms to consider in a bipolar transistor. The first I 
called punch-through. As the reverse-bias B-C voltage increases, the B-C space 
charge region widens and extends farther into the neutral base. It is possible for the 
B-C depletion region to penetrate completely through the base and reach the B-E 
space charge region, the effect calledpunrh-throu~h. Figure 10.32a shows the energy- 
band diagram of an npn bipolar transistor in thermal equilibrium and Figure 10.3 
shows the energy-band diagram for two values of reverse-bias B-C junction volta 
When a small C-B voltage, VRI. is applied, the B-E potential barrier is not affe 
thus, the transistor current is still essentially zero. When a large reverse-bias vol 
VR? is applied, the depletion region extends through the base region and the 
potential barrier is lowered because of the C-B voltage. The lowering of the potenti 
banier at the B-E junction produces a large increase in current with s very srn 
increase in C-B voltage. This effect is the punch-through breakdown phenomenon. 

Figure 10.33 shows the geometry for calculating the punch-through voltage. As 
sume that NB and Nc are the uniform impurity doping concentrations in the base 
collector, respectively. Let W8 be the metallurgical width of the haseandletxde be 
space charge width extending into the base from the B-C junction. If we neglect 

Figure 10.32 1 Energy-band diagram of an npn bipolar transistor (a) in thermal 
equilibrium. and (b) with a reverse-bias 8-C voltage before punch-through, V,, 
and after punch-thn~ugh, VR1 

Page 428 of 566



1 0.4 Nondea Effects 

Figure 10.33 1 Geometry of a bipolar 
transistor to calculate the punch-through 
voltage. 

narrow space charge width of a zero-biased o r  forward-biased B-E junction. then 
punch-through. assuming the abruptjunction approximation, occurs when x , , ~  = W g .  

We can write that 

where V,,, is the reverse-biased B-C voltage at punch-through. Neglecting VI,, com- 
pared to V ,,,, we can solve for V,,, as 

Objective I DESIGN 
EXAMPLE 10.8 

To desipn the collector doping and collectr)~ width to meet apunch-through voltage specification. 
Consider a unifr,mly doped silicon hipolar transistor with a metallurgical base width 

of 0.5 Wm and a base doping of Nn = 10" c m  3 .  The punch-through wltage is to be 

V,, = 25 V. 

I Solution 
The maximum collecmr doping concentration can be determined from Equation (10.54) as 

which yields 

Nc = 8 38 x 10'* cm-' 

This n-type doping concentration in the collectar must extend at least as far as the depletion 

ii 
width extends ina, the collector to avoid breakdown in the collector region. We have, using 
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results from Chapter 7, 

Neglecting I/>, compared to V, = V,,. we obtain 

or 

h, = 5.97 pm 

Comment 

case. For a lmger punch-through voltage, a larger metallurgical hase width will be requi 

I TEST YOUR UNDERSTANDING 

E10.13 The metallurgical hase width of a silicon npn bipolar transistor is Wn = 0.80 urn. 
The base and collector doping concentrations are N8 = 2 x 1016 cm-3 and 
Nc = 10" cm-'. Find the punch-through breakdown voltage. (A 807 'SUV) 

E10.14 The base impurity doping concentration is NB = 3 x 10'' cm-' and the metallur- 
gical base width is W g  = 0.70 pm. The minimum required punch-through 
breakdown voltage is specified to be I:,, = 70 V What is the maximum allowed 
collectordoping concentration? ( i - ~ 3  ~ ~ 0 1  X IS'S= J~ 'SUV) 

The second breakdown mechanism to consider is avalanche breakdown, but tak- 
ing into account the gain of the transistor.' Figure 10.33a is an npn transistor with a 
reverse-bias voltage applied to the B-C junction and with the emitter left open. The 
current 1 ~ ~ 0  is the reverse-biased junction current. Figure 10.34b shows the transis- 
tor with an applied C-E voltage and with the base terminal left open. This bias con- , 
dition also makes the B-C junction reverse biased. The current in the transistor for 1 
this bias configuration is denoted as I,-E". 

The current 1 ~ 8 ~  shown in Figure 10.34b is the normal reverse-biased B-C junc- 
tion current. Pan of this current is due to the flow of minority carrier holes from the 
collector across the B-C space charge region into the base. The Row of holes into the 

'The doping concentrations in the base and collector of the lransistor we assume to be smilll enough that 
Zener brealtdown is not a fanor to be considered. 
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Figure 10.34 1 (a) Open emitter configuration with saturation current Icso. (b) Open base 
configuration with saturation current lcm. 

base makes the base positive with respect to the emitter, and the B-E junction be- 
comes forward biased. The forward-biased B-E junction produces the current /CEO, 
due primarily to the injection of electrons from the emitter into the base. The injected 
electrons diffuse across the base toward the B-C junction. These electrons are subject 
to all of the recombination processes in the bipolar transistor. When the electrons 
reach the B-C junction, this current component is uIcm where a is the common base 
current gain. We therefore have 

I where is the common-emitter current pain. The reverse-biased junction current 
lCso is multiplied by the current gain fl when the transistor is biased in the open-base 
contiguration. 

When the transistor is biased in the open-emitter configuration as inFigure 10.34a. 
thecurrent k8(, at breakdown becomes Icn, + MIcso. where M is the multiplication 
factor. An empirical approximation for the multiplication factor is usually written as 

where n is an empirical constant, usually between 3 and 6, and BVCH, is the B-C 
breakdown voltage with the emitter left open. 

When the transistor is biased with the base open circuited as shown in Fig- 
ure I0.34b. the currents in the B-C junction at breakdown are multiplied, so that 

Solving for IcEu,  we obtain 

I The condition for breakdown corresponds to 
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Figure 10.35 1 Relative breakdown 
voltages and saturation currents of the 
open base and open emitter configurations 

Using Equation (10.56) and assuming that Vca z V c E ,  Equation (10.59) becomes 

where BVCLO iu the C-E voltage at breakdown in the open base configuration. Solv- 
ing for B V C E ~ ,  we find 

B Cicm = B VCBu= ( l 0 . q  
where, again, ol is the common-base current gain. The common-emitter and 
common-base current gains are related by 

Normally ci % 1, so that 

Then Equation (10.61) can be written as 

The breakdown voltage in the open-base configuration is smaller, by the factor fl, 
than the actual avalanche junction breakdown voltaxe. This characteristic is shown4 - 
Figure 10.35. 

DESIGN 1 Objective 
EXAMPLE 10.9 s 

To design a bipolar transistor to meet a breakdown voltage specification. 1 
Consider a silicon bipolar transistor with a common-emitter current gain of 0 = 100 and 

a base doping concentration of Ne = 10'' cm-'. The minimum open-base breakdown volfage 
is to be 15 volts. 
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I Solution 
From Equation (10.63). the minimum open-emitter junction breakdown voltage must be 

Assuming the empirical constant n is 3, we find 

B V ~ ~ , ,  = m ( 1 5 )  = 69.6V 

From Figure 8.25, the maximum collector doping concentration should be approximately 
7 x 10'' cm-3 to achieve this breakdown voltage. 

I Comment 
In a transistor circuit, the transistor must be designed to operate under a worst-case situation. 
In this example, the transistor must be able to operate in an open-base configuration without 
going into breakdown. As we determined previously, an increase in breakdown voltage can be 
achieved by decreasing the collector doping concentration. 

TEST YOUR UNDERSTANDING 

E10.15 A uniformly doped silicon transistor has base and collector doping concentrations 
of 5 x 1016 cm-? and 5 x 10" cm-', respectively. The common emitter current 
gain is 0 = 85 .  Assuming an empirical constant value of n = 3, determine BVcEcfu 

(A 9'1ZSUV) 
E10.16 The minimum required breakdown voltage of a uniformly doped silicon npn 

bipolar transistor is to be BVc,o = 70 V .  The base impurity doping concentration 
is N ,  = 3 x 1016 cm-', the common-emitter current gain is 0 = 85. and the 
empirical constant value is n = 3. Determine the maximum collector impurity 
doping concentration. ( c - m ~  r l O l  X I i-- ,'N S U V )  

10.5 1 EQUIVALENT CIRCUIT MODELS 
In order to analyze a transistor circuit either by hand calculations or using computer 
codes, one needs a mathematical model, or equivalent circuit, of the transistor. There 
are several possible models, each one having certain advantages and disadvantages. 
Adetailed study of all possible models is beyond the scope of this text. However, we 
will consider three equivalent circuit models. Each of these follows directly from the 
work we have done on the pn junction diode and on the bipolar transistor. Computer 
analysis of electronic circuits is more commonly used than hand calculations, but it 
is instructive to consider the types of transistor model used in computer codes. 

It is useful to divide bipolar transistors into two categories-switching and 
amplification-defined by their use in electronic circuits. Switching usually involves 
turning a transistor from its "off" state, or cutoff, to its "on" state, either forward- 
active or saturation, and then back to its "off" state. Amplification usually involves 
superimposing sinusoidal signals on dc values so that bias voltages and currents are 
only perturbed. The Eber.7-Moll model is used in switching applications; the hybrid- 
pi model is used in amplification applications. 
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*10.5.1 Ebers-Moll Model 

The Ebers-Moll model, or equivalent circuit, is one of the classic models of the bi 
lar transistor. This particular model is based on the interacting diode junctions an 
applicable in any of the transistor operating modes. Figure 10.36 shows the curren 
directions and voltage polarities used in the Eber.;Moll model. The currents are 
fined as all entering the terminals so that 

IE + 18 + I c  = 0 

The direction of the emitter current is opposite to what we have considered up to 
point, but as long as we are consistent in the analysis, the defined direction does 
matter. 

The collector current can be written in general as 

I c  = a f l f  - !H 

where a~ is the common hase current rain in the forward-active mode. In this mode. - 
Equation (1065a) becomes 

I C = ~ F ~ F  + ICS 

where the current lcs is the reverse-bias B-C junction current. The current li is 
given by 

I* = I f ,  [ exp ( e , " : . ) l ]  - 

If the B-C junction becomes forward biased, such as in saturation, then we can write 
the current I R  as 

Using Equations (10.66) and (10.67), the collector current from Equation (10.65a) 
can be written as 

i l  

Figure 10.36 1 Current direction and 
voltage polarity definitions lor the 
Ebers-Moll model. 
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0 
B 

Figure 10.37 1 Basic Ebers-Moll equivalent circuit. 

We can also write the emitter current as 

The current I E s  is the reverse-bias B-E junction current and u~ is the common base 
cumnt gain for the inverse-active mode. Equations (10.68) and (10.70) are the clas- 
sic Ebers-Moll equations. 

Figure 10.37 shows the equivalent circuit corresponding to Equations (10.68) 
and (10.70). The current sources in the equivalent circuit represent current compo- 
nents that depend on voltages across otherjunctions. The Ebers-Moll model has four 
parameters: C Z F ,  aR, f.s, and lcs.  However, only three parameters are independent. 

I The reciprocity relationship states that 

. 
Since the Ebers-Moll model is valid in each of the four operating modes, we 

can, for example, use the model for the transistor in saturation. In the saturation 
mode, both B-E and B-C junctions are forward biased, so that VB. > 0 and 

i Vsc > 0. The B-E voltage will be a known pflameter since we will apply a voltage 
across this junction. The forward-biased B-C voltage is a result of driving the tran- 
sistor into saturation and is the unknown to be determined from the Ebers-Moll 
equations. Normally in electronic circuit applications, the collector-emitter voltage 
at saturation is of interest. We can define the C-E saturation voltage as 

We will find an expression for VcE(sat) by combining the Ebers-Moll equations. In 
the following example we see how the Ebers-Moll equations can be used in a hand 
calculation, and we may also see how a computer analysis would make the calcula- 
tions easier. 
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Combining Equations (10.64) and (10.70), we have 

( 1 .  + I=] = a ~ ~ C s  [exp (f) - I ]  - 1.. [exp (+) - ( I O ~  

If we solve for [exp (eVHc./kT) - I] from Equation (10.73). and substitute the rL, 
ing expression into Equation (10.68) we can then find VBE as 

where V, is the thermal voltage. Similarly, if we solve for [exp ( e v ~ ~ / k T )  - 1 / fun?1 

Equation (10.681, and substitute this expression into Equation (10.73), we cal, 

We may neglect the lEs and Its terms in the numerators of Equations (10.74) and 
(10.75). Solving for VcE(sat), we have 

The ratio of Its to Izs can be written in terms of (Yr and aR from Equation (10.71). 
We can finally write 

V ~ ~ ( s a t )  = V, in 
CYFI,~ - (I - "F)Ic a~ 

(10.77) 

To calculate the collector-zmitter saturation voltage of a bipolar transistor at T = 3M) K. 
Assume that a,. = 0.99. a, = 0.20. 1, = I mA, and IB = 50 {LA.  

Solution 
Substituting the parameters into Equation (10.77). we have 

EXAMPLE 10.10 

Comment 
This Vc,(sat) value is typical uf collector-zmitter saturation voltages. Because of the lug 
function, V,, (sat) is not a strong function of IC ur 1". 

Objective 

10.5.2 Gummel-Poon Model 

The Gummel-Poon model of the BIT considers more physics of the transistor thar 
the Ehers-Moll model. This model can he used if, for example, there is a nonunifom 
doping concentration in the base. 
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The electron current density in the base of m npn transistor can be written as 

dn(x) 
J,, = ep,,n(x)E + eD,- (10.78) 

d x  

n electric field will occur in the base if nonuniform doping exists in the base. This 
was discussed in Section 10.4.5. The electric field, from Equation (10.52), can be 
written in the form 

where p(x)  is the majority carrier hole concentration in the base. Under low injection, 
the hole concentration is just the acceptor impurity concentration. With the doping 
profile shown in Figure 10.31, the electric field is negative (from the collector to the 
emitter). The direction of this electric field aids the flow of electrons across the base. 

Substituting Equation (10.79) into Equation (10.78), we obtain 

k T  1 dp(x)  
J,, = ew,,n(x). - - - . --- dn(x)  

+eD,- (10.80) 
e p(x)  d x  d x  

Einstein's relation, we can write Equation (10.80) in the form 

J,, = - 
dp(x) 

'"'I (n(x)T + pix)- 
P(*) d x  ~ ( 1 )  dx 

, Equation (10.81) can be written i n  the form 

Integrating Equation (10.82) through the base region while assuming that the elec- 
tron current density is essentially a constant and the diffusion coefficient is a con- 
stant, we find 

Assuming the B-E junction is forward biased and the B-C junction is reverse biased, 
we have n(0) = noaexp (VBE/V,) and n ( x ~ )  = 0. We may note that n ~ o p  = nf so 
that Equation (10.83) can be written as 

The integral in the denominator is the total majority canier charge in the hase and is 
known as the hase Gutnmel number; defined as Q s .  

If we perform the same analysis in the emitter, we find that the hole current den- 
sity in the emitter of an npn transistor can be expressed as 

J,, = 
-eD,,nZ C~P(VBE/  Vi) 

J,'t n(x') dx' 
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The integral in the denominator is the total majority carrier charge in the emitter and 
is known as the emitter Gummel number, defined as QE  

Since the currents in the Gummel-Poon model are functions of the total i n b  
gr.dted charges in the base and emitter. these currents can easily be determined fa 
nonunifonnly doped transistors. 

5 
The Gummel-Poon model can also take into account nonideal effects, suc 

the Early effect and high-level injection. 4 s  the B-C voltage changes, the neu 
hdse width changes so that the kdse Gummel number Q H  changes. The change in Q 
with B-C voltage then makes the electron current density given by Equation (10.84) 
a function of the B-C volYage. This is the base width modulation effect or Early effect 
as discussed previously in Section 10.4.1. 

If the B-E voltage becomes too large. low injection no longer applies, which 
leads to high-level injection. In this case, the total hole concentration in the base in- 
creases because of the increased excess hole concentration. This means that the base 
Gummel number will increase. The change in hase Gummel number implies, from 
Equation (10.84). that the electron current density will also change. High-level in- 
jection was also previously discussed in Section 10.4.2. 

The Gummel-Poon model can then he used to describe the basic operation of 
the transistor as well as to describe nonideal effects. 

10.5.3 Hybrid-Pi Model 

Bipolar transistors are commonly used in circuits that amplify time-varying or sinu- 
soidal signals. In these linear amplifier circuits, the transistor is biased in the 
forward-active region and small sinusoidal voltages and currents are superimposed 
on dc voltages and currents. In these applications, the sinusoidal parameters are of in- 
tercst, so it is convenient to develop a small-signal equivalent circuit of the bipolar 
transistor using the small-signal admittance parameters of the pn junction developed 
in Chapter 8. 

Figure 10.38a shows an npn bipolar transistor in a common emitter configura- 
tion with the small-signal terminal voltages and currents. Figure 10.38h shows the 
cross section of the npn transistor. The C, B, and E terminals are [he external con- 
nections to the transistor, while the C', B', and E' points are the idealized internal all- 
lector, hase, and emitter regions. 

We can begin constructing the equivalent circuit of the transistor by considering 
the various terminals individually. Figure 10.39a shows the equivalent circuit 
between the external input base terminal and the external emitter terminal. The reyis- 
tance rb is the series resistance in the basc between the external base terminal B and 
the internal base region B'. The B'-E' junction is forward biased, so C, is the junc- 
tion diffusion capacitance and r, is the junction diffusion resistance. The diffusion 
capacitance C, is the same as the diffusion capacitance Cd given by Equation (8.72) 
and the diffusion resistance r, is the same as the diffusion resistance rd given by 
Equation (8.35). The values of both parameters are functions of the junction current. 
These two elements are in parallel with the junction capacitance, which is C,,. 
Finally, r,,, is the series resistance between the external emitter terminal and the 
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Figure 10.38 1 (a) Common emitter npn hipolar transistor with small-signal current and 
voltages. (b) Crosc scction of an npn bipalar trallsistor fbr the hybrid-pi model. 

Figure 10.39 I Components of the hybrid-pi equivalent circuit hetween (a) the base and 
emitter, (h) the cullector and emitter. and (c) the base and c<~llrctor. 
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rb 

C' t 
Figure 10.40 1 Hybrid-pi equivalent circuit. 

internal emitter region. This resistance is usually very small and may he on the n 
of 1 t o 2  Q. 

Figure 10.39b shows the equivalent circuit looking into the collector termin 
The r, resistance is the series resistance between the external and internal collecto 
connections and the capacitance C, is the junction capacitance of the reverse-biased 
collector-substrate junction. The dependent current source. g, VW,., is the collecto 
current in the transistor, which is controlled by the internal base-emitter voltage. The 
resistance ro is the inverse of the output conductance go and is primarily due to the 
Early effect. 

Finally, Figure 1 0 . 3 9 ~  shows the equivalent circuit of the reverse-biased B'-C' 
junction. The C, parameter is the reverse-biased junction capacitance and r ,  is the 1 
reverse-biased diffusion resistance. Normally, r,  is on the order of megohms and can 
be neglected. The value of C* is usually much smaller than C, but, because of the 
feedback effect which leads to the Miller effect and Miller capacitance, C, cannot be 
ignored in most cases. The Miller capacitance is the equivalent capacitance between 
B' andE' due to C,, and the feedback effect, which includes the gain of the transislor. 
The Miller effect also reflects C, between the C' and E' terminals at the output. Hou- 
ever, the effect on the output characteristics can usually he ignored. 

Figure 10.40 shows the complete hybrid-pi equivalent circuit. A computer sim- 
ulation is usually required for this complete model because of the large number uf 
elements. However, some simplifications can be made in order to gain an apprecia- 
tion for the frequency effects of the bipolar transistor. The capacitances lead to frr- 
quency effects in the transistor, which means that the gain, for example, is a function 
of the input signal frequency. 

EXAMPLE 10.11 1 Objective 

To determine, to a first approximation, the frequency at which the small-signal current gain 
decreases to 1/& of its low frequency value. 
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Figure 10.41 I Simplified hybrid-pi 
equivalent circuit. 

Consider the simplified hybrid-pi circuit shown in Figure 10.41. We are ignoring C,,, C,, 
r,, C,,, ro, and the series resistances. We must emphasize that this is a first order calculalion 
and that C, normally cannot be neglected. 

I Solution 
At verj low frequency, we may neglect C, so that 

We can then write 

where hrc,o is the low-frequency, small-signal common emitter current gain 
Taking into account C,, we have 

Then 

or the small-signal current gain can be written as 

The magnitude of the current gain drops to I /&  of its low-frequency value at f = 

l/2nr,C,. 
If, for example, r, = 2.6 kR and C ,  = 4 pF, then 

f = 15.3 MHz 

I Comment 
High-frequency transistors must have small diffusion capacitances, implying the use of small 
devices. 
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10.6 1 FREQUENCY LIMITATIONS 
The hybrid-pi equivalent circuit, developed in the last section, introduces frequency 
fects through the capacitor-resistor circuits. We will now discuss the various physic 
factors in the bipolar transistor affecting the frequency limitations of the device, an 
then define the transistor cutoff frequency, which is a figure of merit for a transistor. 

10.6.1 Time-Delay Factors 

The bipolar transistor is a transit-time device. When the voltage across the B-Ejunc 
tion increases, for example, additional carriers from the emitter are injected into th 
base, diffuse across the base, and are collected in the collector region. As the fre- I 
quency increases, this transit time can become comparable to the period of the 
signal. At this point, the output response will no longer be in phase with the input an 
the magnitude of the current gain will decrease. 

The total emitter-to-collector time constant or delay time is composed of fo 
separate time constants. We can write 

where 

T,,, = emitter-to-collector time delay 

r, = emitter-base junction capacitance charging time 
r,> = base transit time 

r,, = collector depletion region transit time 

r, = collector capacitance charging time 

The equivalent circuit of the forward-biased B-E junction was given in 
ure 10.39a. The capacitance C,,, is the junction capacitance. If we ignore the 
resistance, then the emitter-base junction capacitance charging time is 

where r; is the emitter junction or diffusion resistance. The capacitance C,, includes 
any parasitic capacitance between the base and emitter. The resistance r: is found as 
the inverse of the \lope of the I t  versus V H f  curve. We obtain 

, k T  I 
j- = - . -  (10.88) 

e IE 

where I E  is the dc emitter current. 
The second term, rl,. is thc base transit time, the time required for the minority 

diffusion capacitance C, of the B-E junction. For the npn transistor, the electron cur- 
rent density in the base can he written as 

I 
carriers to diffuse across the neutral base region. The base transit time is related tothe 
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- 
where u(x) is an average velocity. We can write 

$, U ( X )  = d x / d f  or dr = d x / u ( x )  (10.90) 

The transit time can then be found by integrating, or 

The electron concentration in the base is approximately linear (see Example 10.6) so 
we can write 

and the electron current density is given by 

The base transit time is then found by combining Equations (10.92) and (10.93) with 
Equation (10.91). We find that 

The third time-delay factor is rd ,  the collector depletion region transit time. As- 
suming that the electrons in the npn device travel across the B-C space charge region 
at their saturation velocity, we have 

where xd, is the B-C space charge width and u., is the electron stdturation velocity. 
The fourth time-delay factor, r,.. is the collector capacitance charging time. The 

B-C is reverse biased so that the diffusion resistance in parallel with the junction 
capacitance is very large. The charging time constant is then a function of the collec- 
tor series resistance r,. We can write 

where C,, is the B-C junction capacitance and C, is the collector-to-substrate capaci- 
tance. The series resistance in small epitaxial transistors is usually small; thus the 
time delay r,, may be neglected in some cases. 

Example calculations of the various time-delay factors will he given in thc next 
section as part of the cutoff frequency discussion. 
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10.6.2 Transistor Cutoff Frequency 

The current gain as a function of frequency was developed in Example 10.1 1 ro th;i. 

we can also write the common base current gain as 

where a0 is the low-frequency common base current gain and f ,  is defined as thc 
alpha cutofffrequency. The frequency f ,  is related to the emitter-to-collector timc 
delay re, as 

When the frequency is equal to the alpha cutoff frequency, the magnitude of thc 
common base current gain is I /& of its low-frequency value. 

We can relate the alpha cutoff frequency to the common emitter current gain b! 
considering 

u 
D=,_u 

We may replace u in Equation (10.99) with the expression given by Equation (10.97 
When the frequency f is of the same order of magnitude as f a ,  then 

where we have assumed that uo = 1. When the signal frequency is equal to the alpha 
cutoff frequency. the magnitude of the common emitter current gain is equal to unity. 
The usual notation is to define this cutofffrequency as f7,  so we have 1 

I 

From the analysis in Example 10.1 I, we may also write the common-eminel 
current gain as 

where f0 is called the beta c ~ t n f f f r e q u e n c ~  and is the frequency at which the magni- 
tude of the common-emitter current gain p drops to I /& of its low-frequency value 

Combining Equations (10.99) and (10.97). we can write 

a" i 
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Figure 10.42 1 Bode plot of common 
emitter current gain versus frequency. 

where 

Comparing Equations (10.104) and (10.102). the beta cutoff frequency is related to 
the cutoff frequency by 

Figure 10.42 shows a Bode plot of the common emitter current gain as a func- 
tion of frequency and shows the relative values of the beta and cutoff frequencies. 
Keep in mind that the frequency is plotted on a log scale, so f p  and f r  usually have 
significantly different values. 

Objective EXAMPLE 10.12 

To calculate the emitter-to-collector transit time and the cutoff frequency of a bipolar transis 
tor, given the transistor parameters. 

Consider a silicon npn transistor at T = 300 K. Assume the following parameters: 

I E  = 1 mA C , ,  = I pF 

I, = 0.5 pm U,, = 25 cm2/s 

xdi = 2.4 prn r, = 20 S2 

C, =O.lpF C, =0.I pF 
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Solution 
We will initially calculate the various time-delay factors. If we neglect 
tance, the emitter-base junction charging time is 

where 

Then 
re = (25.9)(10-") = 25.9 ps 

The base transit time is 

The collector depletion region transit time is 

The collector capacitance charging timr is 

I, = r,(C, + C , )  = (20)(0.2 x lo- '?)  = 4 ps 

The total emilter-to-collector time delay is then 

re, = 2 5 . 9 + 5 0 + 2 4 + 4  = 103.9 ps 

so that the cutoff frequency is calculated as 

the parasitic 

I 
- - 

1 
f r  = - = 1.53 GHr 

2nr,, 2n(103.9 x 10-") 

If we assume a low-frequency common-emitter current gain of p = 100, then the beta cutoff 
frequency is 

Comment 
The design of high-frequency transistors requires small device geomet~cs  in order to reduce 
capacitances, and narrow base widths in order to reduce the base transit time. 

TEST YOUR UNDERSTANDING 

E10.17 A cilicon npn bipolar transisa~r is biased at I E  = 0.5 mA and has a junction capaci- 
tance of C,, = 2 p F  All other parameters are the same as listed in Exanlple 10.12. 
Find the emitter-to-collector transit time, the cutoff frequency, and the beta cutoff 
frequency. (ZHW P.11 = "'ZHt)PI'I = 1!'"99181 = '''1 S U V )  
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10.7 1 LARGE-SIGNAL SWITCHING 
Switching a transistor from one state to another is strongly related to the frequency 
characteristics just discussed. However, switching is considered to be a large-signal 
change whereas the frequency effects assumed only small changes in the magnitude 
uf the signal. 

10.7.1 Switching Characteristics 

Consider an npn transistor in the circuit shown in Figure 10.43a switching from cut- 
off to saturation, and then switching back from saturation to cutoff. We will describe 
the physical processes taking place in the transistor during the switching cycle. 

Consider, initially, the case of switching from cutoff to saturation. Assume that 
in cutoff VHE % VHH < 0, thus the B-E junction is reverse biased. At t = 0, assume 
that VH8 switches to a value of VH8" as shown in Figure 10.43b. We will assume that 
VBso is sufficiently positive to eventually drive the transistor into saturation. For 
0 5 t 5 t , .  the base current supplies charge to bring the B-E junction from reverse 
bias to a slight forward bias. The space charge width of the B-E junction is narrow- 
ing, and ionized donors and acceptors are being neutralized. A small amount of 
charge is also injected into the base during this time. The collector current increases 
from zero to 10 percent of its final value during this time period, referred to as the 
delay time. 

Figure 10.43 1 (a) Circuit used for transistor switching. (h) Input hasc drive firr transistor 
switching. ( c )  Collector current versus time during transistor switching. 

Page 447 of 566



CHAPTER 10 The BlDolar Trans~stor 

During the next time period, tl 5 t 5 12,  the base current is supplying ch 
which increases the B-E junction voltage from near cutoff to near saturation 
this time, additional carriers are being injected into the base so  that the gradie 
minority carrier electron concentration in the base increases, causing the collec 
current to increase. We refer to this time period as the rise time, during which thec 
lector current increases from 10 percent to 90 percent of the final value. Fort > 
the base drive continues to supply base current, driving the transistor into saturati 
and establishing the final minority carrier distribution in the device. 

The switching of the transistor from saturation to cutoff involves removing all 
the excess minority carriers stored in the emitter, base, and collector regions. Fi 
ure 10.44 shows the charge storage in the base and collector when the transistor is 
saturation. The charge Q 8  is the excess charge stored in a forward-active transi 
and Q a x  and Qr are the extra charges stored when the transistor is biased in sa 
tion. At t = ri, the base voltage V H B  switches to a negative value of ( - V K ) .  The 
current in the transistor reverses direction as was the case in switching a pn jun 
diode from forward to reverse bias. The reverse base current pulls the excess stor 
carriers from the emitter and base regions. Initially, the collector current does 
change significantly, since the gradient of the minority carrier concentration in the, 
base does not change instantaneously. Recall that when the transistor is biased in sat 
urnation, both the B-L and B-C junctions are forward biased. The charge Q 8 i  in  4 
base must be removed to reduce the forward-biased B-C voltage to zero volts befoe 
the collector current can change. This time delay is called the roruge rime and is ded 
noted by r., . The storage time is the time between the point at which VDB switches to! 
the time when the collector current is reduced 
tion value. The storage time is usually the most 
speed of the bipolar transistor. 

The final switching delay time is the fall time r, during which the 
rent decreases from the 90 percent to the 10 percent value. During this time, the B- 

Ern~ter Collector 

Minority 
tamer 

con~entration 

Figure 10.44 1 Charge storage in the base and collector at 
saturation and in the active mode. 
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junction is reverse biased but excess carriers in the base are still being removed, and 
the B-E junction voltage is decreasing. 

The switching-time response of the transistor can be determined by using the 
Ebers-Moll model. The frequency-dependent gain parameters must be used, and 
normally the Laplace transform technique is used to obtain the time response. The 
details of this analysis are quite tedious and will not be presented here. 

10.7.2 The Schottky-Clamped Transistor 

One method frequently employed to reduce the storage time and increase the switch- 
ing speed is the use of a Schottky-clamped transistor. This is a normal npn bipolar 
device with a Schottky diode connected between base and collector, as shown in Fig- 
ure 10.45a. The circuit symbol for the Schottky-clamped transistor is shown in Fig- 
ure 10.45b. When the transistor is biased in the forward-active mode, the B-C junc- 
tion is reverse biased; hence, the Schottky diode is reverse biased and effectively out 
of the circuit. The characteristics of the Schottky-clamped transistor--or simply the 
Schottky transistor-are those of the normal npn bipolar device. 

When the transistor is driven into saturation, the B-C junction becomes forward 
biased; hence the Schottky diode also becomes forward biased. We may recall from our 
discussion in the previous chapter that the effective turn-on voltage of the Schottky 
diode is approximately half that of the pn junction. The difterence in turn-on voltage 
means that most of the excess base current will be shunted through the Schottky diode 
and away from the base SO that the amount of excess stored charge in the base and 
collector is drastically reduced. The excess minority carrier concentration in the base 
and collector at the B-C junction is an exponential function of VBc. If Vtlc is reduced 
from 0.5 volt to 0.3 volt, for example, the excess minority carrier concentration is 
reduced by over 1 orders of magnitude. The reduced excess stored charge in the base of 
the Schottky transistor greatly reduces the storage time-storage times on the order of 
1 ns or less are common in Schottky transistors. 

I Figure 10.45 1 (a) The Schottky-clamped transistor. (b) Circuit 
symbol of the Schottky-clamped transistor. 
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h10.8 I OTHER BIPOLAR TRANSISTOR t 
STRUCTURES 9 a 

This section is intended to briefly introduce three specialized bipolar transistor 5truc. 
tures. The first structure is the polysilicon emitter bipolar junction transistor IRJT). 
the second is the SiGe-base transistor, and the third is the heterojunction bipolar iran- 
sistor (HBT). The pnly silicon emitter BJT is being used in some recent integrated cir- 
cuits, .and the SiGe-base transistor and HBT are intended for high-freq11enc)ihigh- 
speed applications. 

10.8.1 Polysilicon Emitter BJT 
I 

The emitter injection efficiency is degraded by the carriers injected from the base 
back into the emitter. The emitter width, in general, is thin, which increases speed 
and reduces parasitic resistance. However. a thin emitter increases the gradient in the 
minority carrier concentration, as indicated in Figure 10.19. The increase in the gra- 
dient incrcases the B-Ejunction current, which in turn decreases the emitter injection 
efficiency and decreases the common emitter current gain. This effect is also shown 
in the summary of Fable 10.3. 

Figure 10.46 shows the idealized cross section of an npn bipolar transistor with 
a polysilicon emitter. As shown in the figure, there is a very thin n+ single clystal 
silicon region hetween the p-type base and the n-type polysilicon. As a first approxi- 
mation to the analysis, we may treat the polysilicon portion of the emitter as low- 
mobility silicon, which tneilns that the corresponding diffusion coefticient is small. 

Assuming that the neutral widths of both the polysilicon and single-crystal por- 
tions of the emitter are much smaller than the respective diffusion lengths, then the 
minority carrier distribution functions will be linear in each region. Both the rnini~r~ty 
carrier concentration and diffusion current must be continuous across the polysilii.on1 
silicon interface. We can therefore write 

p base 

n ~uliector 

Figurn 10.46 I Simplified cross section of an npn poly<ilicon 
emitter BJT. I 
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I 

Metal n- P O ~ Y  n- silicon p base 
ernltter ernl l t~r  

Figure 10.47 1 Excess minority carrier hole 
concentrations in n i  polysilicon and n+ silicon emitter. 

Since 4(po,y) < Dt,n+,, then the gradient of the minority carrier concentration at the 
emitter edge of the B-E depletion region in the nf region is reduced as Figure 10.47 
shows. This implies that the current back-injected from the base into the emitter is re- 
duced so that the common-emitter current gain is increased. 

10.8.2 Silicon-Germanium Base Transistor 

The bandgap energy of Ge (-0.67 eV) is significantly smaller than the bandgap en- 
ergy of Si (-1.12 eV). By incorporating Ge into Si, the bandgap energy will de- 
crease compared to pure Si. If Ge is incorporated into the base region of a Si bipolar 
transistor, the decrease in bandgap energy will influence the device characteristics. 
The desired Ge concentration profile is to have the largest amount of Ge near the 
base~ollector junction and the least amount of Ge near the base-emitter junction. 
Figure 10.48a shows an ideal uniform boron doping concentration in the p-type base 
and a linear Ge concentration profile. 

The energy bands of a SiGe-base npn transistor compared to a Si-base npn tran- 
sistor, assuming the boron and Ge concentrations given in Figure 10.48a, are shown 
in Figure 10.48b. The emitter-base junctions of the two transistors are essentially 
identical, since the Ge concentration is very small in this region. However, the 
bandgap energy of the SiGe-base transistor near the base-collector junction is 
smaller than that of the Si-base transistor. The base current is determined by the 
base-emitter junction parameters and hence will be essentially the same in the two 
transistors. This change in bandgap energy will influence the collector current. 
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Concentration 

Boron 

, 

Base 
Emitter 

SiGe base 

E, 

(b) 

Figure 10.48 1 (a) Assumed horon and germanium concen- 
trations in the base of the SiGe-base transistor. (b) Energy 
band diagram of the Si- and SiGe-base lransistors. 

Collector Current and Current Gain Effects Figure 10.49 shows the them 
equilibrium minority carrier electron concentration through the base region of th 
SiGe and Si transistors. This concentration is given by .? 

n80= -i 
NB 

where N B  is assumed to be constant. The intrinsic concentration, however, is a func-1 
tion of the bandgap energy. We may write 

where n;(SiGe) is the intrinsic carrier concentration in the SiGe material, ni(Si) is 
the intrinsic carrier concentration in the Si material, and AE, is the change in the 
bandgap energy of the SiGe material colnpared to that of Si 

The collector current in a SiGe-base transistor will increase. As a first approxi- 
mation, we can see this from the previous analysis. The collector current was found 
from Equation (10.36a), in which the derivative was evaluated at the base-collector 
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Electron 
concentratiun 

_---- ....................... 
ti,,, Si base 

Figure 10.49 1 Thcrrnal equilibrium minority carrier elecmm 
concentration through the base of the Si- and SiGs-basc 
transistors. 

/ junction. This means that the value of n ~ , ,  in the collector current expression in 
Equation (10.37) is the value at the base-collectorjunction. Since this value is larger 
for the SiGe-base transistor (Figure 10.49), the collector current will be larger com- 
pared to the Si-base transistor. Since the base currents are the same in the two tran- 
sistors, the increase in collector current then implies that the current gain in the 
SiGe-base transistor is larger. If the bandgap narrowing is 100 meV, then the increase 
in the collector current and current gain will be approximately a factor of four. 

Early Voltage Effects The Early voltage in a SiGe-base transistor is larger than 
that of the Si-base transistor. The explanation for this effect is less obvious than the 
explanation for the increase in collector current and current gain. For a bandgap nar- 
rowing of I00 meV, the Early voltage is increased by approximately a factor of 12. 
Incorporating Ge into the base region can increase the Early voltage by a large 
factor. 

Base Transit Time and Emitter-Base Charging Time Effects The decrease in 
bandgap energy from the base+emitter junction to the base-collector junction in- 
duces an electric field in the base that helps accelerate electrons across the p-type 
base region. For a bandgap narrowing of 100 meV, the induced electric field can be 
on the order of 10' to loJ Vlcm. This electric field reduces the base-transit time by 
approximately a factor of 2.5. 

The emitter-base junction charging time constant, given by Equation (10.87), is 
directly proportional to the emitter diffusion resistance r:. This parameter is in- 
versely proportional to the emitter current, as seen in Equation (10.88). For a given 
hase current. the emitter current in the SiGe-base transistor is larger, since the current 
gain is larger. The emitter-base junction charging time is then smaller in a SiGe-base 
transistor than that in a Si-base transistor. 

The reduction in both the base-transit time and the emitter-base charging time 
increases the cutoff frequency of the SiGe-base transistor. The cutoff frequency of 
these devices can be substantially higher than that of the Si-base device. 
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10.8.3 Heterojunction Bipolar Transistors 

As mentioned previously, one of the basic limitations of the current gain in the bipolar 
transistor is the emitter injection efficiency. The emitter injection efficiency y can be 
increased by reducing the value of the thermal-equilibrium minority carrier con- 
centration p ~ "  in the emitter. However, as the emitter doping increases, the bandga 
narrowing effect offsets any improvement in the emitter injection efficiency. 0 

mire the injection of carriers from the base hack into the emitter. 
possible solution is to use a wide-bandgap material for the emitter, which will 

1 Figure 10.50a shows a discrete aluminum gallium arsenidelgallium arsenide het- 
erojunction bipolar transistor, and Figure 10.50b shows the band diagram of the 

1Cc 
Base 

Collector 

Figure 10.50 1 (a) Cross section of AIGaAsIGaAs hetero- 
junction bipolar transistor showing a discrete and integrated 
structure. (b) Energy-band diagram of the n AlCaAs emitter 
and p GaAs base junction. 
(Fmm Tiwar; ei o l  l1Yl.i 
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I n-AIGaAs emitter to p-(iaAs base junction. The large potential barrier Vi, limits the 
number of hole\ that will be in,jected back from the base into the emitter. 

The intrinsic carrier concentration is a function of bandgap energy as 

I For a given emitter doping. the numher of minority carrier holes injected into the 

i emitter is reduced hy a factor of 
I 

inchanging from a narrow- to wide-handgapemitter. If AE,  = 0.30 eV, for example, 1 n? would he reduced by approximately 1 0 '  at T = 300 K .  The drastic reduction in n: 
' for the wide-bandgap emitter mean? that the requirements of a very high emitter 
doping can be relaxed and a high emitter injection efficiency can still be obtained. A I lower emitter doping reduces the handgap-narrowing effect. 

The hetern.junction GaAs bipolar transistor has the potential of being a very high 
frequency devtcc. A lower emitter doping in the wide-bandgap emitter leads to a 

1 smaller junction capacitance, increasing the speed of the device. Also, for the GaAs 
npn device. the minority carriers in the h i~se  arc electrons with a high mobility. The 
electron mobility in GaAs is approximately 5 times that in silicon; thus, the base tran- 
sit time in the GaAs base is very short. Experimental AIGaAslGaAs heterojunction 
transistors with hase widths on the order of 0.1 p m  have shown cutoff frequencies on 
the order of 40 GHz. 

One disadvantage of GaAs is the low minority carrier lifetime. The small 
lifetime is not a factor in the base of a narrow-base device, but result5 in a larger B-E 
recombination current. which decreases the recombination factor and reduces the 
current gain. A current gain of 150 has been reported. 

10.9 1 SUMMARY 
There ;Ire two complcrnentary bipolar tmnsi~tors--npn and pnp. Each transistor has 
three separately doped regions and two pn junctions. Thc ccnter region (base) is very 
narrow. so the two pn junction\ are said to he interaotinpjunctions. 

H In the forward-active mode. the R-E junction is forward hiascd and thc B-C junclion is 
rrvcrse hiased. Ma.jnnty carrier5 from the emitter arc injcctcd into the hase whcrc they 
hrcome minority carrlerc. These minority carriers diffu~e across the hace into thr B-C 
space charge reeion where they are swept into th~. collector. 

H When a transistor is hiased in the forward-active mode of opcratinn, the current at one 
tcrminal of the transistor (collector current) is controlled hy thc voltage applied across 
the other two terminals of the rran\ictor (hase<mitter voltage). This IS the basic 
transistor action 

H The minority c;,rricr oonoenlration~ werr determined in each region of the transi?tor. 
The principal currents in the device are delermlned hy the dlfiusion of these minority 
carriers. 
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The common-base current gain, which leads to the common-emitter current gain, is a 
function of three factors--emitter injection efficiency, base transport factor, and 
recombination factor The emitter injection efficiency takes into account caniers fro 
the base that are injected back into the emitter, the base transport factor takes into 
account recombination in the base region. and the recomhination factor takcs into 
account caniers that recumbine within the forward-biased B-E junction. 
Several nonideal effects were considered: 

8-C or C-E voltage. 

4 1. Base ~pidth modulation, or Early effect-the changc in the neutral base width with 
a change in B-C voltage, producing a change in collector current with a change in 

2. High-injection effects that cause the collector culment to increase at a Flower rate 
with base-emitter voltagc. 

3. Emitter bandgap narrowing that produces a smaller emitter injection efficiency 
.1 

because of a very large emittcr region doping concentration. 
4. Current crowding effects that produce a larger current density at the cmitter edge 

than in the center of the emitter 
5. A nonuniform base doping concentration that induces an electric field in the base 

region, which aids the flow of minority carriers across the base. 
6. Two breakdown voltage mechanisms-punch-through and avalanche. 111 
Three equivalent circuits or mathematical models of the transistor were considered. The 
Ebers-Moll model and equivalent circuit are applicable in any of the transistor 
operating modes. The Gummcl-Poon model is con\,enient to use when nonuniform 
doping exists in the transi~tor. The small-signal hybrid-pi model applies to transistam 
operating in the forward-active mode in linear amplifier circuits. 
The cutoff frequency of a transistor, a figure of merit for the transistor, is the frequency 
at which thc magnitude of the common-emitter cunenl gain hccomes equal to unity. 
The frequency responsc is a function of the emitter-base junction capacitance charging 
time, the base transit time, thc collector depletion region transit time, and the collector 
capacitance charging time. 
The switching characteristics are closely related to the frequency limitations although 
switching invalvcs large changes in currents and voltages. An imponant parameter in 
switching is the charge storage time. which applies to a transistor switching from 
saturation to cutoff. 

GLOSSARY OF IMPORTANT TERMS 
alpha cutoff frequency The frequency at which the magnitude of the common base current 

is I /& of its low-Srequcncy value; also equal to the cutoff frequency. 

bandgap narrowing The reduction in the forbidden energy bandgap with high emitter 
doping concentration. 

hase transit time The time that it takes a minority carricr to cross the neutral base region. 

base transport factor The factor in the common base current gain that accounts for recom- 
bination in the neutral base width. 

base width modulation The changc in the neutral base width with C-E or C-B voltage. 

beta cutoff frequency The frequency at which the magnitude of the common emitter cur- 
rent gain is l /& of its low frequency value. 
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collector capacitance charging time The time constant that describes the time required for 
the B-C and collector-substrate space charge widths to change with a change in emitter 
current. 

collector depletion region transit time The time that i t  takes a carrier to be swept acmss the 
B-C space charge region. 

common-base current gain The ratio of collector current to emitter current. 

rommon-emitter current gain The ratio of collector current to base current. 

current crowding The nonuniform current density across the emitter junction areacreated by 
a lateral voltage drop in the base region due to a finite base current and base resistance. . . 

cutoff The bias condition in which zero- or reverse-bias voltages are applied to both trdnsis- 
torjunctions, resulting in zero transistor currents. 

cutoff frequency The frequency at which the magnitude of the common emitter current gain 
is unity. 

early effect Another term fur base width modulation. 

early voltage The value of voltage (magnitude) at the intercept on the voltage axis obtained 
by exvapolaling the I ,  versus Vri curves to zero current. 

emitter-base junction capacitance charging time The time constant describing the time 
for the B-E space charge width to change with a change in emitter current. 

emitter injection efficiency factor The factor in the common-base current gain that takes 
into account the injection of carriers from the base into the emitter. 

forward active The bias condition in which the B-E junction is forward biased and the 
B-C junction is reverse biased. 

inverse active The bias condition in which the B-E junction is reverse biased and the 
B-C junction is forward biased. 

output conductance The ratio of a differential changz in collector current to the corn- 
sponding differential change in C-E voltage. 

CHECKPOINT 
After studying this chaptcr, the reader should have the ability to: 

I Describe the basic operation of the transistor. 
I Sketch the energy bands of the transistor in thermal equilibrium and when biased in the 

various operating modes. 
Calculate, to a good hrst approximation, the collector current as a function of 
base-emitter voltage. 

I Sketch the minority canter concentrations throughout the transistor under the various 
operating modes. 

I Define the various diffusion and other current components in the transistor from the 
minority carrier distribution curves. 

I Explain the physical mechanisms of the current gain limiting factors. 
Define the current-limiting factors from the current components in the transistor. 

I Describe the physical mechanism of base width modulation and its effect on the 
current-voltage characteristics of the transistor 

I Describe the voltage breakdown mechanisms in a bipolar transistor 
I Sketch the simplified small-signal hybrid-pi equivalent circuit of the transistor biased in 

the fonvard-active mode. 
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W Describe qualitatively the four time-delay or time-constant components in the frequen~ 
response of the bipolar vansistor. 

REVIEW QUESTIONS 
1. Describe the charge flow in an npn bipolar transistor biased in the forward-active 

mode. Is the current by drift or diffusion? 

2. Define the common-emitter current gain and explain why, to a first approximation, the ! 
current gain is a constant. 

3. Explain the conditions of the cutoff, saturation, and inversc-active modes. 

4. Sketch the minority carrier concentrations in a pnp bipolar transistor biased in the 
forward-active mode. 

5. Define and describe the three limiting factors in the common-base current gain. 

6 .  What is meant by base width modulation? What is another term used for this effect? 

7. What is meant by high injection? 

8. Explain emitter current crowding. 

9. Deiine Icno and [ ( L O ,  and explain why I,,, > I,,, I 
10. Sketch a simplified hybrid-pi model for an npn bipolar transistor and explain when thi~ 

equivalent circuit is used. 

11. Describe the time-delay factors in the frequency limitation o i  the bipolar transistor. 

12. What is the cutoff frequency of a bipolar transistor? 

13. Describe the response of a bipolar transistor when i t  is switching between saturation 
and cutoff. f 

PROBLEMS 
(Note: In the following problems, use the transistor geometry shown in Figurc 10.13. Assu 
T = 300 K unless otherwise stated.) 

Section 10.1 The Bipolar Transistor Action 

10.1 Fur a uniformly doped n++p7n bipolar transistor in thennal equilibrium, (a) sketch 
the energy-band diagram, (b) sketch the electric tield through the dcvice, and 
(c) repeat parts ( a )  and (h) for the transistor biased in the forward-active region. 

10.2 Consider a p'+ n+p bipolar transistar, unifr,rnmly doped in each region. Sketch the 
energy-band diagram for the case when the transistor is (a) in thermal equilibrium, 
(6) biased in the forward-active mode, ( c )  biased in the inverse-active region, and 
id) biased in cutoff with both the 6 -E  and B-C junctions reverse biased. 

10.3 The parameters in the base region of an npn bipolar transistor are D. = 20cm'/s, 
nzo  = lo4 = 1 wm,and A B C  = I n 4  cm2. (a)ComparingEquations(lO.l) 
and (10.2) calculate the magnitude of 4. ( b )  Determine the collector current for 
(i)  V ~ E  = 0.5 V, (ii) "of = 0.6 V,  and (iii) unl = 0.7 V .  

10.4 Assume the common-base current gain for the transistor described in Problem 10.3 
is a = 0.9920. (a )  What is the common-emitter current gain f l? [Note that /J = 
u / ( l  - a).)  (b) Determine the cmittcr and base currentscumspunding to ihr collector 
currents determined in Prtlblzm 103b. 
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Problems 

I 
10.5 la)  In a bipolar transistor biased in the forward-active region, the base current is 

i in = 6.0 bA and the collector current is i, = 510 PA. Determine f l ,  a, and ii. 
(Note that i~ = ic  + i ~ . )  (b) Repeat pan (a )  if in = 50 FA and i, = 2.65 mA. 

10.6 Assume that an npn hipolar transistor has a common-emitter current gain of P = 100. 
(0) Sketch the ideal cumt-voltage characteristics (ic versus V C I ) ,  like those in 
Figure 10.9, as i R  varies from zero to 0.1 mA in 0.01-mA increments. Let u,, vary 
over the range 0 5 uci 5 10 V (b) Assuming Vcc = 10 V and Rc = 1 kR in the 
circuit in Figure 10.8, superimpose the load line on the transistor characteristics in 
part ( a ) .  (c) Plot, on the resulting graph, the value of ic and  or^ corresponding to 
ig = 0.05 mA. 

10.7 Considcr Equation (10.7). Assume Vcr = 10 V, Rc = 2 kR. and V,, = 0.6 V.  

1 ( a )  Plot Vcn versus IC ovcr the range 0 5 lc 5 5 mA. ( h )  At what value of Ic does 
vcn = O? 

Section 10.2 Minority Carrier Distribution 

10.8 A uniformly doped silicon npn bipolar transistor is to he biased in the fnrward-active 
mode with the B-C junction reverse hiased by 3 V The metallurgical base width 
is 1.10 Wm. The transistor dopings are NE = 10'' ~ m - ~ ~ ,  N8 = 10'' cm-', and 
Nc = l0I5 cm-'. (a1For T = 300 K, calculate the B-E voltage at which the minority 
carrier electron concentration at x = 0 is 10 percent of the majority canier hole 

i concentration. (b) At this bias, determine the minority carrier hole concentration at 

i x' = 0. lc) Determine the neutral base width for this bias. 

10.9 A silicon npn bipolar transistor is uniformly doped and biased in the forward-active 
region. The neutral base width is .r, = 0.8 jrm. The transistor doping concentrations 
are NE = 5 x 10" cm-', NB = 10'' cm ',and NC = 10" cm-'. ( n )  Calculate the 
values of p ~ o ,  nun.  and pr , ,  (h )  For V,, = 0.625 V ,  determine n n  at x = 0 and p~ 
at x' = 0. (c) Sketch the minority carrier concentrations through the device and label 
each curve. 

10.10 A uniformly doped silicon pnp transistor is biased in the forward-active mode. The 
doping concentrations are N E  = lo'' cm-', Ng = 5 x 1016 ~ m - ~ ,  and N, = 
10'' cm '. ( u )  Calculate the values of nf i l ,  pHO, and nco. (b) For VF8 = 0.650 V ,  
determine p8 at .r = 0 and n, at .i-' = 0. (r.) Sketch the minority carrier concenrra- 
lions through the device and lahel each curve. 

10.11 Consider the minority carrier electron concentration in the base of an npn bipolar 
transistor as given by Equation (lO.lSa). In this problem, we want to compare 
the gradient af the electron concentration evaluated at the B-C junction to that 
evaluated at the B-E junction. In particular, calculate the ratio of d(SnsJ/dx at 
x = xs todlSnp)/dx a t x  = 0  for ( a )  X B I L R  = 0.1. (b).lig/Lg = 1.0. and 
(c )xB/LR = 10. 

10.12 Derive the expressions for the coefficients given by Equations (10.14aJ and (10.14b). 

*10.13 Derive the expression for the excess minority carrier hole concentration in the base 
region of a uniformly doped pnp bipolar transistor operating in the fonvard-active 
region. 

10.14 The excess electron concentratiun in the base of an npn bipolar transistor is given 
by Equation (10.15a). The linear approximation is given by Equation (10.l5b). If 
6n,,(x) is the linear approximation given by Equation (10.15b) and Sn,(r) is the 
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actual distribution given by Equation (10.15a), determine 

at .v = 1g/2 for ( t i )  X S / L B  = 0.1 and (b) .;,/L, = 1.0. Assume V B L  >> k7/e. 

10.15 Consider a pnp bipolar transistor. Assume that the excess minority carrier hole 
concentrations at the edges of the B-E and B-C space charge regions are Sp,(O) = 
8 x 10'' cm-' and S p , ( x ~ )  = -2.25 x 10' cm-', respectively. Plot, on the same 
graph, Spn( r )  for (a )  the ideal case when no recombination occurs in the base, and 
(b) the case when r" = LR = 10 wm.  assuming D, = 10 cm21s, calculate the 
diffusion current density at .r = 0 and .I = 1 8  for the conditions in plts ( a )  and (b )  
Determine the ratio ./(I = x B ) / J ( x  = 0)  for the two cases. 

*10.16 ( a )  A uniformly doped npn bipolar transistor at 7  = 300 K is biased in saturation. 
Starting with the continuity equation for minority carriers, show that the excess 
electron concentration in the base region can be expressed as 

forx,/L, << I whcrexm is the neutral base width. (b)  Show that the minority 
cmie r  diffusion current in the babc is then given by 

( c )  Show that the total excess minority carrier charge (Cicm') in the base region is 
given by 

*10.17 Consider a silicon pnp bipolar transistor at 7  = 300 K with uniform dopings of 
N, = 5 x 10'' cm-), Ns = 10'' cm-'. and Nc = 5 x 10'' cm-'. Let D8 = 
10 cm2/s, .YB = 0.7 p m ,  and assume .ro << LB. The transistor is operating in 
saturation with J ,  = 16.5 A/cm2 and VF, = 0.75 V. Determine ( a )  V,,. 
(h)  V ~ ~ ( s a t ) ,  ( c )  the #/cn12 ofexcess minority carrier holes in the base, and 
(d)  the #lcm2 of excess minority carrier electrons in the long collector. Let 
LC = 35 um. 

10.18 An npn silicon bipolar transistor at 7  = 300 K has uniform dopings of NE = 
IOl9 cm-'. N g  = 10'' cm-', and N, = 7 x lo" ern->. The transistor is operat- 
ing in the inverse-active mode with V", = -2 V and Vet = 0.565 V (a) Sketch 
the minority carrier distribution through the device. (h) Determine the minority 
carrier concentrations at .Y =I" and r "  = 0. ( c )  If the metallurgical base width is 
1.2 jrm, determine the neutral base width. 

10.19 A uniformly doped silicon pnp bipolar transistor at 7  = 300 K with dopings of 
N E  = 5 x 10" cm-', Ng = 10'' cm-', and Nc = 5 x l0l4 cm ' is biased in the 
inverse-active mode. What is the maximum B-C voltage so that the low-injection 
condition applies? 
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1 Section 10.3 Low-Frequency Cornmon-Base Current Gain 

I 
10.20 The following currents are measured in a uniformly doped npn bipolar transistrv: 

I,,, = 1.20 mA I,,, = 0.10 mA 

I, , ,  = 1.18 mA I ,  = 0.20 mA 

iG = 0.00 1 mA /,,.,I = 0.001 mA 

Determine (a) a. (b)  y .  (c)  a?, (dl 8 ,  and (c) 8. 
10.21 A silicon npn transistor at T = 300 K has an area of lo-' cm2. neutral base width 

of I wm. and doping concentrations of N E  = 1018 ~ m - ~ ,  N g  = lo1' ~ m - ~ ,  NC = 
1016 cm-'. Other semiconductorparameters are Dn = 20cmz/s, TE,J  = 780 = lo-' 6 ,  

and rco = IOh s. Assuming the transistor is biased in the active region and the 
recombination factor is unity, calculate the collector current for: ( n )  V#E  = 0.5 V, 
(0 )  I L  = 1.5 rnA. and ( c )  le = 2 @A.  

10.22 Consider a uniformly doped npn bipolar transistor at 7 = 300 K with the following 
parameters: 

For V,, = 0.60 V and V,, = 5 V, calculate ( o )  the currents J, ,E.  J P E .  -I,,,-. and JR 
and (b)  the current gain factors y ,  a ,  . 8, a .  and @. 

10.23 Three npn bipolar transistors have identical parameters except for thz bass doping 
concentrations and neutral base widths. The base parameters for the three device5 are 
as follows: 

Device Base duping Base width 

A n j ~  = NRO . B  = ,rgo 
B Nn = 2 N 8 ~  xu = rue 
C Nn = N R I I  X R  = . 1~0 /2  

(The babe doping concentration for the B devicc is twice that of A and C, and the 
neutral base width for the C device is half that of A and B.) 

( ( I )  Determine the ratio of the emitter injection efficiency of ( i )  device B to device A 
and (ti) device C to device A. 

(h )  Repeat part ( a )  for the bale lranspon factor. 
( c )  Repeat pan (a) for the recombination factor. 
( d )  Which device has the largest cummon-emitter current @in p? 

10.24 Repeat Problem 10.23 for three devices in which the emitter paramelers vary. The 
emitter parameters for the three devices are as follows: 

Device Emitter doping Emitter width 

A NL = NEO XE = xE0 

B NE = 2 N ~ 0  .xE = x ~ o  

C NE = NLO IE = X E , , / ~  
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10.25 An npn silicon transistor is biased in the inverse active mode with V8,  = 3 V and 
VgC = 0.6 V The doping concentrations are N E  = 101%m-'. Ng = 10'' ern-), 
N, = 1 0 ' % m 3 .  Other parameters arer"  = I pm. ria = rg0 = TCO = 2 x 10- 
Dh = 10 cm'ls. Ds = 20 cm'/s, D, =15 cm'ls, and A = cm'. (a )  Calcula 
and plot the minority carricr distribution in the device. (b) Calculate the collector 
and emitter currents. (Neglect geometry factors and assume the recombination 
factor is unity.) 

10.26 (a) Calculate the base transport factor, a,, forx8/LB = 0.01.0.10. 1.0. and 10. 

emitter injection efficiency are the limiting factors for the common-emitter current 
gain? 

1 
Assuming that y and 6 are unity, determine f l  for each case. (b) Calculate the emitter 
injection efficiency, y .  for NBINI = 0.01, 0.10, 1.0, and 10. Assuming that a, and 
6 are unity, determine p for cach case. ( c )  Considering the results of pans (a) and (b), 
what conclusionr cdn be made concerning when the base transport factor or when the 

10.27 l a )  Calculate the recombination fdctor for VB>. = 0.2.0.4, and 0.6 V. Assume the 
following parameters: 

DB = 25 cm2/s Dt = 10 cm'ls 

N E  = 5 x 10'' cm-' N8 = 1 x l0" cm-' 

Nc = j x 1 0 ' ~  cm-' r6 = 0.7 p m  

rgg = r ~ "  = lo-' s J," = 2 x l U 9  ~ / c m '  

n, = 1.5 x 10'%crn-~ 

(6 )  Assuming the base transport and emitter injection efficiency factors are unity, 
calculate the common-emitter current gain for the conditions in  part lo) .  (c) Consi- 
dering the results of part (b), what can be said about the recombination factor being 
the limiting factor in the common emitter current gain. 

10.28 Consider an npn silicon bipolar transistor at T = 300 K with the following 
parameters: 

Da = 25 cm21s Doi = 10 cm2/s 

TBO = r,,, = 5 x 

i 
N 8  = 1016 cm-I x~ = 0.5 p m  

The recombination factor, 8, has been detemined to he S = 0.998. We need a 
common-emitter current gain of f l  = 120. Assuming that U T  = y .  determine the 
maximum base width, r ~ ,  and the minimum emitter doping, N L ,  to achieve this 
specification. 

*10.29 ( a )  The recombination current density, in an npn silicon bipolar transistor at 
T = 300 K is J,o = 5 x l 0 P  Alcm'. The uniform dopings are N E  = 10" cm-;, 
N u  = 5 x 10" cm-', and Nc = I0l5 cm-'. Other parameters are DI = 10cm21s, 
D g  = 25 cm2/s. ria = LO-' S, and r8, = 1 0  ' F. Determine the neutral base width 
so that the recornbination factor is 8 = 0.995 whcn V,E = 0.55 V (b) If J,,  remains 
constant with temperature, what is the value uf S when VBF = 0.55 V for the case 
when the temperaturf is T = 400 K'? Use the value of xn determined in pan (a). 

- - 10.30 (a) Plot, for a bipolar transistor, the base transport factor. m i .  as a function of ( x a / L B )  
over the range 0.01 5 ( x B / L B )  5 10. (Use a log scale an the horizontal axis.) - - 
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( h )  Assuming that the emitter injection efficiency and recornhination factors are 
unity, plot the common emitter gain for the conditions in plt (a ) .  (c)  Considering the 
rcsults of pan (b) ,  what can be said about the base transpon factor being the limiting 
factor in the common emitter current gain? 

1031 (a) Plot the emitter injection eficiency as a function of the doping ratio, N B  INt , O Y ~ I  ?= 

therange0.01 5 NB/NL 5 10.Assumethat DL = D R .  L R  = L f .  andx" = I E .  Q 
(Use a log scale on the horizontal axis.) Neglect bandgap narrowing effects. (b) Assum- 
ing that the base transport factor and recombination factors are unity, plot the common 
emitter current gain for the conditions in part (a). (c) Considering the results of p a l  (b), 
what can be said about the emitler injection efficiency being the limiting factor in the 
conlmon emitter current gain. 

)I032 (a) Plot the recombination factor as a function af the forward-bias B-E voltage for ?- 

0.1 j VBE 5 0.6. A~sume the following parameters: 
iQ - < - 

Da = 25 cmvs D, = 10 cm2/s 

N~ = 5 x 10'%cm2 N8 = 1 x 10" cm-' 

N,- = 5 x 10" cm-' xn  = 0.7 ~ n l  

i 7 . r,,, = TEO = 10 s J , ,  = 2 x 1 0 ~ ~ c m 2  

n ,  = 1.5 x 10"' cm-' 

(h )  Assuming the base transport and emitter injection efficiency factors are unity, 
plot the common emitter current gain for the conditions in part ( a ) .  ( c )  Considering 
the rcsults of part (b). what can be said about the rccolnbination factor being the 
limiting factor in the common emitter current gain. 

10.33 The emitter in a BJT is often made very thin to achieve high operating speed. In this -= 
problem. we investigate the effect of emitter width an current gain. Consider the 
emitter injection efficiency given by Equation (10.35a). Assume that NE = 1 0 0 N ~ .  S- 

DE = D,, and L E  = L 8 .  Also let xti = O.lLn.  Plot the emitter injection efficiency 
for 0.01 L, 5 xi 5 IOL, From these results, discuss the effect of emitter width on 
the current gain. 

Section 10.4 Nonideal Effects 

10.34 A silicon pnp bipolar transistor at T = 300 K has uniform dopings of NE = 10'' cm-', 
N, = 1016 ~ m - ~ ,  and Nc = 1015 ~ r n - ~ .  The metallurgical hase width is 1.2 Irm. 
Let DB = 10 cm2/s and TR,, = 5 x lo-' S. Assume that the minority carrier hole 
concentration in the hase can be approximated by a linear distribution. Let VER = 
0.625 V (a j  Detcrminr the hole diffusion current density in the base for VRC = 5 V, 
Vljc = 10 V, and VlSc = 15 V ( h )  Estimate the Early voltage. 

:"0.35 The base width of a bipolar transistor is normally small to provide a large current 
gain and increased speed. The hase width also affects the Early voltage. In a silicon 
npn bipolar transistor at T = 300 K, the doping concentrations arc NL = 10" ~ m - ~ ,  
N,, = 3 x 10'%n-', and Nc = 5 x 10" cm-l. Assume DR = 20 cm2/s and 
r,,, = 5 x lo-' s. and let Vut = 0.70V. Using voltages Vca = 5 V and VC-n = 10 V 
as two data paints. estimate the Early vultage for metallurgical base widths of 
(a) I 0  urn, (b) 0.80 wm, and (c) 0.60 um. 
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10.36 An npn silicon bipolar vansistor has a base doping concentration of N8 = 10'' cm~ 
a collector doping concentration of Nr = 10" cm-), a metallurgical base width of 
1. I pm,  and a base minority carrier diffusion coefficient of D, = 20 cm2/s. The 
transistor is biased in the forward-active region with Vgt = 0.60 V. Determine 
(a )  the change in the neutral base width as V r ,  changes from I V to 5 V, and (b )  the 
corresponding change in the collector current. 

1037 Consider a uniformly doped silicon npn bipolar transistor in which x~ = X B ,  

L ,  = L , ,  and D, = Dg. Assume that rrr = S = 0.995 and let N g  = 10'' cm-l, 
Calculate and plot the common emitter current gain f i  for N E  = lo", 10", lOI9. 
and LOzU cm-', and for the case (a) when the bandgap narrowing effect is neglected. 
and (b) when the bandgap narrowing effect is taken into account. 

- s$J 
10.38 A silicon pnp bipolar transistor at T = 300 K is to be designed so that the emitter 

injection efficiency is y = 0.996. Assume that xs = x,. L E  = L, .  DE = D,, and 
/ 

x let N E  = lot9 cm-'. ( a )  Determine the maximum base doping, taking into accouni 
bandgap narrowing. ( h )  If bandgap narrowing were neglected, what would he the 
maximum base doping required? 

10.39 A tirst-approximation type calculation of the current crowding effect can be made 
using the geometry shown in Figure 10.3 I. Assume that one-half of the base current 
enters from each side of the emitter strip and flows uniformly to the center of the 
emitter. Assume the base is p type with the following parameters: 

N ,  = 10lh cm-3 X B  = 0.70 &m 

py = 400 cm21v-s S = 8 b m  

Emitter length L = 1 0 0 b m  

(a) Calculate the resistance between x = 0 and x = S/2 .  (b) If i [, = 10 FA, 
calculate the voltage drop between x = 0 and x = Sf2. (c) If VBE = 0.6 Vat x = 
estimate in percent the number of electrons being injected into the base at.< = S/2 
compared to x = 0. 

10.40 Consider the geometry shown in Figure 10.5 1 and the device parameters in 
Problem 10.39 except the emitter width S. The emitter width S is to be changed so 
that the number of electrons injected into the hase at x = Sf2 is no more than 10 
percent less than the number of electrons injected into the base at x = 0. Calculate 

? 

Collector 

r = O 1" I = SI2 

Figure 10.51 I Figure for Problems 10.39 
and 10.40. 
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e10.41 The base doping in a diffused n+pn bipolar transistor can be approximated by an 
exponential a5 

Nn = Nn (0) exp - ( ;:) 
where a is a constant and is given by 

I 
( a )  Show that, in thermal equilibrium, the electric field in the neutral base region is a 
constant. ( b )  Indicate the direction of the electric field. Does this electric tield aid or 
retard the flow of minority carrier electrons across the base'? (cj Derive an expres- 
sion for the steady-state minority carrier electron concentration in the base under 
fonvard bias. Assume no recombination occurs in the base. (Express the electron 
concentration in terms of the electron current density.) 

10.42 Consider asilicon npn bipolar vansistor with uniform dopings of Nt = 5 x 10'' ~ m - ~ ,  
Nn = 10" cm-'. and N, = 5 x 10" cm-'. Assume the common-base current eain is - 
u = 0.9920. Deternine ( a )  B V,,, . ( h )  BVcko. and (c )  the base-emitterbreakdown 
voltage. (Assume n = 3 for the empirical constant.) 

10.43 A high-voltage silicon npn bipolar transistor is to be designed such that the uniforn - @, 
base doping is N, = I0Ih and the common-emitter current grain is fi = 50. 
The breakdown voltage BVcFo is to he at least 6 0 V  Determine the maximum -= 

collector doping and the minimum collector length to support this voltage. (Assume 
n = 3.) 

10.44 A uniformly doped silicon epitaxial npn bipolar transistor is fdbricated with a base 
doping of N H  = 3 x 10lh c d  and a heavily doped collector region with Nc = 
5 x 10" c m 3 .  The neutral base width is x~ = 0.70 /*m when VBE = VBC = 0. 
Determine VDc at which punch-through <occurs. Compare this value to the expected 
avalanche breakdown voltage of the junction. 

10.45 A silicon npn bipolar transistor has a base doping concentration of NU = 10" cm-'. 
a collector duping concentration of Nc = 7 x 10" cm-'. and a ~netallurgical base 
width of 0.50 urn. Let V"E = 0.60 V. (a) Determine Vcr at punch-through. 
(h)  Determine the peak electric field in the B-C space charge region at punch-through. 

10.46 A uniformly doped silicon pnp bipolar transistor is to be designed with NE = 
10" c m  ' and Nr = 1 0 ' % m J .  The metallurgical base width is 0.75 um. Deter- 
mine the minimum base doping so that the punch-through voltage is no less than 
b',,, = 25 V. 

Section 10.5 Equivalent Circuit Models 

10.47 The Vci(satj voltage of an npn transistor in saturation continues to decrease slowly as 
the base current increases. In the Ehers-Moll model. assume us = 0.99. uu = 0.20. 
and Ic = I mA. For T = 3M) K, determine the base current, I R ,  necessary to give 
( a )  Vc~(sat) = 0.30 V, ( b )  Vci(sat) = 0.20 V, and (c) Vc~(sat)  = 0.10 V. 

10.48 Consider an npn bipolar transistor biased in the active mode. Using the Ebers-Moll 
m<&l, derive the equation for the base current, I # .  in terms of U F ,  a,, I , , ,  Icr. and 

VBE.  
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10.49 Consider thr Ebrrs-Mrjll model and let the base terminal bc open so I,, = 0. S 
that. when a collector-emitter voltage is applicd. we ha\c 

10.50 In  the Ehers- moll model. let a ,  = 0.Y8. I ,  , = 10 " A, and I, , = 5 x 10 I' A .  
7 = 300 K. Plot I< versus V, , for - V x t  i Vex < 3 V and for Vnc = 0.2,0.4. 
and 0.6 V (Note that V,, = - V B c . )  What can be said about the base width mudu 
lation rffcct using this model? 

- - - 10.51 The cullector-cmittrr saturation voltage. from the Ebers-Mull modrl, is given by 
Equation (10.77). Consider a power BJT in which u+ = 0.98. ax = 0.20. and 4 

< - I A. Plut VcL(satj versus 1" over the range 0.03 5 I H  5 1.0 A. 

Section 10.6 Frequency Limitations 

10.52 Consider a silicon npn transistor s t  7 - 300 K. Ahrume thr fullowing paralneters: 

I L  = 0.5 mA C,, = 0 8 p F  

xB = 0.7 urn D,, : 25 cm'ls 

xdr = 2.0 pi11 r, = 30 R 

C, = C,, = 0.08 pF / I  = SO 

( a )  Calculate the transit time factors. (b )  Calculate the cutoff and beta cutoff fre- 
quencies. i; and f p .  respectively. 

10.53 In a panicular hipalar trdnsi*t(~r, the base tramit time is 20 percent of the total dela! 
time. The base width is 0.5 @m and the base diffusion coefficient is Do = 20 cm'l: 
Determine the cutoff frequency. 

10.54 Assume the base transit time of a BJT is 100 ps and carriers cross the 1.2 vln B-C 
space charge region at a speed at' 10' c~lds .  The emitter-base junction charging tir 
is 25 ps and the collector capacitance and resistance are O. 10 pF and 10 R .  respec 
tivcly. Determine the cutoff frequency. 

Summary and Review 
- *10.55 (a)A rilicon npn bipolar transistor at T = 300 K ir to be dcsigned with an Early 

voltage of at least 200 V and a current gain <rf ;at lrast f l  = 80. (b) Repeat pan ( i t )  for, - P s- - 
s pnp bipolar transistor, 

- - *10.56 Design a uniformly doped silicon npn bipolar transistor so that /I = 100 at T = 

300 K. The maximum CE voltage ib la be 15 V and any h r rakb~wn *altagr is tu be - 3 < - 

1 
at leas1 3 times this value. Assume the recombination factor is constant at 6 = 0.995. 

I 
The transistor is to be operated in low injection with a maximum collectr~r current of 
l r  = 5 mA. Bandgap narrowing effects and base width modulation cffrcts are to be 
minimi7ed. Let D1 = 6 cm'lr, D, - 25 cm'ls, r,,, = 1 0 - 5 ,  and r,,,, L- 10 ' s. 

Drternline duping concentrations, the metallurgical base width, the active arra. and 
the maximum allowable VHZ. 

3 *10.57 Deign  a pair of complcment;lry npn and pnp bipdar tran5isrors. The transistor, are 
to have the same metallurgical babe and smttler widths of W8 = 0.75 p m  and , 

! 
I 
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E xt = 0 5 &m. Assume that the following minority carrier parameters apply to each 
device. 

D,, = 23 cm'ls r,," = lo-' s 

D,, = 8 cm2/s r,,o = 5 x s 

The collector doping concentration in each device is 5 x 10" cm-' and the recom- 
bination factor in each device is constant at 6 = 0.9950. ( a )  Design, if possible, fhe 
devices so  that = 100 in each de*,ice. If this is not possible. how close a match can 
he obtained'! (b) With equal fotward-hias baseemitter voltages applied. the collector 
currents are to he Ic = 5 mA with each device operating in low-injection. Determine 
the active cross-sectional areas. 
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Fundamentals of the 
Metal-Oxide-Semiconductor 

Field-Effect Transistor 

P R E V I E W  

T he fundamental physics of the Metal-Oxide-Semiconductor Field-Effect 
Transistor (MOSFET) is developed in this chapter. Although the bipolar tran- 
sistor was discussed in the last chapter, the material in this chapter presumes 

a knowledge only of the semiconductor material properties and characteristics of the 
pn junction. 

The MOSFET, in conjunction w ~ t h  other circuit elements, is capable of voltage 
gain and signal-power gain. The MOSFET is also used extensively in digital circuit 
applications where, because of its relatively small size, thousands of devices can be 
fabricated in a single integrated circuit. The MOSFET is, without doubt. the core of 
integrated circuit design at the present lime. 

The MOS designation is implicity used only for the metal-silicon dioxide (SiO2)- 
silicon system. The more general terminology i~ metal-insulator-semiconductor 
(MIS), where the insulator is not necessarily silicon dioxide and the semiconductor is 
not necessarily silicon. We will use the MOS system throughout this chapter although 
the same basic physics applies to the MIS system. 

The heart of the MOSFET is a metal-oxide-semiconductor structure known 
as an MOS capacitor. The energy bands in the semiconductor near the oxide- 
semiconductor interface bend as a voltage is applied across the MOS capacitor. The 
position of the conduction and valence bands relative to the Fermi level at the 
oxide-semiconductor interface is a function of the MOS capacitor voltage, so that 
the characteristics of the semiconductor surface can be inverted from p-type to 
n-type, or from n-type to p-type, by applying the proper voltage. The operation and 
characteristics of the MOSFET are dependent on this inversion and the creation of 
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an inversion charge density at the semiconductor surface. The threshold voltage is 
defined as the applied gate voltage required to create the inversion layer charge and 
is one of the important parameters of the MOSFET. 

The various types of MOSFETs are examined and a qualitative discussion of the 
current-voltage characteristics is initially presented. A mathematical derivation of! 
the current-voltage relation is then covered in detail. The frequency response and 
limitations of the MOSFET are also considered. 

Although we have not discussed fabrication processes in any detail in this text, 
there is an MOS technology that should be considered, since it directly influences the 
characteristics and properties of the MOS devices and circuits. We will consider the 
complementary MOS (CMOS) process. The discussion of this technology will be 
brief, but should provide a good base for further in-depth study. W 

11.1 1 THE TWO-TERMINAL MOS STRUCTURE 
The heart of the MOSFET is the metalhxide-semiconductor capacitor shown in 
Figure 11.1. The metal may be aluminum or some other type of metal, although in 
many cases, it is actually a high-conductivity polycrystalline silicon that has beende- 
posited on the oxide; however, the term metal is usually still used. The parameter to, 
in the figure is the thickness of the oxide and to, is the permittivity of the oxide. 

11.1.1 Energy-Band Diagrams 

The physics of the MOS structure can be more easily explained with the aid of the 
simple parallel-plate capacitor. Figure 1 1.2a shows a parallel-plate capacitor with the 
top plate at a negative voltage with respect to the bottom plate. An insulator material 
separates the two plates. With this bias, a negative charge exists on the top plate, a 
positive charge exists on the bottom plate, and an electric field is induced between 
the two plates as shown. The capacitance per unit area for this geometry is 

Semiconductor 

i 

Figure 11.1 1 The basic MOS capacitor 
structure. 
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Figure 11.2 1 (a)  A parallel-plate capdcitor showing the electric field and conductor charges. (b) A corresponding 
MOS capacitor with a negalive gate bias showing the electric field and charge Row. (c) The MOS capacitor with 
an accumulation layer of holes. 

I where t is the permittivity of the insulator and rl is the distance between the two 
plates. The magnitude of the charge per unit area on either plate is 

Q' = C'V (11.2) 

where the prime indicates charge or capacitance per unit asea The magnitude of the 
. electric field is 

Figure 11.2b shows an MOS capacitor with a p-type semiconductor substrate. 
The top metal gate is at a negative voltage with respect to the semiconductor sub- 
strate. From the example of the parallel-plate capacitor, we can see that a negative 
charge will exist on the top metal plate and an electric field will be induced with 
the direction shown in the figure. If the electric field were to penetrate into the 
semiconductor, the majority carrier holes would experience a force toward the 
oxide-semiconductor interface. Figure 1 1 . 2 ~  shows the equilibrium distribution of 
charge in the MOS capacitor with this particular applied voltage. An nccrin~rilufior! 
l a y r  of bolcs in the oxide-semiconductor junction corresponds to the positive 
charge on the bottom "plate" of the MOS capacitor. 
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Figure 11.3a shows the same MOS capacitor in which the polarity of the appli 

voltage is reversed. A positive charge now exists on the top metal plate and the 
duced electric field is in the opposite direction as shown. If the electric field pe 
trates the semiconductor in this case, majority carrier holes will experience a for 
away from the oxide-semiconductor interface. As the holes are pushed away 
the interface, a negative space charge region is created because of the fixed io 
acceptor atoms. The negative charge in the induced depletion region correspun 
the negative charge on the bottom "plate" of the MOS capacitor. Figure 1 I .3b sho 
the equilibrium distribution of charge in the MOS capacitor with this applied volta 

The energy-hand diagram of the MOS capacitor with the p-type substrate, for 
case when anegative voltage is applied to the top metal gate, is shown in Figure 11 
The valence-band edge is closer to the Fermi level at the oxide-semiconductor in 
face than in the bulk material, which implies that there is an accumulation of h 
The semiconductor surface appears to he more p-type than the bulk material. 
Fermi level is a constant in the semiconductor since the MOS system is in the 
equilibrium and there is no current through the oxide. 

Figure 11.4b shows the energy-band diagram of the MOS system when a po 
tive voltage is applied to the gate. The condlrction and valence band edges bend 

Figure 11.3 1 The MOS capacitor with a moderate positive gate bias, showing (a) the electric field and charge flow and 
(b) the induced space charge reginn. 

1 

Accumulation layer of holes Induced space charge region 

(a) (b) 

Figure 11.4 1 The energy-band diagram of an MOS capacitor with a p-type substrate for (a) a negative gate bias and 
(b) a moderate positive gate bias. 
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shown in the figure, indicating a space charge region similar to that in a pn junction. 
The conduction hand and intrinsic Fermi levels move closer to the Fermi level. The I 

I induced space charge width is xd. 
1 Now consider the case when a still larger positive voltage is applied to the top 

metal gate of the MOS capacitor. We expect the induced electric field to increase in 

I magnitude and the corresponding positive and negative charges on the MOS capaci- 
torto increase. Alarger negative charge in the MOS capacitor implies a larger induced 
space charge region and more band bending. Figure 11.5 shows such a condition. The 
intrinsic Fermi level at the surface is now below the Fermi level: thus, the conduction 
band is closer to the F e m i  level than the valence band is. This result implies that the 
surface in the semiconductor adjacent to the oxide-semiconductor interface is n type. 

I By applying a sufficiently large positive gate voltage, we have inverted the surface of 
the semiconductor from a p-type to an n-type semiconductor. We have created an 
inverrion luyer of electrons at the oxide-semiconductor interface. 

In the MOS capacitor structure that we have just considered, we assumed a p- 1 type semiconductor substrate. The same type of energy-band diagrams can be con- 
structed for an MOS capacitor with an n-type semiconductor substrate. Figure 11.6a 
shows the MOS capacitor structure with a positive voltage applied to the top gate ter- 
minal. Apositive charge exists on the top gate and an electric field is induced with the 
direction shown in the figure. An accumulation layer of electrons will be induced in 

version layer of electrons 

I 

Figure 11.5 I The energy-band diagram of the MOS capacitor 
with a p-type substrate for a "large" positive gate bias. 

-I.-:-r *."--.. 

Induced positive space 
of electrons 

(a) (b) 

Figure 11.6 1 The MOS capacitor with an n-type substrate for (a) a positive gate bias and (b) a moderate negative gate bias. 
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the n-type substrate. The case when a negative voltage is applied to the top gate ij 
shown in Figure 11.6b. A positive space charge region is induced in the n-type semi- 
conductor in this situation. 

The energy-band diagrams for this MOS capacitor with the n-type suhstrate 
shown in Figure 11.7. Figure 11.7a shows the case when a positive voltage is a 
plied to the gate and an accumulation layer of electrons is formed. Figure 11. 
shows the positive space charge region induced by an applied negative gate voltag 
in it the conduction and valence band energies bend upward. Figure 1 1 . 7 ~  shows 

Accumulation of electmns 

i 
energy bands when a larger negative voltage is applied to the gate. The conduction 
and valence bands are bent even more and the intrinsic Fermi level has moved 
above the Fermi level so that the valence band is closer to the Fermi level than the 

Gate 

E,. 

Induced posilive space 
charge region 

lo\ersion layer of holes 

Figure 11.7 I The energy-band diagram of the MOS 
capacitor with an n-type substrate for (a) a positive 
gate bias. (b) a mcdcrate negative bias, and (c) a 
"large" negative gate bias. 
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I conduction band is. This result implies that the semiconductor surface adjacent to 
the oxide-semiconductor interface is p type. By applying a sufficiently large nega- 
tive voltage to the gate of the MOS capacitor, the semiconductor surface has been 

i 
inverted from n type to p type. An inversion layer of holes has been induced at the 
oxide-semiconductor interface. 

1 11.1.2 Depletion Layer Thickness 

I We may calculate the width of the induced space charge region adjacent to the oxide- 
semiconductor interface. Figure 11.8 shows the space charge region in a p-type semi- 
conductor substrate. The potential @,!> is the difference (in volts) between E F ~  and E, 

id is given by 

where N ,  is the acceptor doping concentration and ni is the intrinsic carrier 
concentration. 

The potential @$ is called the surface potential; it is the difference (in volts) be- 
hveen E F ,  measured in the bulk semiconductor and E F ;  measured at the surface. The 
surface potential is the potential difference across the space charge layer. The space 
charge width can now be written in a form similar to that of a one-sided pn junction. 
We can write that 

where c, is the permittivity of the semiconductor. Equation (11.5) assumes that the 
abrupt depletion approximation is valid. 

Figure 11.9 shows the energy bands for the case in which @s = 24,". The Fermi 
level at the surface is as far above the intrinsic level as the Fermi level is below the 

Figure 11.8 IThe energy-band diagram in the p-type 
semiconductor, indicating surface potential. 
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Figure 11.9 I The energy-hand diazrarn in (he p-type 
semiconductor at (he threshold inversion point. 

intrinsic level in the hulk semiconductor. The electron concentration at the surface is 
the same as the hole concentration in the bulk material. This condition is known as 
the rhreshold invrrriort point. The applied Fate voltage creating this condition is 
known as the threshold voltage. If the gate voltage increases above this thresh 
value, the conduction bend will hrnd slightly closer to the Fermi level. but 
change in the conduction hand at the sutface is now only a slight function of g 
voltage. The electron concentration at the surface. however, is an exponential fu 
tion of the sutface potential. The surface potential may increase by a few ( k T  
volts, which will change the electron concentration by orders of magnitude, butt 
space charge width changes only slightly. In this case, then, the space charge regi 
has essentially reached a maximum width. 

The ~naximum space charge width, x d r .  at this inversion transition point can 
calculated from Equation (1 1.5) by setting @, = 2dj,. Then 

EXAMPLE 11.1 1 Objective I 
To calculate the maximum space charge width given a particular cemicanductor doping 
concentration. 

Consider silicon at T = 300 K doped to N,, = 10" cm-'. The intrinsic carrier concen-, 
tration is n, = 1.5 x 101%nir'. 

Solution 
From Equatiun ( 11.4). we have 
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the maximum space charge width is 

(1.6 x 10-l'l)(lO1h) 

r,,, = 0.30 x ccm = 0.30 pm 

w Comment 
The marin~um induced space charge width is oo thc samc order of magnitude as pn junctjon 
,pace charge widths. 

We have been considering a p-type semiconductor substrate. The same maxi- 
lnum induced space charge region width occurs in an n-type substrate. Figure I1 .I0 
is the energy-band diagram at the threshold voltage with an n-type substrate. We can 
write 

Note that we are always assuming the parameters $,i,, and 6,. to be positive quantities. 
Figure I 1  . I  I is a plot of r d r  at T = 300 K as a function of doping concentration 

in silicon. The semiconductor doping can be either n-type or p-type. 

Figure 11.10 1 The cnergy-band diagrem in the n-type 
semiconductor at the threshold inversion point. 
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1014 lou io16 1n17 1 0 ~ ~  

N. semiconductor doping ( c m  '1 

Figure 11.11 1 Maximum induced space charge region width 
versus semiconductnr doping. 

TEST YOUR UNDERSTANDING 

Ell.1 (a) Consider as oxide-to-p-type silicon junction at 7 = 300 K. The impurity doping 
concentmlion in the silicon is N, = 3 x 10" ern-'. Calculate the maximum space- 
charge width in the silicon. (b )  Repeat part (a )  for an impurity concentration of 
N, = 1015 cm-'. Iwfl £98'0 ( 9 )  'ud 081'0 ("1 "UVI 

E11.Z Consider an oxide-to-n-type silicon junction at 7 = 300 K. The impurity doping 
cancentration in the silicon is Nd = 8 x 10" cm-'. Calculate the maximum space- 
charge width in the silicon. (w* E E O  'YUV) 

11.1.3 Work Function Differences 

We have been concerned. so far. wtth the enerev-band dtagramq of the semlconduc-' 
G ,  & 

tor material. Figure 11.12a shows the energy levels in the metal, silicon dioxide, andi 
silicon relative to the vacuum level. The metal work function is @m and the electro 
affinity is X .  The parameter xi is the oxide electron affinity and, for silicon dioxi 
xi = 0.9 V. 4 

Figure 1112b shows the energy-band diagram of the entire metal-oxide- 
semiconductor structure with zero gate voltage applied. The Fermi level is a constant 
through the entire system at thermal equilibrium. We may define q5:n as a modifi 
metal work function-the potential required to inject an electron from the meral in 3 
the conduction band of the oxide. Similarly, X '  is defined as a modified electron 
affinity. The voltage VnXo is the potential drop across the oxide for zero applied ga 
voltage and is not necessarily zero because of the difference between 6, and X .  
potential 6," is the surface potential for this case. 
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Vacuum Ic\el 

ptype semiconductor 
Vacuum lets1 

- - - - - - - - - EF, 

- - - - - - - 

M 

Figure 11.12 1 (a) Energy levels in an MOS system pnor to contact and (b) energy-hand diagram through the 
MOS structure in thermal equilibrium after contact. 

If we sum the energies from the Fermi level on the metal side to the Fermi level 
on the semiconductor side, we have 

E,? 
e@L, + eVoxa = ex '  + - - e@,o + e4~~, ,  (1 1.9) 

2 

Equation ( I  1.9) can be rewritten as 

We can define a potential @,,,, as 

which is known as the metal-semiconductor work function difference 

Objective I EXAMPI.E 11.2 

To calculate the metal-semiconductor work function difference d,,,, for a given MOS systern 
and semiconductor doping. 
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For an aluminium-silicon dioxide junction, #:,r = 3.20 V and for a silicon-silicon dioi- 
ide junction, x '  = 3.25 V We may assume that E, = I .  I I e V  Let the p-type doping be No = 

ccm3. 

Solution 
For silicon at T = 300 K, we may calculate mi,, as 

( 
"'I' ) = 0.228 V 

1.5 x 10'" 

Then the work function difference is 

=3.20-(3.25+0.555+0.228) 

or 

4 .  = -0.83 V 

m Comment 
The value of m,,,, will become more negative as the doping of the p-type substrate increases. 

Degenerately doped polysilicon deposited on the oxide is also often used as the 
metal gate. Figure 11.13a shows the energy-band diagram of an MOS capacitor witL 
an n' polysilicon gate and a p-type substrate. Figure 1 1  . I  3b shows the energy-bat 
diagram for the case of a p+ polysilicon gate and the p-type silicon substrate. In the 
degenerately doped polysilicon, we will initially assume that E F  = E, for the n- 
case and EF = Eu for the p+ case. 

For the n+ polysilicon gate, the metal-semiconductor work function difference 
can be written as 

I 

S M l o t -  
(a) (b) 

Figure 11.13 1 Energy-band diagram through the MOS st~ucture with a p-type substrate at zero gate bias for (a) an n+ 
polysilicon gate and (b) apt  polysilicon gate. 1 

Page 480 of 566



I 1 1.1 The Two-Terminal MOS Structure 

1 and for the p+ polysilicon gate, we have 

I However, for degenerately doped n+ polysilicon and p' polysilicon, the Fermi level 
can be above E, and below E,., respectively, by 0.1 to 0.2 V. The experimental b,,, 
values will then be slightly different from the values calculated by using Equa- 
tions(ll.12) and (11.13). 

I We hare been considr"ng a p-type nemiconductor substrate. We may also ha i r  
an n-type semiconductor substrate in an MOS capacitor. Figure 11.14 shows the 
energy-band diagram of the MOS capacitor with a metal gate and the n-type semi- 
conductor substrate, for the case when a negative voltage is applied to the gate. The 
metal-semiconductor work function difference for this case is detined as 

where @,,, is assumed to be a positive value. We will have similar expressions for n+ 
and p' polysilicon gates. 

Figure 11.15 shows the work function differences as a function of semiconduc- 
tor doping for the various types of gates. We may note that the magnitude of m,,, for 
thepolysilicon gates are somewhat larger than Equations (11.12) and (11.13) predict. 
This difference again is because the Fermi level is not equal to the conduction band 

Figure 11.14 1 Energy-band diagram through theMOS 
structure with an n-type substrate for a negative applied 
gate bias. 
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[pi poly (n S i )  

0.8 

- 0.2 
Au ( p S i 1  

-0.2 

-0.4 

-0.6 Al ( n  Si) 

Figure 11.15 1 Metal-semiconductor work 
function difference versus doping tbr 
aluminum, gold. and n+ and pi 

polysilicon gates. 
(From Sre 1161 uad Werner [ I Y / . J  

energy for  the  n+ gate and is not equal to the  valence band energy for the pC gate. 
The metal-semiconductor work function difference becomes important in the flat-band 
and threshold voltage pariuneters discushed next. 

TEST YOUR UNDERSTANDING 1 
E11.3 The silicon ilnpurily dopiny concentration in an aluminum-silicon dioxide-silican 1 

MOS structure is Nu = 3 x 10'' ~ r n - ~ .  Using the parameters in Enample 1 1  2 .  deter- 
mine the metal-semiconductor work function difference @,,,,. ( A  186.0- = '"@ "V) 

E11.4 Consider an n' polysilicon gate in an MOS structure with a p-type silicon substrate. 
The doping concentration of the silicon ir N,, = 3 x 1U'"m '. Using Equa- 
tion ( I  1.12). find thc value uT@,,,,. (A IE6.0- = ""@'SUV) 

E11.5 Rcprat El  1.4 fora pt polysilicon gate using Equation (1 1.13). ( A  61  1 C J t  = '"'4 rub') 

11.1.4 Flat-Band Voltage 

Thejrrf -band U O / ~ [ J ~ P  is defined as  the applied gate voltage such that there is  no band 
bending in the semiconductor and, a s  a result, zero net space charge in this region. 
Figure 11.16 shows this Rat-band condition. Because of  the  work function difference 
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Figure 11.16 1 Energy-band diagram of an 
MOS capacitor at flat band. 

1 and possible trapped charge in the oxide, the voltage across the oxide for this case is / not necessarily zero. 
We have implicitly been assuming that there is zero net charge density in the 

oxide material. This assumption may not be valid-a net fixed charge density, usu- 
ally positive, may exist in the insulator. The positive charge has been identified with 
broken or dangling covalent bonds near the oxide-semiconductor interface. During 
the thermal formation of SiOz, oxygen diffuses through the oxide and reacts near the 
Si-SiO, interface to form the S O z .  Silicon atoms may also break away from the 
silicon material just prior to reacting to form SiO?. When the oxidation process is  
terminated, excess silicon may exist in the oxide near the interface, resulting in the 
dangling bonds. The magnitude of this oxide charge seems, in general, to be a strong 
function of the oxidizing conditions such as oxidizing ambient and temperature. The 
charge density can be altered to some degree by annealing the oxide in an argon or 
nitrogen atmosphere. However, the charge is rarely zero. 

The net fixed charge in the oxide appears to be located fairly close to the oxide- 
semiconductor interface. We will assume in the analysis of the MOS structure that an 
equivalent trapped charge per unit area, Q:, ,  is located in the oxide directly adjacent 
to the oxide-semiconductor interface. For the moment, we will ignore any other 
oxide-type charges that may exist in the device. The parameter Q:, is usually given 
in terms of number of electronic charges per unit area. 

Equation (I ].lo), for zero applied gate voltage, can be written as 

If a gate voltage i\ applied, the potential drop across the oxide and the surface poten- 
tial will change. We can then write 

VG = Avo, + Ab.7 = (Vex - Voxo) + (4% - bSo) (11.16) 

Using Equation (1 1.15), we have 

VG = VOx + b.T + b,,,, (11.17) 

Figure 11.17 shows the charge distributior~ in the MOS structure for the flat-band 
condition. There is zero net charge in the semiconductor and we can assume that an 
equivalent fixed surface charge density exists in the oxide. The charge density on the 
metal is Q,, and from charge neutrality we have 

el, + Q:, = o  (11.18) 
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P-type 

Metal Oxide hrmiconductur 

Figure 11.17 1 Charge distribution in 
an MOS capacitor at flat band. 

We can relate Q:,, to the voltage across the oxide by 

er, V", = - 
c o x  

where Cox is the oxide capacitance per unit area.' Substituting Equation ( 1  1.18) in 
Equation (1  1.19). we have 

-Q:.y K n  = - c,,, 
In the flat-hand condition, the surface potential is zero, or 6, = 0. Then from Equa. 
tion (1 1.17). we have 1 

(11.21 

Equation (1 1.21) is the flat-band voltage for this MOS device. I 
EXAMPLE 11.3 I Objective 

To calculate the flat-band voltage for an MOS capacitor with a p-type semiconductor substrate. 
Consider an MOS structure with a p-type semiconductor substrate doped to N,, = 

1016 cm-', a silicon dioxide insulator with a thickness of to, = 500 A. and an n- polysilic 
gate. Assume that Q:, = I0"electronic charges percm'. 

Solution 

be found as 

1 
The wurk function difference, Irom Figure 11.15, is $,,,, = - I .  1 V. Thc oxide capacitance cam 

r,, (3.9)(8.85 x I0-l4) 
C,, = - = = 6.9 x ~ l c m '  

f,,, 500 x 

I 

'~lthough we will. in gencral. use the primed notation for capacitance per unit area or charge per unit 
area. we will omit, fur convenience, the prime on the oxide capacitance per unit area parameter 
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The equivalent oxide surfacc charge density is 

Q:, = (10")(1.6 x 10  I V )  = 1 .6  x 10-V~icm' 

The Hat-band voltage is then calculated as 

Comment 
The applied gate volrogc required to achieve the Rat-band corlilition for this p-type suhslratc is 
negative. If the ;imount of tixed oxide charge increases, the Hat-band voltdge becomes wen 
more ncgative. 

TEST YOUR UNDERSTANDING 

Ell.6 Considrr the MOS structure described in El 1.3. Far an oxide thickness of i,,, = 
200 A and an axide charge of Q:$ = 8 x 10"' c m ' ,  calculate the flat-band voltage. 
I 40'1- = ' sov) 

E11.7 Repeat El1.hfor the MOS device dcscribcd in El 1.4. ( A  I O I =  ".'A 'UV) 
E11.8 Repeat El 1.6 for the MOS debice described i n  E11.5. ( A  S01Of = " ' A  S U V )  

11.1.5 Threshold Voltage 

The threshold voltage was defined as the applied gate voltage required to achieve the 
threshold inversion point. The threshold inversion point, in turn, is defined a s  the con- 
dition when the surface potential is @, = ?@,,, for the p-type semiconductor and @, = 
Zrp,,, for the n-type semiconductor. These condirions were shown in Figores I l .9a 
and 11.10. The threshold voltage will he derived in terms of rhe clectrical and geo- 
metrical properties of the MOS capacitor. 

Figure 11.18 shows the charge distrihution through the MOS dcvicc at the 
threshold inversion point for a p-type semiconductor substrate. The space charge 

Figure 11.18 1 Charge distrihution in an 
MOS capacitor with a p-type suhstratc at 
the threshold inbcrsion noint. 
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width has reached its maximum value. We will assume that there is an equivalent 
oxide charge Q:, and the positive charge on the metal gate at threshold is Q;,,, .The 
prime on the charge terms indicates charge per unit area. Even though we are assum- 
ing that the surface has been inverted, we will neglect the inversion layer charge at 
this threshold inversion point. From conservation of charge, we can write 

QL,, + Q:, = lQ;o(max)l ( I  1.22) 

where 

and is the magnitude of the maximum space charge density per unit area of the de- 
pletion region. 

The energy-band diagram of the MOS system with an applied positive gate volt- 
age is shown in Figure 11.19. As we mentioned, an applied gate voltage will change 
the voltage across the oxide and will change the surface potential. We had from Equ- 
a t ion( l I .16) th~t  

At threshold, we can define Vti = VT,, where V T ~ V  is the threshold voltage that 
creates the electron inversion layer charge. The surface potential is 6, = 2@fp  at 
threshold so Equation (1 1.16) can be written as 

where Vu,r is the voltage across the oxide at this threshold inversion point. 

Figure 11.19 1 Energy-band diagram through the MOS 
structure with apositive applied gate bias. 
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I The voltage V,,r can be related to the charge on the metal and to the oxide capa- 
citance by 

1 where again C,, is the oxide capacitance per unit area. Using Equation ( I  l.22), we 
, can write 

Finally, the threshold voltage can be written as 

Using thc definition of flat-band voltage from Equation (1 1.21 ), we can also express 
the threshold voltage as 

l Q;,(max)l 
V T N  = + V F R  + 2@fp (1 1 . 2 7 ~ )  cox 

For a given semiconductor material, oxide material, and gate metal, the threshold volt- 
age is a function of semiconductor doping, oxide charge Q:,, and oxide thickness. 

DESIGN 
O

b
j
ective I EXAMPLE 11.4 

To design the oxide thickness of an MOS system to yield a specitied threshald voltage. 
Consider an n+ polysilicon gatc and a p-type silicon substrate doped to N,, = 3 x 

10'%n,-'.Assume Q:, = 10" cm-?. Determinetheoxidethicknesssuch that VT,,, = +0.65V. 

W Solution 
From Figure 1 1.15, the work function difference is @,,, , = -1.13 V. Thc various parameters 
can be calculated as 

Then 

Q;,i(maxjl = rN,,.r,,, = (1.6 x 10-'"l(3 x 10'~)(0.18 x lo-') 
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The oxide thickness can be determined from the threshold voltage equation 

Then 

or 

0.65 = 2.0 x lost,>, - 0.378 

which yields 

r,, = 504 A 

Comment 
The threshold voltage for chis case is a positive quantity, which means that the MOS device is 
an enhancement mode device: a gate voltage must he applied to create the inversion layer 
charge, which is zero for zero applied gate voltage. 

The threshold voltage must be within the voltage range of a circuit design. 
Although we have not yet considered the current in an MOS transistor, the threshold 
voltage is the point at which the transistor turns on. If a circuit is to operate between 
0 and 5 V and the threshold voltage of a MOSFET is 10 V, for example, the device 
and circuit cannot be turned "on" and "off." The threshold voltage, then, is one of the 
important parameters of the MOSFET. 1 
To calculate the threshold voltage of an MOS system using the aluminum gate. 

Consider a p-type silicon substrate at T = 300 K doped to N,, = 10" ccm'. Let 
Q:, = 10'%m-2. to, = 500 A, and assume the oxide is silicon dioxide. From Figure 11.15, 
we have that @,,,, = -0.83 V. 

Solution 
We can start calculating the various parameters as 

and 
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Then 

lpso(max)l = eN,.rd7 = (1.6 x 1 0 ~ ~ ~ ) ( 1 0 ' ~ ( 2 . 4 3  x 10-9 = 3.89 x C/cm2 

We can now calculate the threshold voltage as 

= - 0.341 V 

Comment 
In this example, the semiconductor is very lightly doped which, in conjunction with the posi- 
tive charge in the oxide and the work function potential difference, is sufficient to induce an 
electron inversion layer charge even with zero applied gate wltage. This condition makes the 
threshold voltage negative. 

A negative threshold voltage for a p-type substrate implies a depletion mode de- 
vice. A negative voltage must be applied to the gate in order to make the inversion 
layer charge equal to zero, whereas a positive gate voltage will induce a larger inver- 
sion layer charge. 

Figure 11.20 is a plot of the threshold voltage V ? ,  as a function of the acceptor 
doping concentration for various positive oxide charge values. We may note that the 
p-type semiconductor must be somewhat heavily doped in order to obtain an en- 
hancement mode device. 

The previous derivation of the threshold voltage assumed a p-type semiconduc- 
tor substrate. The same type of derivation can be done with an n-type semiconductor 
substrate, where a negative gate voltage can induce an inversion layer of holes at the 
oxide-semiconductor interface. 

Figure 11.14 showed the energy-band diagram of the MOS structure with an n- 
type substrate and with an applied negative gate voltage. The threshold voltage for 
this case can be derived and is given by 

where 
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N,, ( c m  ') 
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E o 
2 

-1 

-2 

- 3  

Figure 11.20 1 Threshold voltage of an nchannel MOSFET 
versus the p-type substrate doping concentration for various 
values of oxide trapped charge (to, = 500 A, aluminum gate). 

and 

1o13 loL4 1o15 loLh 1oI1 I oL8 

a:, = o  _____-.------ 

We may note that x d ~  and 41. are defined as positive quantities. We may also note 
that the notation of VTp is the threshold voltage that will induce an inversion layer of 
holes. We will later drop the N and P subscript notation on the threshold voltage, but, 
for the moment, the notation may be useful for clarity. 

I 
i 

DESIGN I Objective 
EXAMPLE 11.6 

To design the semiconductor dnping concentration to yield a specified threshold voltage. 
- 

Consider an aluminum-silicon dioxide-silicon MOS structure. The silicon is n type, ihe 
oxide thickness is r,, = 650 A, and the trapped charge density is Q:, = 10"' cm-'. Deter- 
mine the doping concentration such that VTP = -1.0 V .  

1 

/<-' 

* Solution 
The solution lo this design problem is not straightforward, since the doping concenvation ap- 
pears in the terms +f,,. x d r .  Q;,,(max) and +,,, . The threshold voltage, then, is a nonlinear 
function of No. Without a computer-generated solution, we resort to (rial and error. 

I .  

#' I I  I :  

7 , -  

I 
- 

Q' = 10'1 m-2 

- - - - 
Q:, = 5 X lo" cm-' 

- 

Q, = 1112 ",,-' ss -..-..I-"' 

I 

../a 

./* 

/ ;  

+/. 
4 

- 
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For N d  = 2.5 x 10" cm-', we find 

lhen 

IQ;O(max)l = eNdxtii = 6.48 x C/cm2 

jrom Figure 11.15, 

dm, = -0.3.5 V 

b e  threshold voltage is 

ihich yields 

VTp = -1.008V 

ind is essentially equal to the desired result. 

I Comment 
The thre~huld voltage is negative, implying that this MOS capacitor, with the n-type substrate, 
is an enhancement mode device. The invzrsion layer charge is zero with zero gate voltage, and 
anegative gate volrage must he applied to induce the hole inversion layer. 

Figure 11.21 is a plot of Vrr versus doping concentration for several values of 
Q:, . We may note that, for all values of positive oxide charge, this MOS capacitor is 
always an enhancement mode device. As the Q:, charge increases, the threshold 
voltage becomes more negative, which means that it takes a larger applied gate volt- 
age to create the inversion layer of holes at the oxide-semiconductor interface. 

11.1.6 Charge Distribution 

We've discussed the various charges in the MOS structure. We may gain a better un- 
derstanding by considering the following figures. The electron concentration in the 
inversion layer (p-type substrate) at the oxide interface is given by n ,  = ( n z / N , )  
exp (@.,I Vt). For silicon at T = 300 K with an impurity doping concentration of 
N, = 1 x 10'6cm-', the surface potential at the threshold inversion point is 
@.$ = 2@,,, = 0.695 V. The electron concentration at the oxide interface at this sur- 
face potential is just n, = 1 x 10''' cm-' as we have discussed before. Figure 11.22 
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Figure 11.21 1 Threshold voltage of a p-channcl MOSFET 
\,ersus the n-type substrate doping concentration for 
various values of oxide trapped chargc (to, = 500 A. 
aluminum gate). 

Figure 11.22 1 Electron inversion charge 
density as a function of surface 
votential. 
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10.' 
p-type Si (300 Kl 
N,, = 4 x l0"cm ' 

- 
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Figure 11.23 I Variation of surface charge density (accumulation charge 
and inversion charge) as a lunction of surfece potential. 
(Fmm S;e /161.1 

shows the increase in electron concentration at the surface with an increase in surface 
potential. As discussed previously, since the electron concentration increases rapidly 
with very small changes in surface potential, the space charge width has essentially 
reached a maximum value. 

Figure 11.23 shows the total charge density (Cicm') in the silicon as a function 
of the surface potential. At flat band. the total charge is zero. For 0 5 @,7 5 @,,,, we 
are operating in the depletion mode since the inversion charge has not yet been 
formed. For &,, 5 @.% < 2q5fr, the Femi  energy at the surface is in the upper half ot 
the band diagram, which implies an n-type material, but we have not yet reached the 
threshold inversion point. This condition is referred to as weak inversion. The condi- 
tion for rg, > 2@,, is called strong inversion, since the inversion charge density in- 
creases rapidly with an increase in surface potential. as we have seen. 

TEST YOUR UNDERSTANDING 

E11.9 An MOS device ha5 the following parameters: aluminum gate, p-type sub~trare with 

N,, = 3 x 10'' c m ' .  to, = 250 A. and Q:, = 10" c m  '. Determine the threshold 
voltage. (A [8Z'0+ = "''A 'SUV) 
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E1l.10 Consider an MOS device with the following parameters: p+ polysilicon gate, 

n-type substrate with Nd = 10'' c m 3 ,  f o x  = 220 A. and Q : ,  = 8 x 10'' cm-'. 
(Use Figure 11.15). Determine the threshold voltage. (A t Z Z O +  = d lA  'SuV) 

*El l . l l  The device described in El 1 .I0 is to be redesigned by changing the n-type dopingcon- 
centration such that the threshold voltage is in the range -0.50 5 V7p (_ -0.30 V. 
( \ - _ ~ 1 3  9101 x P = PN NO$ A ~ 0 ~ 0 -  = d l ~  '1oua pue le!n .la 'suv) 

11.2 I CAPACITANCE-VOLTAGE 
CHARACTERISTICS 

The MOS capacitor structure is the heart of the MOSFET. A great deal of infurma- 
tion about the MOS device and the oxide-semiconductor in1erfaL.e can be obtain 
from the capacitance versus voltage or C-Vcharacteristics of the device. The capac 
itance of a device is defined as 

d Q c = -  
d V  

(11.30 

where d Q  is the magnitude of the differential change in charge on one plate as a 
function of the differential change in voltage dV across the capacitor. The capaci- 
tance is a small-signal or ac parameter and is measured by superinlposing a small ac 
voltage on an applied dc gate voltage. The capacitance, then, is measured as a func- 1 
tion of the applied dc gate voltage. 

11.2.1 Ideal C-V Characteristics 

First we will consider the ideal C-V characteristics of the MOS capacitor and then 
discuss some of the deviations that occur from these idealized results. We will ini- 
tially assume that there is zero charge trapped in the oxide and also that there is no 
charge trapped at the oxide-semiconductor interface. 

There are three operating conditions of interest in the MOS capacitor: accumu- 
lation, depletion, and inversion. Figure I I .24a shows the energy-band diagram of ao 
MOS capacitor with a p-type substrate for the case when a negative voltage is ap- 
plied to the gate, inducing an accumulation layer of holes in the semiconductor at the 
oxide-semiconductor interface. A small differential change in voltage across the 
MOS structure will cause a differential change in charge on the metal gate and also 
in the hole accumulation charge, as shown in Figure 11.24b. The differential changes 
in charge density occur at the edges of the oxide, as in a parallel-plate capacitor. The 
capacitance C' per unit area of the MOS capacitor for this accumulation mode is just 
the oxide capacitance, or 

I 
cox 

C'(acc) = C,, = - (11.31) 
fox 

Figure 11.25a shows the energy-hand diagram of the MOS device when a 
sniall positive voltage is applied to the gate, inducing a space charge region in the 

I 
semiconductor; Figure 11.25h shows the charge distribution through the device for 
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Metal Oxide p~typr semiconductor 

.-_________-_-- 

(a) (b) 

~i~~~~ 11.24 1 (a) ~ ~ ~ ~ ~ ~ - b ~ ~ d  diagram through an MOS capacitor for the accumulation mode. (b) Differential 
charge distribution at accumulation for a differential change in gate voltage. 

Metal Oxide p-type scrniconductor 

Figure 11.25 1 (a) Energy-band diagram through an MOS capacitor for the depletion mode. (b) ~ifferentidl 
charge distribution at depletion for 21 differential change in gate voltage. 

this condition. Thc oxide capacitance and the capacitance of the depletion region 
are in series. A small differential change in voltage across the capacitor will cause 
a differential change in the space charge width. The corresponding differential 
changes in charge densities are shown in the figure. The total capacitance of the se- 
ries combination is 
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Since C,, = t,,/t,, and C;, = t , / x d ,  Equation (I 1.32h) can be written as 

As the space charge width increases, the total capacitance C'(depl) decreases. 
We had defined the threshold inversion point to he the condition when the max. 

imum depletion width is reached but there is essentially zero inversion charge den- 
sity. This condition will yield a minimum capacitance Cki, which is given by 

Figure 11.26a shows the energy-band diagram of this MOS device for the inver~ 
sion condition. In the ideal case, a small incremental change in the voltage across the 
MOS capacitor will cause a differential change in the inversion layer charge densit) 
The space charge width does not change. If the inversion charge can respond to the 
change in capacitor voltage as indicated in Figure 11.26b, then the capacitance I. 
again just the oxide capacitance, or 

cox 
C1(inv) = C,, = - 

to, 

Figure 11.27 shows the ideal capacitance versus gate voltage, or C-V, character 
istics of the MOS capacitor with a p-type substrate. The three dashed segments cor 
respond to the three components Cox, C;,, and Cki,. The solid curve is the ideal net 
capacitance of the MOS capacitor. Moderate inversion, which is indicated in the fig- 
ure, is the transition region between the point when only the space charge densi 1 

Metal Oxide p-type semiconductor 

Figure 11.26 1 (a) Energy-band diagram through an MOS capacitor for the inversion mode. (b) Differential charge 
distribution at inversion for a low-frequency differential change in gate voltage. 
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- - - - - - - 
'---i 

Strong 
inversion 

Muderas  
Denletion inverriun 

Figure 11.27 1 Ideal low-frequency capacitance versus gate 
voltage of an MOS capacitor with a p-type substrate. 
Individual capacitance components are also shown. 

changes with gate voltage and when only the inversion charge density changes with 
gate voltage. 

The point on the curve that corresponds to the flat-band condition is of interest. 
The flat-band condition occurs between the accumulation and depletion conditions. 
The capacitance at flat band is given by 

€or c;, = 

.x + (5) 
We may note that the flat-band capacitance is a function of oxide thickness as well as 
semiconductor doping. The general location of this point on the C-Vplot is shown in 
Figure 11 27.  

Objective 1 EXAMPLE 11.7 

To calculate C,,, C:,,, , and C;, for an MOS capacitor. 
Consider a p-type silicon substrate at T = 300 K doped to N ,  = 1016 cm-'. The oxide is 

silicon dioxide with a thickness of 550 A and the gate is aluminum. 

Solution 
The oxide capacitance is 

c,, - (3.9)(8.85 x lo-") 
C,, = - - = 6.28 x ~lcrn' 

10, 550 x lo-" 

To find the minimum capacitance, we need to calculate 
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Then 

We may note that 

The Rat-hand capacitance i~ 

c;,  = 

 OX + (?) jm 

4 Comment 4 
The ratios of C:!,, to C,,, and of C;, to C,,, are typical values obtained in C-Vplots 

TEST YOUR UNDERSTANDING 

E11.12 For the device described in El 1.9. determine C; /C,,, and C;,/C,,. 
(9 tL .0  = '"3/":3'~62'0 = '",~/'''",'3 'suV) 

Typical values of channel length and width are 2 p m  and 20 pm. respectively. 
The total gate oxide capacitance for this example is then 

C,,,r = (6.28 x I0-')(2 x 10-"(20 x 10 .') = 0.025 x F = 0.025 pF 

The total oxide capacitance in a typical MOS device is quite small. 
The same typc of ideal C-V characteristics are obtained for an MOS capacitor 

with an n-type subsrrate by changing the sign of the voltage axis. The accumulation 
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inversion Accumulation 

Moderate 
inversion 

Figure 11.28 1 Ideal low-frequency capacitance versus gate 

I voltage of an MOS capacitor with an n-type substrate. 

condition is obtained for a positive gate bias and the inversion condition is obtained 
for a negative gate bias. This ideal curve is shown in Figure 11.28. 

I 11.2.2 Frequency Effects 

Figure 11.26a showed the MOS capacitor with a p-type substrate and biased in the 
inversion condition. We have argued that a differential change in the capacitor volt- 1 age in the ideal case causes a differential change in the inversion layer charge den- 

i sity. However, we must consider the source of electrons that produces a change in the 
inversion charge density. 

There are two sources of electrons that can change the charge density of the 
inversion layer. The first source is by diffusion of minority carrier electrons from the 
p-type substrate across the space charge region. This diffusion process is the same 
as that in a reverse-biased pn junction that generates the ideal reverse saturation 
current. The second source of electrons is by thermal generation of electron-hole 
pairs within the space charge region. This process is again the same as that in a 
reverse-biased pn junction generating the reverse-biased generation current. Both of 
these processes generate electrons at a particular rate. The electron concentration in 
the inversion layer. then, cannot change instantaneously. If the ac voltage across the 
MOS capacitor changes rapidly, the change in the inversion layer charge will not be 
able to respond. The C-Vcharacteristics will then be a function of the frequency of 
the ac signal used to measure the capacitance. 

In the limit of a very high frequency, the inversion layer charge will not respond 
to a differential change in capacitor voltage. Figure 11.29 shows the charge distribu- 
tion in the MOS capacitor with ap-type substrate. At a high-signal frequency, the dif- 
ferential change in charge occurs at the metal and in the space charge width in the 
semiconductor. The capacitance of the MOS capacitor is then Ck,,, which we dis- 
cussed earlien 

The high-frequency and low-frequency limits of the C-V characteristics are 
shown in Figure 11.30. In general, high frequency corresponds to a value on the order 
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Metal Oxide p-type \erniconductor 
I I 

Figure 11.29 I Dirfersntial charge distribution at inversion 
for a high-frequency differenlial change in gate valtage. 

t l Low 
frequency 
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Figure 11.30 I Low-frequency and high-frequency capacitance 
versus gate voltage of an MOS capacitor with  a p-type substrate. 

of 1 MHz and low frequency correspond5 to values in the range of 5 to 100 Hz. Typ- 
ically, the high-frequency characteristics of the MOS capacitor are measured. 

11.2.3 Fixed Oxide and Interface Charge Effects 

In a11 of the discussion concerning C-Vcharacteristics so far, we have assumed an ideal 
oxide in which there are no fixed oxide or oxide-semiconductor interface charges. 
These two types of charge5 will change the C-Vcharacteristics. 

We previously discussed how the fixed oxide charge affects the threshold volt- 
age. This charge will also affect the flat-band voltage. The fiat-band voltage from 
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Equation ( I  1.21) was given by 

where Q:, is the equivalent fixed oxide charge and m,,,, is the metal-semiconductor 
work function difference. The flat-band voltage shifts to more negative voltages for 
a positive lixed oxide charge. Since the oxide charge is not a function of gate voltage, 
the curves show a parallel shift with oxide charge. and the shape of the C-V curves 
remains the same as the ideal characteristics. Figure 1 I .3 1 shows the high-frequency 
characteristics of an MOS capacitor with a p-type substrate for several values of 
tixed positive oxide charge. 

The C-V characteristics can be used to determine the equivalent fixed oxide 
charge. For agiven MOS structure, @,,,, and C,, are known, so the ideal flat-band volt- 
age and flat-band capacitance can be calculated. The experimental value of flat-band 
voltage can be measured from the C-V curve and the value of fixed oxide charge can 
then be determined. The C-V measurements are a valuable diagnostic tool to charac- 
terize an MOS device. This characteriration is esl~ecially useful in the study of radia- 
tion effects on MOS devices, for example, which we will discuss in the next chapter. 

We first encountered oxide-semiconductor interfdce states in Chapter 9 in the 
discussion of Schottky barrier diodes. Figure 11.32 shows the energy-band diagram 
of a semiconductor at the oxide-semiconductor intertice. The periodic nature of the 
semiconductor is abruptly terminated :it the interface so that allowed electronic 
energy levels will exist within the forbidden handgap. These allowed energy states 
are referred to as interface states. Charge can flow between the semiconductor and 
interface states, in contrast to the fixed oxide charge. The net charge in these interface 
states is a function of the position of the Fermi level in the handgap. 

In general, acceptor states exist in the upper half of the bandgap and donor states 
exist in the lower half of the bandgap. An acceptor state is neutral if the Femi  level 

kigure 11.31 1 High-frequency capacitance versus gale 
vt~ltage of an MOS capacitor with a p-type substrate 
for several values of effective trapped oxide charge. 

.\ccrptor stares 

- - - - - - - - - E  
ii 

states Donor ilatei 

4 

Figure 11.32 1 Schematic diagram 
showing interface states at the  oxide^ 
semiconductor interface. 
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is below the state, and becomes negatively charged if the Fermi level is above the 
state. A donor state is neutral if the Fermi level is above the state and becomes posi- 
tively charged if the Fermi level is below the state. The charge of the interface states 
is then a function of the gate voltage applied across the MOS capacitor. 

Figure 1 1  .%a shows the energy-band diagram in a p-type semiconductor of an 
MOS capacitor biased in the accumulation condition. In this case, there is a net pos- 
itive charge trapped i n  the donor states. Now let the gate voltage change to produce 
the energy-band diagram shown in Figure 11.33h. The Fermi level corresponds to 
the intrinsic Fermi level at the surface; thus, all interface states are neutral. This 

Neutral 
acceptors 

, - - -________________-- - - - -  
Neu,ral ( 

- - - - - - - - - - - - - - - - - - EF 
donors E" 

acceptors { , *-- 
- , - - - - - - - - - - - - - - - E  

Negatiic 
acceptor, 

Neutral 
donors 

Figure 11.33 1 Energy-band diagram in a p-type serni- 
conductor showing the charge trapped in the interface states 
when the MOS capacitor is biased (a) i n  accumulation, 
(b) at midgap, and (cJ at inversion. 
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ilitrrfacr hlidsap 
states 

Figure 11.34 1 High-frequency C-Vcharacteristics of an 
MOS capacitor showing effects of interface states. 

particular bias condition is known as midgop Figure 1 1 . 3 3 ~  shows the condition at 
inversion in which there is now a net negative charge in the acceptor states. 

The net charge in the interface states changes from positive to negative as the 
gate ~o l t age  sweeps from the accumulation, depletion, to the inversion condition. We 
noted that the C-Vcurves shifled in the negative gate voltage direction due to posi- 
tive fixed oxide charge. When interface states are present, the amount and direction 
of the shift changes as we sweep through the gate voltage, since the amount and sign 
of the interface trapped charge changes. The C-Vcurves now become "smeared out" 
as shown in Figure 1 1.34. 

Again, the C-Vmeasurements can be used as a diagnostic tool in semiconductor 
device process control. For a given MOS device, the ideal C-V curve can be deter- 
mined. Any "smearing out" in the experimental curve indicates the presence of in- 
terface states and any parallel shift indicates the presence of fixed oxide charge. The 
anrl~unt of smearing out can be used to determine the density of interfilce states. 
These types of measurement are extremely useful in the study of radiation effects on 
MOS devices, which we will consider in the next chapter. 

11.3 1 THE BASIC MOSFET OPERATION 
The current in an MOS field-effect transistor is due to the flow of charge in the inver- 
sion layer or channel region ad,jacent to the oxide-semiconductor interface. We have 
discussed the creation of the inversion layer charge in enhancement-type MOS ca- 
pacitors. We may 3150 have depletion-type devices in  which a channel already exists 
at 7ero gate voltage. 

11.3.1 MOSFET Structures 
/ There are four basic MOSFET device types. Figure 11.35 shows an n-channel 

enhancement mode MOSFET. Implicit in the enhancement mode notation is the idea 
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that the semiconductor substrate is not inverted directly under the oxide with zerogate 
voltage. Apositive gate voltage induces the electroil inversion layer, which then "con- ! 
nects" the n-type source and the n-type drain regions. The source terminal is the source 1 
of carriers that flow through the channel to the drain terminal. For this n-channel de-: 
vice, electrons flow from the source to the drain so the conventional current will cnter; 
the drain and leave the source. The conventional circuit symbol for this n-channel/ 
enhancement mode device is also shown in this figure. 

Figure 11.36 shows an n-channel depletion mode MOSFET. An n-channel re- 
gion exists under the oxide with zero volts applied to the gate. However, we have; 
shown that the threshold voltage of an MOS device with a p-type substrate may be: 

Snurcc (S) Gate (C)  Drain ID) 

? ? ? D 

- 
Subsliatr ut 

body (B) 

Figure 11.35 1 Cross section and circuit symbol for an 
n-channel enhancement-mode MOSFET. 

Source (S) Gate IG) Drain (Dl 

& 
Bod) IB) 

Figure 11.36 1 Cross sectiun and circuit symbol for an 
n-channel depletion-mode MOSFET. 
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negative; this means that an electron inversion layer already exists with zero gate 
voltage applied. Such a device is also considered to be a depletion mode device. The 
n-channel shown in this figure can be an electron inversion layer or an intentionally 
doped n-region. The conventional circuit symbol for the n-channel depletion mode 
MOSFET is also shown in the tigure. 

Figures 11.37a and 11.37h show a p-channel enhancement mode MOSFET and a 
p-channel depletion mode MOSFET. In the p-channel enhancement mode device, a 
negative gate voltage must he applied to create an inversion layer of holes that will 
"connect" thep-type source and drain regions. Holes flow from the source to the drain, 
so the conventional current will enter the source and leave the drain. A p-channel 
region exists in the depletion mode device even with zero gate voltage. The conven- 
tional circuit symbols are shown in the figure. 

Source (SJ Gate (GI Drain (Dl 
Q Q 

6 
Body (9) 

(a) 

Source (S) Gate ( G )  Drain (D) 
Q ? Q 

Figure 11.37 1 Cross section and circuit symbol for (a) a p-chanrlel en- 
hancement mode MOSFET and (b) a p-channel depletio~l rnode MOSFET 
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11.3.2 Current-Voltage Relationship-Concepts 

Figure 1 I .38a shows an n-channel enhancement mode MOSFET with a gate- 
source voltage that is less than the threshold voltage and with only a very srn 
drain-to-source voltage. The source and substrate, or body, terminals are held 
ground potential. With this bias configuration, there is no electron inversion lay 
the drain-to-substrate pn junction is reverse biased, and the drain current is zero (di 
regarding pn junction leakage currents). 

Figure 11.38b shows the same MOSFET with an applied gate voltage such 
Vr;s > VT. An electron inversion layer has been created so that, when a small dr 
voltage is applied, the electrons in the inversion layer will Row from the source to 
positive drain terminal. The conventional current enters the drain terminal and leav 
the source terminal. In this ideal case, there is no current through the oxide to the ga 
terminal. 

For small V r ~ s  values, the channel region has the characteristics of a resistor, 
we can write 

where g d  is defined as the channel conductance in the limit as VfIs -t 0. The chann 
conductance is given by 

where w,, is the mobility of the electrons in the inversion layer and / Q:, 1 is the magI 
nitude of the inversion layer charge per unit area. The inversion layer charge is a 
function of the gate voltage; thus, the basic MOS transistor action is the modulation 
of the channel conductance by the gate voltage. The channel conductance. in t u .  
determines the drain current. We will initially assume that the mobility is aconstanc; 
we will discuss mobility effects and variations in the next chapter. 

Figure 11.38 1 The n-channel enhancement mode MOSFET (a) with an applied gate voltage Vc5 < V T ,  and (b) with an 
applied gate voltage VG5 > V,. 
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The i n  versus Vlls characteristics, for small values of VoS, are shown in Fig- 
ure 11.39. When VGs c VT, the drain current is zero. As VGS becomes larger than 
VT, channel inversion charge density increases, which increases the channel con- 
ductance. A larger value of g, produces a largcr initial slope of the ID versus VDS 
characteristic as shown in the figure. 

Figure 11.40a shows the basic MOS structure for the case when Vcs > V, and 
the applied VnS voltage is small. The thickness of the inversion channel layer in the 
figure qualitatively indicates the relative charge density, which is essentially constant 
along the entire channel length for this case. The corresponding In versus V11.i curve 
is shown in the figure. 

Figure 1 1.40b shows the situation when the Vos value increases. As the drain volt- 
age increases, the voltage drop across the oxide near the drain terminal decreases, 
which means that the induced inversion charge density near the drain also decreases. 
The incremental conductance of the channel at the drain decreases, which then means 
that the slope of the ID versus VDs curve will decrease. This effect is shown in the 
In versus VDS curve in the figure. 

When VDs increases to the point where the potential drop across the oxide at the 
drain terminal is equal to VT, the induced inversion charge density is zero at the drain 
terminal. This effect is schematically shown in Figure 11 40c. At this point, the in- 
cremental conductance at the drain is zero, which means that the slope of the I,, ver- 
sus Vns curve is zero. We can write 

VGS - V ~ ~ ( s a t )  = VT (1 1.39a) 

or 

where Vns(sat) is the drain-to-source voltage producing zero inversion charge den- 
sity at the drain terminal. 

Figure 11.39 1 I ,  versus Vns charac 
teristics for small values of V D S  at 
three VGs voltages. 

Page 507 of 566



Depletlun 
reglo" 

v... 

OxlJr 

Channel 

Figure 11.40 1 Cmss section and l o  versus VZ,S curve when V c S  c V ,  fo,r(a) asmall  V,, 
value, (b) a larger VDS value, (c) a value of Vns = V[,/(sat), and (d) a value of VDs > VDs(sal). 
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When VDs becomes larger than the Vlls(sat) value, the point in the channel at 
which the inversion charge is just zero moves toward the source lerminal. In this 
case, electrons enter the channel at the source, travel through the channel toward the 
drain, and then, at the point where the charge goes to zero, the electrons are injected 
into the space charge region where they are swept hy the E-field to the drain contact. 
If we assume that the change in channel length AL is small compared to the original 
length L ,  then the drain current will be a constant for VDS > V~,(sat). The region of 
the ID versus V D ~  characteristic is referred to as the saturrrtion region. Figure 11.40d 
shows this region of operation. 

When VGs changes, the I,, versus Vr,s curve will change. We saw that. if VGs 
increases, the initial slope of ID versus V,I~ increases. We can also note from 
Equation (1 1.39b) that the value of Vm(sat) is a function of VGS. We can generate 
the family of curves for this n-channel enhancement mode MOSFET as shown in 
Figure 11.41. 

Figure 11.42 shows an n-channel depletion mode MOSFET. If the n-channel 
region is actually an induced electron inversion layer created by the metal- 
semiconductor work function difference and fixed charge in the oxide, the current- 
voltage characteristics are exactly the same as we have discussed, except that VT 
is a negative quantity. We may also consider the case when the n-channel region is 
actually an n-type semiconductor region. In this type of device, a negative gate 
voltage will induce a space charge region under the oxide, reducing the thickness 
of the n-channel region. The reduced thickness decreases the channel conductance, 
which reduces the drain current. A positive gate voltage will create an electron ac- 
cumulation layer, which increases the drain current. One basic requirement for this 
device is that the channel thickness I, must be less than the maximum induced 
space charge width in order to be able to turn the device off. The general In ver- 
sus i.'~s family of curves for an n-channel depletion mode MOSFET is shown in 
Figure 11.43. 

B 
Figure 11.41 I Family of I,, versus V,,.? 
curves fbr an n-channel enhancrment- Figure 11.42 1 Cross section of an 
mods MOSFET. n-channel depletion-mode MOSFET, 
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Figure 11.43 1 Family 01 I,, versus V D Y  
curves for an n-channel depletion-mode 
MOSFET. 

In the next section we will derive the ideal current-voltage relation for then- 
channel MOSFET. In the nonsaturation region, we will obtain 

WFr> Cur 
I D  = - 

2L 
[ 2 ( ~ t i s  - VT)V,IS - v&] 

and, in the saturation region, we will have 

I D  = -- (VGS - V T )  (11.41) 

The operation of a p-channel device is the same as that of the n-channel device. 
except the charge carrier is the hole and the conventional current direction and volt- 
age polarities are reversed. 

"11.3.3 Current-Voltage Relationship-Mathematical Derivation 

In the previous section, we qualitatively discussed the current-voltage characteris. 
tics. In this section, we will derive the ~nathematical relation between the drain cur- 
rent, the gate-to-source voltage, and the drain-to-source voltage. Figure 11.44 shows 
the geometry of the device that we will use in this derivation. 

In this analysis, we will make the following assumptions: 

1. The current in the channel is due to drift rather than diffusion. 

2. There is no current through the gate oxide. 

3. A gradual channel approximation is used in which aE?/ay >> aE.,/ax. 
This approximation means that Ex is essentially a constant. 

4. Any fixed oxide charge is an equivalent charge density at the oxide- 
semiconductor interface. 

5.  The carrier mobility in the channel is constant. 
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I 
Channel 

reglo" 

Figure 11.44 I Geometry of a MOSFET for I , ,  versus V D S  
derivation. 

We start the analysis with  ohm‘^ law, whlch can be written as 

where a is the channel conductivity and E, is the electric tield along the channel 
created by the drain-to-source voltage. The channel conductivity is given by a = 
e @ , , n ( y )  where I*, is the electron mobility and n(y) is the electron concentration in 
the inversion layer. 

The total channel current is found by integrating .I, over the cross-sectional area 
in they- and z-directions. Then 

We may write that 

where Q; is the inversion layer charge per unit area and is a negative quantity for this 
case. 

Equation (1 1.43) then becomes 

where Wis the channel width, the result of integrating over z .  
Two concepts we will use in the current-voltage derivation are charge neutrality 

and Gauss's law. Figure 11.45 shows the charge densities through the device for 
VGs > V T .  The charges are all given in terms of charge per unit area. Using the 
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Metal I Oxide / p-type semiconductor 

Oxid~Sem~conductor F~eld~Effect Transistor 

I I lnversiun/ 1 
layer charge Q,', 

Figure 11.45 1 Charge distribution in the 
n-channel enhancement mode MOSFET Figure 11.46 1 Geometry for applying 
for V,, > V , .  Gauss's law. 

concept of charge neutrality, we can write 

Qk + Q:, + Q:, + QiD(max) = 0 (11. 

The inversion layer charge and induced space charge w ~ l l  be negatlve for this 
channel device. 

Gauss's law can be wntten as 

FE,, CIS = Q r  (11.47) 

where the integral is over a closed surface. Qr is the total charge enclosed by the sur- 
face, and E,, is the outward directed normal component of the electric field crossing 
the surface S. Gauss's law will he applied to the surface defined in Figure 11.46. 
Since the surface must he enclosed, we must take into account the two end surfaces 
in the r-y plane. However, there is no i-component of the electric field so these two 
end surfaces do not contribute to the integral of Equation (1 1.47). 

Now consider the surfaces labeled 1 and 2 in Figure 11.46. From the gradual 
channel approximation, we will assume that E,is essentially a constant along the 
channel length. This assumption means that E, into surface 2 is the same as E, out of 
surface I .  Since the integral in Equation (1 1.47) involves the outward component of 
the E-field, the contributions of surfaces I and 2 cancel each other. Surface 3 is in the 
neutral p-region, so the electric field is zero at this surface. 

Surface 4 is the only surface that contributes to Equation ( 1  1.47). Taking into ac- 
count the direction of the electric field in the oxide, Equation (1  1.47) becomes 
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where to, is the permittivity of the oxide. The total charge enclosed is 

Combining Equations (11.48) and (1 I .49), we have 

We now need an expression for E,,. Figure 1 1.4721 shows the oxide and channel. 
We will assume that the source is at ground potential. The voltage V, is the potential 
in the channel at a point x along thc channel length. The potential difference across 
the oxide at x is a function of VGS. Vi, and the metal-semiconductor work function 
difference. 

The energy-band diagram through the MOS structure at point x is shown in Fig- 
ure 11.47b. The Fermi level in the p-type semiconductor is EF,, and the Fermi level 
in the metal is Eb,, . We have 

Considering the potential harriers, we can write 

which can a150 be wrltten as 

VGS - V, = VOx + 2$+Jfif,, + bm5 (11.53) 

where $+J,,, is the metal-semiconductor work function difference, and 4, = 24jP for 
the inversion condition. 

The electric field in the oxide is 

Figure 11.47 1 (a) Potentials at a point x along the channel. (b) Energy-band diagram through the MOS 
structure at the polnt x. 
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Combining Equations ( I  l.50), ( I  1.53). and (1 1.54). we find that 

€"X 
-toxEox = [ ( V c s  - V,) - (@,,?.% + 2@j,,Jl 

tax 

= Q:, + Q:, + Q;,(max) (11.55) 

The inversion charge density, Q:,, from Equation (1 1.55) can he substituted in 
Equation (1 1.45) and we obtain 

d Vx 
= t i  v,) VT] (11.5 

d r  

where E, = -dV,/dx and VT is the threshold voltage defined by Equation ( 1  1.27). 
We can now integrate Equation ( 1  1.56) over the length of the channel. We have; 

We are assuming a constant mobility p,. For the n-channel device, the drain current 
enters the drain terminal and is a constant along the entire channel length. Letting 
ID = I , ,  Equation (1 1.57) becomes 

I 
I 

Equation (I I .58) is valid for V(;s 2 VT and for 0 5 VDS 5 VD~-(sat). 1 
Figure 11.48 shows plots of Equation (I 1.58) as a function of VI,.~ for several 

values of V,,. We can find the value of Vr~s at the peak current value from 
aI,/aViI, = 0. Then, using Equation (1 1.58), the peak current occurs when 

VD5 = V,, - VT (1 1.59) 

This value of Vlls is just V,~~(sat) ,  the point at which saturation occurs. For Vns > 
V,~(sat), the ideal drain current is a constant and is equal to 

Figure 11.48 1 Plots of 1" versus V,II 
from Equation ( I  1.58) .  
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Using Equatiorl (1 1.59) for V~s(sa t ) ,  Equation ( I  1.60) becomes 

Equation (11.58) is the ideal current-voltage relationship of the n-channel 
MOSFET in the nonsaturation region for 0 V,,s 5 VDs(sat), and Equation (1 1.61) 
is the ideal current-voltage relationship of the n-channel MOSFET in the saturation 
region for VDs 2 VDs(sat). These I-V expressions were explicitly derived for an 
n-channel enhancement mode device. However, these same equations apply to an 
n-channel depletion mode MOSFET in which the threshold voltage VT is a negative 
quantity. 

Objective I DESIGN 
EXAMPLE 11.8 

To design the width of a lLlOSFET such that a specified currrnt is induced for a given applied 
- 

bias. z$& 
Consider an ideal n-channel MOSFET with parameters L = 1.25 pm, p,, = 650cm2N-s. - - 

C,, = 6.9 x ~lcm' .  and Vi = 0.65 V Design the channel width W  such that I,(sat) = 

4 m.4 for V,, = 5 V. 

H Solution 
We have, from Equation (I 1.61) 

Wp,, GX ID (sat) = -- 
2 L  

(VGS - 

Then 

W  = 11.8/rm 

H Comment 
The current capability of a MOSFET is directly proportional to the channel width W. The cur- 
rent handling capability can be increased by increasing W. 

TEST YOUR UNDERSTANDING 1 
E11.13 The parameters of an n-channel MOSFET are p, = 650 cm'N-s. I,, = 200 A, 

W I L  = 50, and V, = 0.40 V. If the transistor is biased in the saturation region, 
find the drain current for ITGs = I, 2, and 1 V. (V" 61 PUB '61'1 '10'1 = "I 'suV) 

E11.14 The n-channel MOSFET in E11.13 is to be redesigned by changing the W I L  ratio 
such that ID = 100,rA when the transistor is biased in the saturation region with 
V,, = 1.75 V. ( 9 ~ 6 0  = I / M  ' ~ u v )  
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, Very small Vijs 

r; 
+ I, 

Figure 11.49 1 (a) ID versus Vi. (for \mall VrjS ) for enhancement mode MOSFET. 
(b)  Idzal Jf;; versus VG5 i n  saturation region for enhancement mode (curve A) and 
depletion mode (curve 6)  n-channel MOSFETs. 

We can use the I-V relations to experimentally determine the mobility 
threshold voltage parameters. From Equation ( 1  I.%), we can write, for very sm 
values of V,)s, 

WP,, c o x  
I D  = - 

L 
(Vcs - Vi)Vr)s 

Figure 1 1.49a shows a plot of Equation ( I  I .62a) as a function of Vtis for constant Vo 
A straight line is fitted through the points. The deviation from the straight line at lo 
values of Vti, is due to subthreshold conduction and the deviation at higher values 
VGS is due to mobility being afunctionof gate voltage. Both of these effects will bec 
sidered in the next chapter. The extrapolation of the straight line to zero current giv 
the threshold voltage and the slope is proportional to the inversion carrier mobility. 

If we take the square root of Equation (I 1.61). we obtain 

Figure I I .49b is a plot of Equation ( I  1.62b). In the ideal case, we can obtain the same 
information from both curves. However, ah we will see in the next chapter. the thresh- 
oldvoltage may be afunction of VDS in short-channel devices. Since Equation (I I .62b) 
applies to devices biased in the saturation region. the V, parameter in this equation may 1 
differ from the extrapolated value determined in Figure 11.49a. In general, the nonsat- " 1 
uration current-voltagc characteristics will produce the more reliable data. 

EXAMPLE 11.9 I Objective 

To determine the inversion carrier mobility from expcrimcntal results. 
Consider an n-channcl MOSFET with W = IS pm, L = 2 urn. and C,,, = 6.9 x 
Flcm'. Assume that the drain current in the nonsaturation region for VIjs = 0.10 V is 

I, = 35 { ~ A a t  V , ,  = 1.5 V and I , ,  = 75 pAat VCjs = 2.5 V. 
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I Solution 
Fmm Equatlon ( I  I 62a). we can wrlte 

1 Wppr cclx 
I"> - I" ,  = ---- 

L 
(VG,, - V<,<lJV,>5 

so that 

I 75 x 10-" - 35 x I0 = p,,(6.Y x 10 '~(2 .5-  I.SJ(0.10J 

which yields 

p,, = 773 c m ? / ~ - s  

We can then determine 

V, = 0.625 V 

I Comment 
The mobility of carriers in the inversion layer is less than that in the bulk scrniconducr~r due 
to the surface scattering effect. We will discuss this effect in the next chapter. 

The current-voltage relationship of a p-channel device can be obtained by the 
same type of analysis. Figure 11.50 shows a p-channel enhancement mode MOSFET. 
The voltage polarities and current direction are the reverse of those in the 
n-channel device. We may note the change in the subscript notation for this device. 
For the current direction shown in the figure, the 1-V relations for the p-channel 
MOSFET are 

Figure 11.50 1 Cros~ section and bias 
configuration for a p-channel 
enhancement-mode MOSFET. 
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for 0 5 VSD 5 V.i~(sat), and 

for Vso > Vso(sat), where 

Note the change in the sign in front of VT and note that the mobility is now the mo- 

bility of the holes in the hole inversion layer charge. Keep in mind that V, is neg 
tive for a p-channel enhancement mode MOSFET and positive for a depletion m 
p-channel device. 

TEST YOUR UNDERSTANDING 1 
E11.15 The parameters of a p-channel MOSFET are p, = 3 10 cm'N-s, r,, = 220A, 

W / L  = 60. and VT = 0 . 4 0  V. If the transistor is biased in the saturation regi 
find the drain current for Vsc = 1 .  1.5. and 2 V. 
(VUPL'E PuQ LEI '9ZS'O = ' I  'sub') 

E11.16 The p-channel MOSFET in E11.15 is to be redesigned by changing the ( W I L )  
ratio such that I D  = 200 pA when the transistor is biased in the saturation region 
with Vs, = 1.25 V. (P' l l = 7 / ~  ' s u ~ )  

One assumption we made in the derivation of the current-voltage relationshid 
was that the charge neutrality condition given by Equation (1  1.46) was valid over the 
entire length of the channel. We implicitly assumed that Q;l,(max) was constan 
along the length of the channel. The space charge width, however, varies betwee 4 
source and drain due to the drain-to-source voltage; it is widest at the drain whea 
VDs > 0. Achange in the space charge density along the channel length must be bal- 
anced by a corresponding change in the inversion layer charge. An increase in the 
space charge width means that the inversion layer charge is reduced, implying that 
the drain current and drain-to-source saturation voltage are less than the ideal values. 
The actual saturation drain current may be as much as 20 percent less than the pre- 
dicted value due to this bulk charge effect. 1 
11.3.4 Transconductance 1 
The MOSFET transconductance is defined as the change in drain current with respect 
to the corresponding change in gate voltage, or 

The transconductance is sometimes referred to as the transistor gain. 
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If we consider an n-channel MOSFET operating in the nonsaturation region, 
thm. using Equation ( I  1.58). we have 

Thc transconductance increases linearly with V,, hut is independent of Vc, in the 
nonsaturation region. 

The I-V characteristics of an n-channel MOSFET in the saturation region were 
gibcn by Equation (I 1.6 I). The transconductance i n  this region of operation is given by 

In the saturation region, the transconductance is a linear function of V,;, and is inde- 
pendent of VDs.  

The transconductance is a function of the geometry of the device as well as of 
canier mobility and threshold voltage. The transconductance increases as the width 
of the dev~ce increases, and it also increases as the channel length and oxide rhick- 
ners decrease. In the design of MOSFET circuits, the sire of the transistor. in partic- 
ular the channel width W. is an important engineering design parameter. 

11.3.5 Substrate Bias Effects 

In all of our analyses so far, the substrate, or hody, has been connected to the source 
and held at ground potential. In MOSFET circuits. thc source and hody may not he 
at the same potential. Figure 11.51a shows an n-channel MOSFET and the associated 
douhle-subscripted voltage variahles. The source-to-substrate pn junction must al- 
ways he Lero or reverse biased, so V.YH must alwayh he greeter than or equal to zero. 

If V.SH = 0. threshold is defined as the condition when @, = 24,, as we 
dircussed previou~ly and as shown i n  Figure 11.5lh. When VSn > O the surface will 
still try to invert when @, = 24,.,,. However, these electrons ;ire at a higher potential 

Figure 11.51 1 (a)  Applied voltages on an n-channel MOSFET (b) Encrgy-band diagram at inversion 
point when V , ,  = 0. ( r )  Enerpy-hand diagram at inversion point when VT8 > 0 is applied. 
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energy than are the electrons in the source. The newly created electrons will mov? 
laterally and Row out of the source terminal. When @, = 2@f,, + Vsa. the surf 
reaches an equilibrium inversion condition. The energy-band diagram for this con 
tion is shown in Figure 11.5 lc. The curve represented as EFn  is the Fermi level fr 

contact. 

4 
the p substrate through the reverse-biased source-substrate junction to the source 

The space charge region width under the oxide increases from the original xdi  

value when a reverse-biased source-substrate junction voltage is applied. With an 

applied Vsa > 0, there is more charge associated with this region. Considering the 
charge neutrality condition through the MOS structure, the positive charge on the top 
metal gate must increase to compensate for the increased negative space charge in 
order to reach the threshold inversion point. So when Vs ,  > 0, the threshold voltage 
of the n-channel MOSFET increases. 

When Vsa = 0, we had 

Q;,(rnax) = -eNox,, = -J2e<,~,(24,,) (1 1.69) 

When Vse > 0, the space charge width increases and we now have 

Q>, = -eN,xd = -,/2e<,~,,(2@~,, + V S B )  (1 1.70) 

The change in the space charge density is then 

To reach the threshold condition, the applied gate voltage must be increased. The 
change in threshold voltage can be written as '¶ 

where AVr = V T ( V , ~ ,  > 0) - V T ( V S B  = 0). We may note that Vss must alwaysbe 
positive so that, for the n-channel device, AVT is always positive. The threshold volt- 
age of the n-channel MOSFET will increase as a function of the source-substrate 
junction voltage. 

EXbMPLE 11.10 1 Objective 

To calculate the change in the threshold voltage due to an applied source-to-body voltage. 
Consider an n-channel silicon MOSFET at T = 300 K. Assume the substrate is doped to 

N, = 3 x 1016 cm-3 and assume the oxide is silicon dioxide with a thickness of r,, = 500 A. 
Let V,, = I V. 

Solution 
We can calculate that 
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v,, (volts) + 
Figure 11.52 1 Plots of Jfl; versus 
V,, at several values of Vra for an 
n-channel MOSFET. 

We can also find 

t,, (3.9j(8.85 x lo-") 
Cox = - = = 6.9 x I K X  ~lcrn' 

10, 500 x 

Then from Equation ( I  1.72). we can obtain 

Comment 
Figure 11.52 shows plots of versus Vcs for various values of applied V S B .  The orig- 
inal threshold voltage, VTo, is 0.64 V. 

If a body or substrate bias is applied to a p-channel device, the threshold voltage 
is shifted to more negative values. Because the threshold voltage of a p-channel en- 
hancement mode MOSFET is negative, a body voltage will increase the applied neg- 
ative gate voltage required to create inversion. The same general observation was 
made for the n-channel MOSFET. 

TEST YOUR UNDERSTANDING 1 
E11.17 A silicon MOS device has the following parameters: No = los6 crn-' and 

r,, = 200A. Calculate (a )  the body-effect coefficient and (bj the change in 
threshold voltage for ( i )  Vr, = 1 V and (ii) V.Y, = 2V. 
rA69Z.0 = 'AV (?!I 'A 9EI'O = 'itV (?) (4) ' z l i ~  EEEO = A ("1 ' 8 ~ ~ 1  
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E11.18 Repeat exercise El 1.17 for a substrate impurity doping concentration of No = 
10" cm ' .  LA 8880'0 = 'AV (!!I 'A ZSOO = 'AV (!) (9) ';/,A 501'0 = A ("1 ' S  

11.4 1 FREQUENCY LIMITATIONS 1 
In many applications, the MOSFET is used in a linear amplifier circuit. A small-sig 
equivalent circuit for the MOSFET is needed in order to mathematically analyze 
electronic circuit. The equivalent circuit contains capacitances and resistances 
introduce frequency effects. We will initially develop a small-signal equivalent circ 
and then discuss the physical factors that limit the frequency response of 
MOSFET. A transistor cutoff frequency, which is a figure of merit, will then be defin 
and an expression derived for this factor. 

11.4.1 Small-Signal Equivalent Circuit 1 
The small-signal equivalent circuit of the MOSFET is constructed from the basi 
MOSFET geometry. A model based on the inherent capacitances and resistan 
within the transistor structure, along with elements that represent the basic de 
equations, is shown in Figure 11.53. One simplifying assunlption we will makein 
equivalent circuit is that the source and substrate are both tied to ground potential. 

Two of the capacitances connected to the gate are inherent in the device. The 
capacitances are C,, and Cgd,  which represent the interaction between the gate an 
the channel charge near the source and drain terminals, respectively. The remain' 
two gate capacitances, Cp,, and CS+, are parasitic or overlap capacitances. In r 
devices, the gate oxide will overlap the source and drain contacts because of to 
ance or fabrication factors. As we will see, the drain overlap capacitance-Csdp. 
particular-will lower the frequency response of the device. The parameter Cd., is 

Figure 11.53 1 Inherent resistances and capacitances in the 
n-channel MOSFET structure. I 
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drain-to-substrate pn junction capacitance, and r, and r,j are the series resistances as- 
sociated with the source and drain terminals. The small-signal channel current is con- 
trolled by the internal gate-to-source voltage through the transconductance. 

The small-signal equivalent circuit for the n-channel common-source MOSFET 
is shown in Figure 11.54. The voltage VA:, is the internal gate-to-source voltage that 
controls the channel current. The parameters Csr7 and Cgdr are the total gate-to- 
source and total gate-to-drain capacitances. One parameter, rd,. shown in  Fig- 
ure 11.54, is not shown in Figure 11.53. This resistance is associated with the slope 
lo versus V D ~ .  In the ideal MOSFET biased in the saturation region, lo is indepen- 
dent of VDs so that rd, would be infinite. In short-channel-length devices, in particu- 
lar, r d ,  is finite because of channel length modulation, which we will consider in the 
next chapter. 

A simplified small-signal equivalent circuit valid at low frequency is shown in 
Figure 11.55. The series resistances, r ,  and r,,, have been neglected, so the drain cur- 
rent is essentially only a function of the gate-to-source voltage through the transcon- 
ductance. The input gate impedance is infinite in this simplified model. 

The source resistance r ,  can have a significant effect on the transistor character- 
istics. Figure 11.56 shows a simplified, low-frequency equivalent circuit including r,  
but neglecting rd,. The drain current is given by 

Figure 11.54 1 Small-signal equivalent circuit of a common- 
source n-channel MOSFET. 

Figure 11.55 1 Simplified, low-frequency 
~rnall-signal equivalent circuit of a 
common-source n-channel MOSFET. 
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Figure 11.56 I Simplified, low- 
frequency small-signal equivalent circuit 
of common-source n-channel MOSFET 
including source resistance r, 

and the relation between V,, and Vd, can be found from 

V,, = V,', +(~,.Vb.,)r., = (1 +g,,,r,)V,', (I  1.74) 

The drain current from Equation (I 1.73) can now be written as I 
The source resistance reduces the effective transconductance or transistor gain. 

The equivalent circuit of the p-channel MOSFET is exactly the same as that of 
the n-channel except that all voltage polarities and current directions are reversed. 
The same capacitances and resistances that are i n  the n-channel model apply to the 
p-channel model. 

11.4.2 Frequency Limitation Factors and CutotTFrequency 1 
There are two basic frequency limitation factors in the MOSFET. The first factor is , 
the channel transit time. If we assume that carriers are traveling at their saturation 
drift velocity u,,,, then the transit time is r, = Llu,,, where L is the channel length. 
If us,, = 10' cmls and L = I prn, then 7, = I0 ps, which translates into a maximum 
frequency of 100 GHz. This frequency is n~uch larger than the typical maximum fre- 1 
quency response of a MOSFET. The transit time of carriers through the channel is 
usually not the limiting factor in the frequency responses of MOSFETs. 

The second limiting factor is the gate or capacitance charging time. If we neglect 
r , ,  r d ,  r d , ,  and C d , .  the resulting equivalent small-signal circuit is shown in Fig- 
ure 11.57 where RL is a load resistance. 

The input gate impedance in this equivalent circuil is no longer infinite. Sum- 
ming currents at the input gate node, we have 1 
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- 
Figure 11.57 I High-frequency small- 
signal equivalent circuit of common- Figure 11.58 1 Small-signal equivalent 
source n-channel MOSFET. circuit including Miller capacitance. 

where I, is the input current. Likewise, summing currents at the output drain node, 
we have 

Combining Equations (1 1.76) and (I 1.77) to eliminate the voltage variable V,,, we 
can determine the input current as 

Normally, OJRLC,?,,T is much less than unity: therefore we may neglect the 
(~ORLC~, , , , )  term in the denominator. Equation (11.78) then simplities to 

Figure 11.58 shows theequivalent circuit with theequivalent input impedancede- 
scribed by Equation ( I  1.79). The parameter C M  is the Miller capacitance and is given by 

The serious effect of the drain overlap capacitance now becomes apparent. When the 
transistor is operating in the saturation region, C,?,, essentially becomes zero, but 
Cgdp is a constant. This parasitic capacitance is multiplied by the gain of the transis- 
tor and can become a significant factor in the input impedance. 

The cutoff frequency fr is defined to he the frequency at which the magnitude 
of the current gain of the device is unity, or when the magnitude of the input current 
Ii is equal to the ideal load current I,?. From Figure 11.58, we can see that 

1, = j ~ ( C , , r  + C M ) V ~ ,  (11.81) 

and the ideal load current is 

I,/ = w. v,, (11.82j 

The magnitude of the current gain is then 
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Setting the magnitude of the current gain equal to unity at the cutoff frequency, 
find 

g m  - - grn 
f r  = 

2 n ( C g s r + C ~ )  2 ~ C c  

where Cc is the equivalent input gate capacitance. 
In the ideal MOSFET, the overlap o r  parasitic capacitances, C,,, and Cgdp, 

tion (1 1.68) as 

Wwn c o x  
gn,., = - L (VGS - VT) 

Then, for this ideal case, the cutoff frequency is 

zero. Also, when the transistor is biased in the saturation region, Cgd approaches zero 
and C,, is approximately C,, WL. The transconductance of the ideal MOSFET bi- 
ased in the saturation region and assuming a constant mobility was given by Equa-, 

WiL,Cox 

- 
(VG" - v ~ )  p,(Vcs - VT) f r  = -- - (11.85)' I 

2nCc 2n(CoxWL) 2nL2 

EXAMPLE 11.11 ( Objective 

To calculate the cutoff frequency of an ideal MOSFET with a constant mobility. 
Assume that the electron mobility in an n-channel device is F,, = 400cm2/V-s and that 

the channel length is L = 4 urn. Also assume that VT = I V and let Vcs = 3 V. 

Solution 
From Equation ( 1  1.851, the cutoff frequency is I 

Comment 4 
In an actual MOSFET, the effect of the parasitic capacitance will substantially reduce the cut- 
off frequency from that calculated in thls example. 

( TEST YOUR UNDERSTANDING 

E11.19 An n-channel MOSFET has the following parameters: p, = 400 cm2N-s, tux = 
200 A, W I L  = 20. and Vr = 0.4 V. The transistor is biased at VGs = 2.5 V in the 
saturation region and is connected to an effective load of RL = 100 kQ. Calculate 
the ratio of Miller capacitance CM to gate-to-drain capacitance Cldi .  (262 'Sub') 

E11.20 An n-channel MOSFET has the same parameters as described in El 1.19. The 
channel length is L = 0.5 um. Determine the cutoff freauencv. ('H9 S'ES 'SUV) 
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"11.5 1 THE CMOS TECHNOLOGY 
The primary objective of this text is topresent the basic physics of semiconductormate- 
rials and devices without considering in detail the various fabrication processes; this 
important subject is left to other texts. However, there is one MOS technology that is 
usedextensively, for which the basic fabrication techniques must be considered in order 
tounderstand essential characteristics of these devices andcircuits. Theone MOS tech- 
nology we will consider briefly is the complementaly MOS, or CMOS, process. 

We have considered the physics of both n-channel and p-channel enhancement 
mode MOSFETs. Both devices are used in a CMOS inverter, which is the basis of 
CMOS digital logic circuits. The dc power dissipation in a digital circuit can he re- 
duced to very low levels by using a complementary p-channel and n-channel pair. 

It is necessary to form electrically isolated p- and n-substrate regions in an inte- 
grated circuit to accommodate the n- and p-channel transistors. The p-well process 
has been a commonly used technique for CMOS circuits. The process starts with a 
fairly low doped n-type silicon substrate in which the p-channel MOSFET will be 
fabricated. A diffused p-region, called a p well, is formed in which the n-channel 
MOSFET will be fabricated. In most cases. the p-type substrate doping level must be 
larger than the n-type substrate doping level to obtain the desired threshold voltages. 
The larger p doping can easily compensate the initial n doping to form the p well. A 
simplified cross section of the p-well CMOS structure is shown in Figure I1.59a. The 

Poly-Si gate- {Poiy~Si gate \ 

/Poly~Si gate- 

p o r n  aub\trats 

Figure 11.59 1 CMOS structures: (a) p well, (b) n well, and (c) twin well 
(Fmm E u r ~  /2//  1 
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p channel 

Input Output 

n channel 

- 
notation FOX stands for field oxide, which is a relatively thick oxide separating the 
devices. The field oxide prevents either the n or p substrate from becoming inverted 
and helps maintain isolation between the two devices. In practice, additional pro. 
cessing steps must he included; for example, providing connections so that thq 
p well and n suhstrate can be electrically connected to the appropriate voltages. Thd 
n substrate must always be at a higher potential than the p well; therefore, this pn 
junction will always be reverse biased. 

With ion implantation now being extensively used for threshold voltage control, 
both the n-well CMOS process and twin-well CMOS process can be used. The n-weU 
CMOS process, shown in Figure 11.59h. starls with an optimized p-type suhstrate 
that is used to form the n-channel MOSFETs. (The n-channel MOSFETs, in general, 
have superior characteristics, so this starting point should yield excellent n-channel 
devices.) The n well is then added, in which the p-channel devices are fahricated.The 
n-well doping can be controlled by ion implantation. 

The twin-well CMOS process, shown in Figure 11.59~. allows both thep-wellan 
n-well regions to be optimally doped to control the threshold voltage and transcon- 
ductance of each transistor. The twin-well process allows a higher packing density 
because of self-aligned channel stops. 

One major problem in CMOS circuits has been latch-up. Latch-up refers to a 
high-current, low-voltage condition that may occur in a four-layer pnpn structure. 
Figure 11.60a shows the circuit of aCMOS inverter and Figure 11.60b shows a simpli- 
fied integrated circuit layout of the inverter circuit. In the CMOS layout, thep+-source 
to n-substrate to p-well to n+-source forms such a four-layer structure. 

The equivalent circuit of this four-layer structure is shown in Figure 1 1  61.  The 
silicon controlled rectifier action involves the interaction of the parasitic pnp and npn 
transistors. The npn transistor corresponds to the vertical nt source top  well ton sub 
strate structure and the pnp transistor corresponds to the lateral p-well to n-substrate 
to pt-source structure. Under normal CMOS operation, both parasitic bipolar tran- 
sistors are cut off. However, under ceaain conditions, avalanche breakdown may 
occur in the p-well to n-substrate junction, driving both bipolar transistors into satu- 

.- 

Figure 11.60 1 (a) CMOS inverter circuit. (b) Simplified integrated circuit cross section of CMOS inverter. 

, 
ration. This high-current, low-voltage condition-latch-up-can sustain itself by/ 
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Figure 11.61 1 (a) The splitting of the basic pnpn structure. (b) The 
two-transistor equivalent circuit of the four-layered pnpn device. 

positive feedback. The condition can prevent the CMOS circuit from operating and 
can also cause permanent damage and hum-out of the circuit. 

Latch-up can be prevented if the product fi,,p,, is less than unity at all times, 
where /i,, and b,, are the common-emitter current gains of the npn and pnp parasitic 
bipolar transistors, respectively. One method of preventing latch-up is to "kill" the 
minority carrier lifetime. Minority carrier lifetime degradation can be accomplished 
by gold doping or neutron irradiation. either of which introduces deep traps within 
the semiconductor. The deep traps increase the excess minority carrier recombina- 
tion rate and reduce current gain. A second method of preventing latch-up is by using 
proper circuit layout techniques. If the two bipolar transistors can he effectively 
decoupled, then latch-up can be minimized or prevented. The two parasitic bipolar 
transistors can also be decoupled by using a different fabrication technology. The 
silicon-on-insulator technology, for example, allows the n-channel and the p-channel 
MOSFETs to be isolated from each other by an insulator. This isolation decouples the 
parasitic bipolar transistors. 

11.6 1 SUMMARY 
I The fundamental physics and characteristics of the metalkoxide-semiconductor field- 

effect transistor (MOSFET) have been considered in this chapter 
I The heart u i  the MOSFET is thc MOS capacitor. The energy hands in the semiconductor 

adjacent to the oxide-semiconductor interface bend, depending upon the voltage applied 
across the MOS capacitor. The position of the conduction and valence bands relative to 
the Fermi level at the surface is a function of the MOS capacitor voltage. 

I The semiconductor surface at the oxide-semiconductor interface can be inverted from 
p type ton type by applying a positive gate voltage, or from n type top type by applying 
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a negative gate voltage. Thus, an inverslol~ layer o f  mobile charge can be created 
adjacent to the oxide. The basic MOS field-effect action is the modulation of the 
inversion charge density, or channel conductance. by the gatc vultape. 
The CVcharacter~htics of tllc MOS capacitor were ct~nsidered. The alnount of equival 
oxide trapped charge and the density of intcrfa~r. states, f<lr example. can be determin 
from the C-Vmea\urcrncnts. 
Two hasic types of MOSFETs are then channrl. in which current is due to the flow of 
electrons in the inversion layrr. and the p channrl. in which current i s  due to the flow 
of holes in the inversion layer Each of thcsc devices can be either cnhancmmnt mode, 
i n  which the device i s  nornlally "off" and i s  turned on by applying a gate voltage. or 
depletion mode. in which thc device i s  nonually "on" and i r  turned ott hy applying a 
gatc vo l ta~r .  
The flat-band voltiige i\ the gale voltage that must be applied to achieve the flat-band 
condition, in which the conduction and \almce bands ~n the scrniuunducalr do not be 
and there is no space charge region in thc ~cmiconduutor. The Hat-hand vultage i s  a 
function of the n~rtal-oxide barrier height. the semiconductur-c~xide harrier height, an 
the amourlt of fixed trapped oxide churge. 1 
The thrrshold vultage i s  the applied gate voltage rcquired ta reach the threshold 
inversion ooint. which is the condition at which the inversion charee densitv i s  eaual . , 

in magnitude to the semiconductor doping concentration. The threshold voltage i s  a 
function of the flat-band voltage. semiconductor doping n,nccntralion, and oxide 
thichncss. 

I 
The current in a MOSFE1'is due lo the flow of carriers In the inversion layrr between j 
the source and drain terminals. The inversion layer charge density and channel ' 
cortdu~.tiioce are contrr,lled by the gate vultagc. which means that the channel current i s !  
also controlled by the gate voltage. 
When the transistor i s  biased in the nonsaturati<~n rrgiun (Vijs < Vos(sat)), the i 
inversion charge extends completely across the channel from the source to the drain 1 
terminals. The drain current i s  a function of bath the gate-to-source and drain-to-source 
voltages. When the transistor i s  biased in the saturation region (V,,, > Vi,.5(sat)),the 
inversion charee densitv i s  oinched off near the drain terminal. and the ideal drain , . 
current is only a function of thc gate-to-sourcc voltage. 

The MOSFET i s  actually a four-terminal dev~oc. with the ~ubstratc I N  body being the : 
fourth terminal. As the magnitude of the irverse-hlas \ouroz-to-substrate voltage 
incrrases. the magnitude o f  the threhhuld voltage incrrases. The subht~atc bias effect 
may hecn~ne impunanl in integrated circulli in which the source and w~hstratc are not 
electrically tied together. 
A small-signal equivalent circuit. including capacitances, of the MOSFET was develod 
The variour physical facarrs in the MOSFET that affect the frequency limitations were 
considered. In partiuul~r. the drain overlap capilcitancc may be a lirnitlng fictor in the 
frequency response of the MOSFET because of the Miller effect. The cutllff frequency, 
a figure of nierit for the frequency response of the device. is inversely prt~purtional to 
channel lmgth: thus. n rcduclion in channel length results in an incrra~ed frequency I 

capability of the MOSFET. 
The CMOS technology, in which both n-channel and p-channel devices are fabricated 
in the same scmio<mductor chip, was briefly considered. Electrically isolated p- and 
n-substrate regions arc required tu acconimodatc the two types of transistors. Various 
orocesses are used to fabricate this structure. One oatential ~rublenl  encountered in the 
CMOS structure i c  latch-up-the high-currcnt. low-voltage conditian that may occur in 
a tbur-layer pnpn \tructure. 
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GLOSSARY OF IMPORTANT TERMS 
accumulation layer chargc The induced charge directly under an oxide that is in excess of 

/ the themai-equilibrium majority carrier concentration. 

' bulk charge effect The deviation in drain current from the ideal due to the space charge 
width variation along the channel length caused by a drain-to-source voltage. 

channel conductance The ratio uf drain current to drain-to-source voltage in the limit as 
v,,, -t 0. 

channel conductance modulation The pnlcess whereby the channel conductance varies 
with gate-to-source voltage. 

CMOS Complementary MOS; the technology that uses both p- and n-channel devices in an 
electn,nic circuit fabricated in a single semiconductor chip. 

cutoff frequency The signal frequency at which the input ac gate current is equal to the out- 
put ac drain current. 

depletion mode MOSFET The type of MOSFET in which a gate voltage must be applied 
to turn the device off. 

enhancement mode MOSFET The type of MOSFET in which a gate voltage must he ap- 
plied to turn the device on. 

equivalent fined oxide charge The effective fixed charge in the oxide, Q:,, directly adja- 
cent to the oxide-semiconductor interface. 

Aat-hand voltage The gate voltage that must be applied to create the flat-band condition in 
which there is no space charge region in the semiconductor under the oxide. 

gate capacitance charging time The time during which the input gate capacitance is being 
charged or discharged because of a step change in the gate signal. 

interface states The allowed electronic energy states within the bandgap energy at the 
onide-semiconductor interface. 

inversion lager charge The induced charge directly under the oxide, which is the opposite 
type compared with the semiconductor doping. 

inrersion layer mobility The mohility of carriers in the inversion layer. 

latch-up The high-current, low-voltage condition that may accur in a four-layer pnpn struc- 
ture such as in CMOS. 

maximum induced space charge width The width of the induced space charge region 
under the oxide at the threshold inversion condition. 

metal-semiconductor n o r k  function difference The parameter 4,,,, . a function of the dif- 
ference between the metal work function and semiconductor electron affinity. 

moderate inversion The condition in which the induced space charge width is changing 
slightly when the gate voltage i s  at or near the threshold voltage and the inversion charge 
density is of the same magnitude as the semiconductor doping concentration. 

oxide capacitance The ratio of oxide permittivity to oxide thickness, which is the capaci- 
tance per unit area, Cox 

saturalion The a~ndition in which the inversion charge density is zero at the drain and the 
drain current is no longer a function of the drain-to-source voltage. 

strong inversion The condition in  which the inversion charge density is larger than the mag- 
nitude of the semiconductor doping concentration. 

threshold inversion point The condition in which the inversion charge density is equal in 
magnitude to the semiconductor doping concentration. 
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threshold voltage The gate voltage that must be applied to achieve the threshold inversl 
point. 

1 
transconductance The ratio of an incremental change in drain current to the correspon@ 

incremental change in gate voltage. 

weak inversion The condition in which the inversion charge density is less than the 
tude of the semiconductor doping concentration. 

CHECKPOINT 
After studying this chapter, the reader should have the ability to: 

various bias conditions. 
W Describe the process by which an inversion layer of charge is created in an MOS 

capacitor. 

1 
W Sketch the energy band diagrams in the semiconductr)r of the MOS capacitor under 

W Discuss the reason the space charge width reaches a maximum value vnce the invenioa 
layer is formed. 

W Discuss what is meant by the metal-sen~icanductor work function difference, and 
discuss why this value is different between aluminum. n+ polysilicon, and pi 

polysilicon gates. 
W Describe what is meant by flat-band voltage. 
W Define threshold voltage. 
W Sketch the C-Vcharacteristics oSan MOS capacitor with p-type and n-type 

semictrnducror ~ubstrates under high-frequency and low-frequency conditions. 
Discuss the effects of fixed trapped oxide charge and inte1f.i~~ states on the C-V 
characteristics. 

J 
W Sketch the cross-sections of n-channel and p-channel MOSFET structures. 
W Explain the basic operation of the MOSFET. 
W Discuss the I-V characteristics of the MOSFET when biased in the nonsaturatinn and 

I 
saturation regions. 

W Describe the substrate bias effects on the threshold voltage. 
W Sketch the small-signal equivalent circuit. including capacitances, of the MOSFET, and 

explain the physical origin of each capacitance. 
W Discuss the condition that defines the cutoff frequency of a MOSFET. 
W Sketch the cross section of a CMOS structure. 
W Discuss what is meant by latch-up in a CMOS structure. 

S 

REVIEW QUESTIONS 
-t 

1. Sketch the energy band diagrams in an MOS capacitor with an n-type substrate in 
accumulatinn, deplniun, and inversion mode?. 

2. Dcscrihe what is meant by an inversion layer of charge. Describe haw an inversion 
layer of charge can be formed in an MOS capacitor with a p-type substrate. 

3. Why does the spacc-charge region in the semicunductor of an MOS capacitor reach a 
maximum width once the inversion layer is formed? 

4. Define electron affinity in the semiconductor of an MOS capacitor 

5. Sketch thc energy band diagram through an MOS structure with a p-type substrate and 
an nt polysilicon gate under rem bias. 
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6. Deiine the Rat-band voltage. 

7. Define the threshold voltage. 

8. Sketch the C-Vcharacteriitics of an MOS capacitor with an n-type substrate under the 
low-frequency condition. How do the characteristics change for the high-frequency 
condition? 

9. indicate the approximate capacitance at flat-band on the C-Vcharacteristic of an hlOS 
capacitor with a p-type suhstrate under the high-frequency condition. 

10. What is the effect on the C-Vcharacteristics of an MOS capacitrlr with 21 p-type 
substrate if the amount of positive trapped oxide charge increases? 

11. Qualitatively sketch the inversion charge density in the channel region when the tran- 
sistor is biased in the nonsaturdtion region. Repeat for the case when the transistor is 
biased in the saturation region. 

12. Define Vas(sat). 

13. Define enhancement mode and depletion mode fbr both n-channel and p-channel devices. 

14. Skctch the charge distribution through an MOS capacitor with a p-type substrate when 
biased in the inversion mode. Write the charge neutrality equation. 

15. Discuss why the threshold voltage changes when a reverse-biased source-to-substrate 
voltage is applied ton  MOSFET. 

PROBLEMS 
(Nore: In the following problems, assume the semiconductor and oxide in the MOS system 
are silicon and silicon dioxide, respectively. and assume the temperature is T = 300 K un- 
less otherwise stated. Use Figure 11.15 to determine the metal-sc~niconductor work func- 
tion difference.) 

Section 11.1 The Two-Terminal MOS Structure 

11.1 The dc charge distributions of four ideal MOS capacitors are shown in Figure 11.62. 
For each case: ( u )  Is the sernicor~ductor n- or p-type? (13) Is the device biased in the 
accumulation. depletion. or inversion mode'? (c) Draw the energy-band diagram in 
the semiconductor region. 

11.2 ( a )  Calculate the maxilnunl space charge width .rCii and the maximum space charge 
density IQ;D(max)( in p-type silicon. gallium arsenide. and germanium semiconduc- 
tors of an MOS structure. Let T = 300 K and asqume N,, = 10" c m ' .  (h )  Repeat 
Tart ( a )  if T = 200 K. 

11.3 ( a )  Consider n-type silicon in an MOS structure. Let T = 300 K .  Determine the 
semiconductor doping so that (Q;,(max)l = 7.5 x I V Y  Clcm'. (b)  Determine the 
sud-ace potential that results in the maximum space charge width. 

11.4 Determine the n~etal-semiconductor work function difference $,,,, in an MOS 
structure with p-type silicon for the case when the gate is ( u )  aluminum. ( h )  n+ 
pr,lysilicon. and (c) pt polysilicon. Let N ,  = 6 x 10" cm-' 

11.5 Cunsider an MOS structure with n-type silicun. A metal-semiconductor work function 
difference of #,,,, = -0.35 V is required. Determine the silicon doping required to 
meet this specification when the gats is ( 0 )  n' polysilicun, ( h )  p' polysilican. and 
( c )  aluminum. If a particular gate cannot meet this requirement, explain why. 
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Figure 11.62 1 Figure for Problem 11.1 

11.6 Consider an n+ polysilicon-silicon dioxide-n-type silicon MOS capacitor. Let 
Nd = 1015 ~ m - ~ .  Calculate the &at-band vohage for (a) I,, = 500 A when Q:, is 
(i) 10" cm-', (ii) 10" cm-', and (iii) 5 x 10" ~ m - ~ .  (b) Repeat pan ( a )  when 
t, = 250 A. 

11.7 Consider an aluminum gate-silicon dioxide-p-type silicon MOS structure with 
to, = 450 A. The silicon doping is No = 2 x 1016 ~ m - ~  and the flat-band voltage 
is VF8 = - I  .0 V Determine the fixed oxide charge Q:, . 

11.8 An MOS transistor is fabricatedon a p-type silicon substrate with N, = 2 x IOlS cm-'. 
Theoxide thickness is to, = 450 A and the equivalent fixed oxide charge is Q:, = 
2 x LO" c w 2 .  Calculate the threshold voltage for ( a )  an aluminum gate, (b) an ni 
polysilicon gate, and (c) a p+ polysilicon gate. 

11.9 Repeat Problem 11.8 for an n-type silicon substrate with Nd = 10'' cm-'. 

11.10 A400 A oxide is grown on p-type silicon with N,, = 5 x 10'' cm-'. The flat-band 
voltage is 0 . 9  V. Calculate the surface potential at the threshold inversion point 
as well as the threshold voltage assuming negligible oxide charge. Also find the 
maximum space charge width for this device. 

*11.11 An MOS transistor with an aluminum gate is fabricated on a p-type silicon substrate. 
The oxide thickness is r,, = 750 A, and the equivalent fixed oxide charge is Q:, = 
10" c K 2 .  The measured threshold voltage is V,  = +0.80 V. Determine the p-type 
doping concentration. 
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*11.12 Kepeat Problem I I .  I I for an n-type silicon substrate if the measured threshold 
voltage is VT /r -1.50 V. Determine the n-type doping concentmtion. 

11.13 An Al-silicon dioxide-silicon MOS capacitor has an oxide thickness of 450 A and 
a doping of N ,  = 10'' cm-). The oxide charge density is Q:, = 1 x 10" cm-'. 
Calculate (a) the flat-band voltage and (b) the thrrshold voltage. Sketch the electric 
field through the structure a1 the onset uf inversion. 

11.14 An n-channel depletion mode MOSFET with an n+ polysilicon gate is shown in 
Figure 11.42. The n-channel doping is Nd = 10" cm-', and the oxide thickness is 
to, = 500 A. The equivalent fixed oxide charge is Q:, = 10"' cm-'. The n-channel 
thickness r, is equal to the maximum induced space charge width. (Disregard the space 
charge region at the n-channel-p-substrate junction.) ( a )  Determine the channel thick- 
ness I , .  and (6) calculate the threshold voltage. 

11.15 Consider an MOS capacitor with an n '  polyrilicon gate and n-type silicon substrate. 
Assume N, = loL6 ~ m - ~  and let E F  - E,  = 0.2 eV in the n+ polysilicon. Assume 
the oxide has a thickness of I,,, = 300 A. Also assume that X '  (polysilicon) = X '  
(single-crystal silicon). (o) Sketch the energy-band diagrams ( i )  for VG = 0 and 
(ii) at flat band. (h) Calculate the metal-semiconductar work function difference. 
(c) Calculate the threshold voltage for the ideal case of zero fixed oxide charge and 
zero interface states. 

11.16 The threshold voltage of an n-channel MOSFET is given by Equation (11.27). Plot - 
VT versus temperature over the range 200 5 T 5 450 K. Consider both an alu- 

of temperature and use device parameters similar to those in  Example 11.4. 

:b 
minnm gate and an nt polysilicon gate. Assume the work functions are independent 

11.17 Plot the threshold voltage of an n-channel MOSFET versu? p-type substrate doping e= 

concentration similar to Figure I 1 2 0  Consider hoth n and p- polysilicon gales. .b 
Use reasonable device parametzrs. =- - ~ 

11.18 Plot the threshold voltage of a p-channel MOSFET versus n-type substrate doping - - 
concentration similar to Figure 11.21. Consider both n '  and p+ polysilicon gates. :& 
Use reasonable device parameters. 2- - 

11.19 Consider an NMOS device with the parameters given in Problem 11.10 Plot V,  - - 

versus r,, over the range 20 5 f,,, 5 500 A. Qu - 
< - 

Section 11.2 Capacitance-Voltage Characteristics 

11.20 An ideal MOS capacitor with an aluminum gate has a silican dioxide thickness of 
I,, = 400 A on a p-type silicon substrate doped with an acceptor concentration of 
N, = 10'%cmi. Determine the capacitances C,,, C;,, C,,". and C'(inv) at 
(a) f = 1 Hz and (b) f = I MHz. ( c )  Determine V F ,  and V T .  Sketch C'/C,l, 
versus Vr for parts la) and (h).  

11.21 Repeat Pnlblem 11.20 for  an n-type silicon substrate duped with a danor concentra- 
tion of N,, = 5 x 10" cm-' . 

*11.22 Using superposition, show that the shift in the Rat-band voltage due to a fixed charge 
distribution p ( r )  in the oxide is given by 

*11.23 Using the results of Problem 1 1  22. calculate the shift in the flat-band voltage for 
the following oxide charge distributions: ( a )  Q:, = 5 x 10" cm-' is entirely 
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located at the oxide-semiconductor interface. Let to, = 750 A. (h)  Q:, = 
5 x 10" cm-Z is uniformly distributed throughout the oxide. which has a thickn 
of r,, = 750 A. ( c )  Q' = 5 x 10'' cm-' forms a triangular distribution with the 

jSj 

peak at x = I,, = 750 A (the oxide-semiconductor interface) and which goes to 
zero at x = 0 (the metal-xide interface). 

11.24 An ideal MOS capacitor is fabricated by using intrinsic silicon and an n+ polysilic 
gate. (a) Sketch the energy-band diagram thmugh the MOS structure under flat-b 
conditions. (b) Sketch the low-frequency C-Vcharacteristics from negative to 
positive gate voltage. 

11.25 Consider an MOS capacitor with a p-type substrate. Assume that donor-type 
interface traps exist only at midgap (i.e., at E F , ) .  Sketch the high-frequency C-V 
curve from accumulation to inversion. Compare this sketch to the ideal C-Vplot. 

I 
11.26 Consider an SOS capacitor as shown in Figure 11.63. Assume the SiOl is ideal (no 

trapped charge) and has a thickness of I,>, = 500 A.  The doping concentrations are 
N, = 1016 cm-' and Nu = 1016 cm-), (a) Sketch the energy band diagram through 
the device for (i)  flat-band, (ii) Vc = +3 V, and (iii) VG = -3 V. (b)  Calculate the 
flat-band voltage. (c )  Estimate the voltage across the oxide for (i) VG = +3 V and 
(ii) VG = 3 V .  (d) Sketch the high-frequency C-Vcharacteristic curve. 

11.27 The high-frequency C-Vcharacteristic curve of an MOS capacitor is shown in 
Figure 11.64. The area of the device is 2 x 10-' cm'. The metal-semiconductor 
work function difference is @,, = -0.50 V, the oxide is S i02 ,  the semiconductor 
is silicon, and the semiconductor doping concentration is 2 x IO1%m3.  (a) Is the 

Figure 11.63 I Figure for Problem 11.26. I 

Figure 11.64 1 Figure for Problem 11 2 7  
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Figure 11.65 I Figure for Prohlem 11.28 

semiconductor n ar p type'? (b) What is the oxide thickness? ( r )  What is the 
equivalent trapped oxide charge density? ( d )  Determine the flat-hand capacitance. 

11.28 Consider the high-frequency C-Vplot shown in Figure 11.65. (a) Indicate which 
points correspond to flat-band, inversion, accumulation, threshold, and depletion 
mode. (b) Sketch the energy band diagram in the semiconductor for each condition 

Section 11.3 The Basic MOSFET Operation 

11.29 An expression that includes the inversion charge density was given by Equa- 
tion (1 1.55). Consider the definition of threshold voltage and show that the inversion 
charge density goes to zero at the drain terminal at saturation. (Hint: Let Vx = VDs = 

V~s(sat)-) 
11.30 An ideal n-channel MOSFET has the following parameters: 

W = 30 urn w,, = 450 cm2/V-s 

L = 2 w m  t,,. = 350 A 

V, = +0.80 V 

(a)Plot I ,  versus VDS forO 5 VDS 5 Vandfor VGS = 0. I ,  2. 3.4, and 5 V. 
Indicate on each curve the VlIs(sat) point. (b) Plot m v e r s u s  V G ~  for 0 5 
VGs 5 5V. (c) Plot lo versus VGS for Vos = 0.1 VandforO 5 VGS 5 5V. 

11.31 An ideal p-channel MOSFET has the following parameters: 

W = 15 u m  I*, = 300 cm2/v-s 

~ = 1 . 5 ~ r n  t , ,=350A 

Vr = 0 . 8 0  V 

(a) Plot I" versus Vso for 0 5 VSD 5 5 V and for Vsc = 0, 1 , 2 , 3 , 4 ,  and 5 V. 
Indicate on each cunre the V S D ( S ~ ~ )  point. (h)  Plot I!, versus VxG for VsD = 0.1 V 
and for 0 5 V,, 5 5 V. 

11.32 Consider an n-channel MOSFET with the same parameters as given in Problem 11.30 
except that Vr = -2.0 V. (a) Plot I D  versus Vnc forO 5 Vo3 5 5 V and for VcS = 
-2. -1.0, + I ,  and +2 V (b) Plot v%(% versus VG.S for 2 5 Vcs 5 +3 V. 
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Figure 11.66 1 Figure for Problem 11 3 3  

Figure 11.67 I Figure for Problem 11.34 

11.33 Consider an n-channel enhancement mode MOSFET biased as shown in Figure 11.66. 
Sketch the current-voltage characteristics, l ~ v e r s u s  Vns, for (u )  Vtiu = 0, (h)  VGo = 
Vi/2, and (c)  VGD = 2VT.  

11.34 Figure 11.67 shows the cross section of an NMOS device that includes source and 
drain resistances. These resistances take into account the bulk ni semiconductor 
resistance and the ohmic contact resistance. The current-voltage relations can be 
generated by replacing Vcs by VG - lnRs and VLls by VL, - I,(Rs + Rn) i n  the 
ideal equations. Assume transistor parameters of VT = I V and K,, = 1 mAN2 
(a) Plot the following curves on the same graph: ID versus Vn for VG = 2 V and 
VG = 3 V over the range 0 5 VU 5 5 V for (i) Rs = RD = 0 and (ii) Rs = RO = 
1 ka. (b) Plot the following curves on the same graph: versus VC; for 
V D = 0 . 1 V a n d V n = 5 V o v e r t h e r a n g e O ~ I D  5 I r n A f o r ( i ) R s = R o = O a n d  
(ii) Rr = RD = 1 kR. 

11.35 An n-channel MOSFET has the same parameters as given in Problem 11.30. The gate 
tenninal is connected to the drain terminal. Plot ID versus VDS for 0 5 Vos 5 5 V. 
Determine the range of VL,s over which the transistor is biased i n  the nonsaturation 
and saturatiun regions. 
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Figure 11.68 1 Figure for Problem 11.37. 

11.36 The channel conduclance for a p-channel MOSFET is defined as 

Plot the channel conductance for the p-channel MOSFET in Problem 11.31 for 
0 5 V s c 5 S V .  

1137 The experimental characteristics of an ideal n-channel MOSFET biased in the 
saturation region are shown in Figure 11.68. If W I L  = 10 and t , ,  = 425 A, 
determine V7 and F,, . 

11.38 One curve of an n-channel MOSFET is characterized by the following parameters: 
["(sat) = 2  x lo-' A, V ~ ~ ( s a t )  = 4 V,  and VT = 0.8 V. 

(a) What is the gate voltage? 

(b) What is the value of the conduction parameter? 
(c) If Vc = 2  V  and VD = 2 V ,  determine lo. 
( d )  If VG = 3 V and VDS = 1 V, determine ID 
(e) For each of the conditions given in (c) and (d), sketch the inversion charge 

density and depletion region through the channel. 

11.39 (a )  An ideal n-channel MOSFET has an inversion carrier mobility F,, = 525 cm2N-s, 
a threshold voltage VT = +0.75 V, and an oxide thickness to, = 400 A. When biased 
in the saturation region, the required rated current is In(sat) = 6 mA when VGX = 
5 V. Determine the required W / L  ratio. (hj  Ap-channel MOSFET has the same 

11.40 Consider the transistor described in Problem 11.30. ( a )  Calculate g,,,, for V,,.7 = 0.5 V. 
(b) Calculate g,, for VGS = 4 V. 

11.41 Consider the transistor described in Problem 11.31. (a) Calculate g,,,, for V X D  = 0.5 V 
(b) Calculate g,", for Vsc = 4 V. 
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11.42 An n-channel MOSFET has the following parameters: 

r,, = 400 A N,, = 5 x 1 0 ' ~  cmr' 

VF, = 0 . 5  V L = 2 / ~ m  

W = 10 ,m ( I ' .  = 450 crn'1V-s 

Plot Jf;; versus VGs over the range 0 5 10 5 I mA when the transistor is biased 
the saturation region for the following values of sourcc-to-body voltage: Vsx = 0. 1, 
and 4 V. 

11.43 Consider a p-channel MOSFET w,ith I,,, = h00A and rV,, = 5 x 10" cm-'. 
Determine the body-to-sourcc \'olvage. V x s .  such that the shift in threshold voltage. 
AV,, from the V,, = 0 curve i~ AVr = 1 . 5  V. 

11.44 An NMOS device has the following parameters: n+ poly gate, I,,, = 400 A. N,, = 
10" cm-'. and Q:, = 5 x 10"' cm-'. (0) Determine VT. (b) Is i t  possible to apply 
a VI,  voltage such that V, = O? If so, what is the value of Vsg'! 

- -- e 11.45 Investigate the threshold voltage shift due to substrate hias Thc threshold shift is 
given by Equation (11.72). Plat AV, versus V3" over the range 0 5 V s n  5 5 Vfor 

< - several values of N,, and I,,, . Determine the conditionc for which A V, is limited to a 
maximum value of 0.7 V over the range of V,,, 

Section 11.4 Frequency Limitations 

11.46 Consider an ideal n-channel MOSFET with a width-to-length ratio of (WII,) = 10, 
an electron mohility of {I,, = 400 cm21V-s, an oxide thickness of I,, = 475 A, anda 
threshold voltage <lf VT = +0.65 V. (a) Determine the maximum value of source 
resistance so that the saturation transconductance g,,,, is reduced by no more than 
20percent from it\ ideal valuc when \%s = 5 V. (b! Using the value uf r, calculat 
in part (u). how much is g,,,, reduccd from itc ideal value when V,;, = 1 V'! 

11.47 An n-channel MOSFET has the following parameters: 

w,, = 400 c m 2 1 ~ - s  I,,, = 500 A 

L = 2j im W = 20 lrm 

V, = f0 .75 V 

Assume the tmnsistor is biased in the saturation regian at V,; 5 = 4 V. (01 Calculate 
the ideal cutoff frequency. (b) Assume that the gate oxide uverlaps both the source 
and drain contacts by 0.75 um. If a laad resistance o l  K L  = I0 kR is connected to the 
output. calculate the cutoff frequency. 

11.48 Repeat Problem I I .J7 for the case when thc elecu-r~ns are traveling at a saturation 
vclociry of o,,, = 4 x 10' cmls. 

1 
Summary and Review 1 

*11.49 Design an ideal silicon n-channel MOSFET with a polysilicon gate to have a threhhold 
volta_ee of VT = 0.65 V Assume an oxide thickness of I,,, = 300 A. a channel length + of L = 1.25 ~m.andanominalvalueof  Q:, = 1.5 x 10" cm-'.ltisdesiredtohave / 
a drain current of I,> = 50 ~ A a t  VC = 2.5 V and V,, = 0. I V. Determine the 
substrate doping concentration. channel width. and type of gale required. 

i 
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*11.50 Design an ideal silicon n-channel deplctii~n mode MOSFET with a pnlysilicon gate to 
havc a threshold voltage of Vi = 0 . 6 5  V. Assume an oxide thickness of I,,, = 300 A, . - ~= 

a channel length of L = 1.25 pm. and a nominal \,zilue uf = 1.5 x 10" cm '. It 
is desired to havc a drain current of l ,> (~a t )  = 50 p A  at VCjs = 0. Determine the type 
usgate, substrate doping cancentration, and channel width required. 

'11.51 Consider the CMOS invertercircuit shown in Figure 1 I .6Oa, Ideal n- and p-channel 
devices arc to bedesigned with channel lengths of L = 2.5 pmand oxide thicknesses 
of I,,, = 450A. Acsumc the inversion channel m<~bilities an: one-halithe bulk values. 
Thc threshold \,oltagcsof the n a n d  p-channcl transistors arc to be +0.5V and 0 . 5 V .  
rcspeutively. The draincurrent is to be I D  = 0256mA when the input voltage to the 
inverter is 1.5 V and 1.5 V with V,, = 5 V  The gate material is to be the same in each 
dcvics. Determine the type of gate, substrate doping concentrations, andchannel widths. 

*ll.52 Acumplemcnrary pair of ideal n-channcl and p-channel MOSFETs are to be 
designed to produce the same I-Vcharactel-istics when they are equivalently biased. 
The devices are to ha\,e the same oxide thickness of 250 1\ and thc sane  channel - 

< <~ 

length of L = 2 jrm. Assume the SiO? layer is ideal. The n-channel device is tu have 
a channel width of W = 20 jrm. .4ssume const3nt inversion layer mobilities of o,, = 
600 cm'IV-s and p,, = 220 cm3N-s. ( ( 1 )  Determine p-type and n-type substrate 
doping concentrations. (h)  What are the threshold valtages? ( c )  What is the width 
of thc p-channel dcvicr? 
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& 
A P P E N D I X  

Selected List of Symbols 

T his list does not include some symbols that are defined and used specifically in 
only one section. Some symbols have more than one meaning; however, the 

context in which the symbol is used should make the mealling unambiguous. The 
usual unit associated with each symbol is given. 

Unit cell dimension (A), potential well width, acceleration, 
gradient of impurity concentration, channel thickness of a 
one-sided JFET (cm) 
Bohr radius (A) 
Speed of light (cmls) 
Distance (cm) 
Electronic charge (magnitude) (C), Napierian base 

Frequency (Hz) 
Fermi-Dirac probability function 
Cutoff frequency (Hz) 
Generation rate ( ~ m - ~  s-I) 
Generation rate of excess carriers (cm-' s -' ) 
Density of states function ( c w 3  eV-I) 
Density of states function in the conduction band and 
valence band (cm-' eV-I) 
Channel conductance (S), small-signal d~ffusion 
conductance (S) 
Transconductance (AIV) 
Generation rate for electrons and holes (cm-'s-') 
Planck's constant (J-s), induced space charge width in a 
JFET (cm) 
Modified Planck's constant ( h / 2 n )  
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Small-signal common emitter current gain 

Imaginary constant, a 
Boltzmann's constant (JIK), wavenumber (cm-I) 

Conduction parameter (A/V2) 

Mass (kg) 

Rest mass of the electron (kg) 

Effective mass (kg) 

Effective mass of an electron and hole (kg) 

Integer 
Quantum numbers 

Electron and hole concentration (cm-') 

Index of refraction 
Constants related to the trap energy (cm-') 

Thermal-equilibrium minority carrier electron 
concentration in the base and minority carrier hole 
concentration i n  the emitter and collector (cm-') 

Density of electrons in the donor energy level (cm-') 

Intrinsic concentration of electrons (cm-') 

Thermal-equilibrium concentration of electrons 
and holes (cm-j) 

Minority camier electron and minority carrier hole 
concentration (cm-') 

Thermal-equilibrium minority carrier electron and 
minority carrier hole concentration (cm-j) 

Density of a two-dimensional electron gas (cm-?) 

Momentum 

Density of boles in the acceptor energy level (cm-') 
Intrinsic hole concentration (= ni)(cm-') 

Charge (C) 

Spherical coordinates 
Small-signal diffusion resistance ( Q j  

Small-signal drain-to-source resistance (Q)  

Surface recombination velocity (cmls) 

Time (s) 

Delay time (s) 

Gate oxide thickness (cm or A) 

Storage time (s )  

Periodic wave function 

Velocity (cmls) 

Canier drift velocity (cmls) 
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AE,, AE, 

Carrier saturation drift velocity (cmls) 
Cartesian coordinates 
Mole fraction in compound semiconductors 
Neutral base, emitter, and collector region widths (cm) 
Induced space charge width (cm) 
Maximum space charge width (cm) 
Depletion width from the metallurgical junction into n-type 
and p-type semiconductor regions (cm) 
Area (crn2) 
Effective Richardson constant ( ~ I K ~ l c m ~ )  
Magnetic flux density (wblm2) 
Base, emitter, and collector 
Breakdown voltage of collector-base junction with emitter 
open (volt) 
Breakdown voltage of collector-emitter 
with base open (volt) 

Capacitance (F) 
Capacitance per unit area (F/cm2) 
Diffusion capacitance (F) 
Flat-band capacitance (F) 
Gate-source, gate-drain, and drain-source capacitance (F) 
Junction capacitance per unit area (F/cmZ) 
Miller capacitance (F) 
Constants related to capture rate of electrons and holes 
Gate oxide capacitance per unit area (F/cmZ) 
Reverse-biased B-C junction capacitance (F) 
Drain, source, and gate of an FET 
Ambipolar diffusion coefficient ( c d s )  
Base, emitter, and collector minority canier diffusion 
coefficients (cm2/s) 
Density of intertace states (#lev-cm3) 
Minority carrier electron and minority carrier hole 
diffusion coefficient (cm21s) 
Energy (joule or eV) 
Acceptor energy level (eV) 
Energy at the bottom edge of the conduction band and top 
edge of the valence band (eV) 
Difference in conduction band energies and valence band 
energies at a heterojunction (eV) 
Donor energy level (eV) 
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Fermi energy (eV) 
Intrinsic Fermi energy (eV) 
Quasi-Fermi energy levels for electrons and holes (eV) 
Bandgap energy (eV) 
Bandgap narrowing factor (eV), difference in bandgap 
energies at a heterojunction (eV) 
Trap energy level (eV) 
Force ( N )  
Electron and hole particle flux ( ~ m - ~  s-I) 
Fermi-Dirac integral function 

Generation rate of electron-hole pairs (cm-' s- ') 
Excess canier generation rate ( ~ m - ~  s-'1 
Thermal equilibrium generation rate for electrons and 
holes ( C I I - ~  s-I) 
Conductance (S) 
Current (A) 
Anode current (A) 
Base, emitter, and collector current (A) 

Reverse-bias collector-base junction current with 
emitter open (A) 
Reverse-bias collector-emitter current with base open (A) 
Diode current (A), drain current (A) 
Saturation drain current (A) 
Photocurrent (A) 
Pinchoff current (A) 

Ideal reverse-bias saturation current (A) 
Short-circuit current (A) 
Photon intensity (energy/cm2/s) 
Electric current density ( ~ / c m ~ )  
Generation current density ( ~ / c m ' )  
Photocurrent density (A/cm2) 
Electron and hole electric current density (A/cm2) 
Electron and hole particle current density ( ~ r n - ~  s - ' )  
Recombination current density ( ~ / c m ~ )  
Zero-bias recombination current density (A/cm2) 
Reverse-bias current density ( ~ l c m ~ )  
Ideal reverse-bias saturation current density (A/cm2) 
Ideal reverse saturation current density in a 
Schottky diode (A/cm2) 
Length (cm), inductance (H), channel length (cm) 
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Channel length modulation factor (cm) 
Minority carrier diffusion length in the base, emitter, 
and collector (cm) 
Debye length (cm) 
Minority carrier electron and hole diffusion length (cm) 
Multiplication constant 

Number density ( ~ r n - ~ )  
Density of acceptor impurity atoms ( ~ m - ~ )  
Base, emitter, and collector doping concentrations ( ~ r n - ~ )  
Effective density of states function in the conduction band 
and valence band (cm-') 
Density of donor impurity atoms ( ~ m - ~ )  
Interface state density (ern?) 
Trap density ( ~ m - ~ )  
Power (watt) 

Probability density function 
Charge (C) 
Charge per unit area (C/cm2) 
Gate controlled bulk charge (C) 
Inversion channel charge density per unit area (C/cm2) 
Signal charge density per unit area (C/cm2) 
Maximum space charge density per unit area (c/cm2) 
Equivalent trapped oxide charge per unit area (C/cm2) 
Reflection coefficient, recombination rate (cm-j s-I), 
resistance (52) 
Radial wave function 
Specific contact resistance (52-cm2) 
Capture rate for electrons and holes (cm-? s-I) 
Emission rate for electrons and holes ( ~ m - ~  s-I) 
Recombination rate for electrons and holes ( ~ m - ~  s-') 
Thermal equilibrium recombination rate of electrons 
and holes (cm-i s ' )  

Temperature (K), kinetic energy (J or eV), 
transmission coefficient 
Potential (volt), potential energy (J or eV) 
Applied forward-bias voltage (volt) 
Early voltage (volt), anode voltage (volt) 
Built-in potential barrier (volt) 
Breakdown voltage (volt) 
Breakdown voltage at the drain (volt) 
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VCF Base-emitter, collector-base, and collector-emitter 
voltage (volt) 
Drain-source and gate-source voltage (volt) 
Drain-source saturation voltage (volt) 
Flat-band voltage (volt) 
Gate voltage (volt) 
Hall voltage (volt) 
Open-circuit voltage (volt) 
Potential difference across an oxide (volt) 
Pinchoff voltage (volt) 
Punch-through voltage (volt) 
Applied reverse-bias voltage (volt) 
Source-body voltage (volt) 
Thermal voltage ( k T / e )  
Threshold voltage (volt) 
Threshold voltage shift (volt) 
Total space charge width (cm), channel width (cm) 
Metallurgical base width (cm) 
Admittance 
Photon absorption coefficient (cm-'1. ac common 
base current gain 
Electron and hole ionization rates (cm-') 
dc common base current gain 
Base transport factor 
Common-emitter current gain 
Emitter injection efficiency factor 
Recombination factor 
Excess electron and hole concentration (cm-') 
Excess minority carrier electron and excess minority 
carrier hole concentration ( ~ m - ~ )  
Permittivity (F/cm2) 
Permittivity of free space (F/cm2) 
Permittivity of an oxide (F/cm2) 
Relative permittivity or dielectric constant 
Permittivity of a semiconductor (F/cm2) 
Wavelength (cm or wrn) 
Permeability (H/cm) 
Ambipolar mobility ( c m 2 / ~ - s )  
Electron and hole mobility (cm2/V-s) 
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Permeability of free space (Hlcm) 
Frequency (Hz) 
Resistivity (R-cm), volume charge density (C/cm3) 
Conductivity (fi-' cm-I) 
Photoconductivity (R-I c m ' )  
Intrinsic conductivity (R-' cm-') 

Conductivity of n-type and p-type semiconductor ( W 1  cm-') 
Lifetime (s) 

Electron and hole lifetime (s) 
Excess minority carrier electron and hole lifetime (s) 

Lifetime in space charge region (s) 
Potential (volt) 
Time-dependent wave function 
Schottky barrier lowering potential (volt) 
Schottky barrier height (volt) 
Ideal Schottky barrier height (volt) 
Potential difference (magnitude) between EFi and Er 
in n-type and p-type semiconductor (volt) 
Potential difference (with sign) between Eri and Er 
in n-type and p-type semiconductor (volt) 
Metal work function (volt) 
Modified metal work function (volt) 
Metal-semiconductor work function difference (volt) 

Potential difference (magnitude) between E, and E )  
in n-type and between E ,  and E F  in p-type 
semiconductor (volt) 
Semiconductor work function (volt). surface potential (volt) 
Electron affinity (volt) 
Modified electron affinity (volt) 
Time-independent wave function 
Radian frequency (s-') 
Reflection coefficient 
Electric field (Vlcm) 
Hall electric field (Vlcm) 

Critical electric field at breakdown (Vlcm) 
Angular wave function 
Photon flux ( ~ r n - ~  s-I) 
Angular wave function 
Total wave function 
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System of Units, 
Conversion Factors, 

and General Constants 

Table H.1 I International system of units* 

Quantity Unit Svmbol Dimension 

Length 
Mass 
Time 
Temperature 
Current 
Frequency 
Force 
Pressure 
Energy 
Power 
Electric charge 
Potential 
Conductance 
Resistance 
Capacitance 
Magnetic flux 
Magnetic flux density 
Inductance 

meter 
kilogram 
second 
kelvin 
ampere 
hertz 
newton 
pascal 
joule 
watt 
coulomb 
volt 
siemens 
ohm 
farad 
webet 
tesla 
henrv 

m 
kg 
s or sec 
K 
A 

l/s 
k g - d s 2  
~ / m '  
N-m 
J/s 
A-s 
J/C 
AN 
V/A 
C N  
v-s 
Wb/m2 
WbIA 

*The cm is the common unit of leneth and the electron-volt is the common unit of enerev - u, 

(see Appendix F) used in the study of semiconductors. However. the joule and in same 
cases the meter should be uhcd i n  moat formulas. 
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Table B.2 I Conversion factors 

Prefixes 

I A (angstrom) = IO-' cm = 10-" m 10~15 
1 prn (micron) = 10.' cm lo-]? 

1 mil = lo-' in. = 25.4 fim 
2.54 cm = 1 in. 10." 
1 eV = 1.6 x J lo-) 
1 J =  107erg lo+) 

lo f6  
lot9 

- 
femto- 
pico- 
nano- 
micro- 
milli- 
kilo- 
mega- 
giga- 
tera 

Table B.3 I Physical constants 

Avogadro's number 

Baltrmann's constant 

Electronic charge 
(magnitude) 
Free electron rest mass 
Permeability of free space 
Permittivity of free space 

Planck's constant 

Proton rest mass 

Speed of light in \'acuum 

Thermal voltage (T = 300 K) 

N I  = 6.02 x 10''' 
atoms per gram 
molecular weight 

mo =9.11 x 10 " kg 
uu = 4n x lo-' Wm 
F,, = 8.85 x lo-'' Flcm 

= 8.85 x lo-" Flm 
h = 6.625 x lo-" J-s 

= 4.135 x l o 1 '  eV-s 
h 
- - - h = 1.054 x I-s 
2n 

M = 1.67 x 10-" kg 

c = 2.998 x 10" cmls 

k T 
V, = - = 0.0259 volt 

e 
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Table 8.4 1 Silicon, gallium arsenide, and germanium properties ( T =  300 K) 

Property Si GaAs Ge 

Atoms (cm-') 5.0 x 10" 4.42 x loz2 4.42 x loz2 
Atomic weight 28.09 144.63 72.60 
Crystal structure Diamond Zincblende Diamond 
Density ( g / c m ~ i )  2.33 5.32 5.33 
Lattice constant (A) 5.43 5.65 5.65 
Melting point ('C) 1415 1238 937 
Dielectric constant 11.7 13.1 16.0 
Bandgap energy (eV) 1.12 1.42 0.66 
Electron affinity. x (volts) 4.01 4.07 4.13 
Effective density of states in 2.8 1019 4.7 x 10" 1.04 x 10" 
conduction band, N, (cm-') 
Effective density of states in 1.04 x 10'' 7.0 x lo'* 6.0 x 10" 
valence band. N, (cm-') 
Intrinsic carricr concentration (cm-') 1.5 x 10"' 1.8 x 10' 2.4 x 10" 
Mobility (cm2N-s) 

Electron, &, 1350 8500 3900 
Hole, P, 480 400 1900 

Effective mass - 

Electrons 
(...I 

m;  = 0.98 0.067 1.64 
rn; = 0.19 0.082 

Holes m;,, = 0.16 0.082 0.044 
rn;, = 0.49 0.45 0.28 

Effective mass (density of states) 

Electrons -' (:::: ) 1 .ox 0.067 0.55 

Holes (2)  0.56 0.48 0.37 

Table R.5 I Other semiconductor parameters 

a (A) Material E, (eV) 6, X n 

Aluminum arsenide 2.16 5.66 12.0 3.5 2.97 
Gallium phosphide 2.26 5.45 10 4.3 3.37 
Aluminum phosphide 2.43 5.46 9.8 3.0 
Indium phosphide 1.35 5.87 12.1 4.35 3.37 
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Table R.6 I Properties of SiO, and Si,N, (T = 300K) 

P N J P ~ ~ ~ Y  SiO, Si,N, 
Crystal structure [Amorphous for most integrated 

circuit applications] 
Atomic or molecular 2.2 x loz2 1.48 x loz2 
density (cm-') 
Density (g-cm-') 2.2 3.4 

Energy gap = 9  ev 4.7 eV 
Dielectric constant 3.9 7.5 
Melting point ("C) = 1700 =I900 
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The Periodic Table 

1W.2 193.1 195.2 

Rare earths 

V I  

57-71 

57La 58Ce 5 9 R  60Nd 61 Pm 62 Sm 63 Eu M Gd 657b 66Dy 67 Ho 68 Er 69Tm 70Yb 71 Lu 
138.92 140.13 140.92 144.27 147 150.43 152.0 156.9 159.2 162.46 IMYO 167.2 169.4 173.04 174.59 

The numbers in front of the symbols of the elements denote the atomic numbers; the numbers underneath are the atomic weights. 

Page 554 of 566



A P P E N D I X  

The Error Function 
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"Derivation" of Schrodinger's 
Wave Equation 

S chrodinger's wave equation was stated in Equation (2 .6) .  The time-independent 
form of Schrodinger's wave equation was then developed and given by Equa- 

tion (2.13) .  The time-independent Schrodinger's wave equation can also be devel- 
oped from the classical wave equation. We may think of this development more in 
terms of a justification of the Schrodineer's time-independent wave equation rather 
than a strict derivation. 

The time-independent classical wave equation, in terms of voltage, is given as 

where o is the radian frequency and up is the phase velocity. 
If we make a change of variable and let @ ( x )  = V (x ) ,  then we have 

We can write that 

where v and A are the wave frequency and wavelength, respectively. 
From the wave-particle duality principle, we can relate the wavelength and 

momentum as 

Then 
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h 
and since li = -, we can write 

2n 

Now 

where T, E ,  and V are the kinetic energy, total energy, and potential energy terms. 
respectively. 

We can then write 

Substituting Equation (E.8) into Equation (E.2), we have 

which is the one-dimensional, time-independent Schrodinger's wave equation 
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Unit of Energy-The 
Electron-Volt 

he electron-volt (eV) is a unit of energy that is used constantly in the study of 
sem~conductor physics and devices. This short discussion may help in "petting T. 

a feel" for the electron-volt. 
Consider a parallel plate capacitor with an applied voltage as shown in Fig- 

ure E l .  Assume that an electron is released at .r = 0 at time r = 0. We may write 

where e is the magnitude of the electronic charge and E is the magnitude of the electric 
field as shown. Upon integrating, the velocity and distance versus time are given by 

Figure F.1 I Parallel plate 
capacitor. 
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and 

where we have assumed that u = 0 at t = 0. 
Assume that at t = ti, the electron reaches the positive plate of the capacitor so 

that x = d. Then 

The velocity of the electron when it reaches the positive plate of the capacitor is 

The kinetic energy of the electron at this time is 

The electric field is 

so  that the energy is 

T = e . V  lF.8) 

If an electron is accelerated through a potential of 1 volt, then the energy is 

T = e .  V = (1.6 x l ~ - ' ~ ) ( l j  = 1.6 x 10-lY joule (F.9) 

The electron-volt (eV) unit of energy is defined as 

joule 
Electron-volt = - (F. 10) 

e 

Then, the electron that is accelerated through a potential of 1 volt will have an energy 
of 

or 1 eV. 
We may note that the magnitude of the potential ( 1  volt) and the magnitude of 

the electron energy (1 eV) are the same. However, it is important to keep in mind that 
the unit associated with each number is different. 
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A P P E N  7 1  X 

A N S W E R S  T O  S E L E C T E D  P R O B L E M S  

Chapter 1 

1.1 ( a )  4 atoms. (h) 2 atoms, lci 8 atoms 
1.3 ( u )  52.4 percent, (h) 74 percent. (c) 68 percent, 

id)  34 percent 
1.5 (a)  2.36 A. (b) 5 x loz2 atomsicm3 
1.7 (b) u = 2.8 A, (c )  2.28 x cm-' for both Na 

and C1, Id) 2.21 gmlcm' 
1.9 (a)  3.31 x loL4 atomslcm'; Same for A atoms and 

B atoms. (b )  Same as (a) .  ( c )  Same material. 

1.13 (01 5.63 A, (h)  3.98 A. (c) 3.25 A 
1.15 ( 0 )  6.78 x 10" cm-'. (b) 9.59 x 10" cm-'. 

(c) 7.83 x IOl4 cm-' 
1.17 2 x 10'' cm-' 

1.19 In) 4 x 10 ' percent. (b) 2 x 10-' percent 
1.21 d = 7.94 x 10 %m o r d l r i ~  = 146 

Chapter 2 

2.5 i = 0.254 jrm (gold). ). = 0.654 jrm lcesiuml 
2.7 E,,, = 0.01727 eV, 

P ,,, = 7.1 x kg-mls. i = 93.3 A 

2.9 (01 E = 1.14 x 10 ' eV. 
11 = 1.82 x 10-'Qg-mls, A = 364 A 
(b) p = 5.3 x 10-" k g - d s .  
u = 5.82 x 10' cmls. E = 9.64 x lo-' eV 

2.11 ( a )  Ap = 1.054 x 10-" k g - d s  
(b)  A E  = 0.198 rV 

2.13 ( a )  A p  = 8.78 x k g - d s  
(hi A E  = 4.82 x lo-' eV 

2.15 (a1 Ap = 1.054 x 10-'4 k g - d s  
( h )  Ar = 6.6 x s 

2.17 I A ' = I . o r A = + 1 . I . + ; . - ;  
2.19 ( a )  P = 0.393. (hi P = 0.239, (c)  P = 0.865 
2.21 Q( .r . r )=Aexp[ - j (kx+or) lwhere  

k = 6.27 x 10% and 
w = 2.28 x 10" radls 

2.23 ( a )  E l  = 0.261 eV. E ,  = 1.04 eV, 
(bi A = I 5 9  urn 

2.25 El = 2.06 x 10' eV (neutron). 
E ,  = 3.76 x 10' eV (electron) 

2.29 (h) (i) A E  = 3.85 x lo-' cV, 
( i i )  A E  = 2.46 x lo-' '  eV 

2.31 (a) P = 0.118 percent. 
( b )  P = 1.9 x 10-" percent 

2.33 (a )  T = 0.138, (b) T = 1.27 x lo-' 

2.38 E l  = 1 3 . 5 8  eV. E2 = -3.395 eV, 
E3 = -151 eV, E4 = -0.849 eV 

Chapter 3 
3.9 (a) A E  = 0.488 eV, (b) A E  = 1.87 eV, 

(c )  A E  = 3.83 eV. (d)  A E  = 6.27 eV 
3.11 ( r r )  A E  = 0.638 eV. ( b )  A €  = 2.36 eV. 

(c) A E  = 4.73 eV, (d) A E  = 7.39 eV 
3.13 m* (A) < rn" (B) 
3.15 A, B: velocity = x :  C, D: velocity = +n; 

B. C: positive mass; A, D: negative mass 
3.17 A: rn/rnii = 0.476; B: m/,no = 0.0953 
3.23 g = 3.28 x 10'' ~ r n - ~  
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0.15 eV, g, = 2.96 x lo2 '  em-' eV-'; 4.29 (a)  po = 2.95 x 10" ern-'. 
0.20eV, g, = 3.41 x 10" em-' eV-', no = 1.95 x lo'' em-', (h) nu = 5 x 10'' cm-', 

(b) At E,, g, = 0, pi, = 1.15 x 10" ern ' 
-0.05 eV. r ,  = 0.637 x 10" em-' eV-': 4.31 ( 0 ) n " = 2 x  10 ' scm- ' ,p , ,=  1 . 1 2 5 ~  10'cm-', ... 
-0.10 ev, g, = 0.901 x 10" em-' CV- ' ;  (b) po = 10'%m-~.  no = 2.25 x lo4 em-', 
-0.15 CV, y, = 1.10 x lo2' em-' eV-I; ( c )  no = p" = 7 1 ,  = 1.5 x 10'" em-', 
-00.20 eV, g, = 1.27 x lo2' em-' eV-' (d) po = 1.0 x 10'' em- ' ,  

3.29 (a)  f ( E )  = 0.269, (b)  l - f (E)  = 0269  n,, = 5.66 x 10"' cm-', 
3.31 ( a )  l - f (E) = 0.269, (e)no = 1.49 x 101%m3,  

( b ) l  - f ( E ) = 6 . 6 9  x lo-', po = 4.89 x IO" em-' 
(c) I - f ( ~ )  = 4.54 x lo-5 4.33 ( a )  I, type, (h) Si: yo = I .5 x 10" em-', 

3.37 ( a )  f (E)  = 6.43 x lo-' percent, 
(b) f ( E )  = 4.53 percent, ( c )  T zz 756 K 

3.39 ( r i )  Far E = E l .  f ( E )  = 9.3 x l W 6 ;  
F a r E = E 2 , 1  - f ( E ) = 1 . 7 8 x  IO-", 
(b) For E = E l ,  f (E)  = 8.45 x 1 0  " ; 
For E = E2. 1 - f (E) = 1 .Y6 x lo-' 

3.43 T % 461 K 

Chapter 4 
4.1 (a )  n ,  = 7.68 x 104 cm-': 2.38 x 10" emr3; 

9.74 x lo i4  em-', 

(c)n ,  = 1.38 ern-?; 3.28 x lo9 cm-'; 
5.72 x 10'' emr' 

kT kT 
4.5 (a)  E = E, + , (b) E = EL - - 

2 2 

EF, - Emidgap = -0.0128 eV (Si) 
EF,  - Emidsap = -0.0077 eV (Ge) 
E - Emldgap = +0.038 eV (GaAs) 

E,, E m l d p r p  = -851 1neV.-17.0meV. 
-25.5 meV 
r ,  = 104 A, E = 0.0053 eV 
pn = 2 1 3  x 10" em-'.no = 2.27 x 104cm-' 
E, - E F  = 0.88 eV, no = 4.9 x lo4 cm-' 
(a) p,, = 1.33 x l0I2 em-', 
(b) EF,  - E r  = 0.207 eV, 
(c) For (a) n,  = 2.44 ern-'; 
For (b)  n,, = 8.09 x 106 cm-' 
E, - EF = -0.034 eV 
( a )  no = 2.45 x 10" em-', 
PO = 9.12 x 101%m-', 
(b) no = 1.87 x loL6 em-', 
p, = 9.20 x 1016 em-' 

. .. 
no = 1.5 x 10' em-', . 
Ge: pi, = 3.26 x l0" cm-', 
no = 1.77 x 10'' cm-', GaAs: 
po = 1.5 x I O l 3  em-', no = 0.216 cm-? 

4.35 nu = 1.125 x 10" em-', n-type 
4.41 (a) n type; no = IOzh cm-', 

p,, = 2.25 x lo4 cm-'. (b) p-type; 
po = 2.8 x 10" em-'. no = 8.04 x lo3 em-' 

4.43 T = 200 K + EF,  - Ei = 0.1855 eV 
T = 400 K + E,, - E ,  = 0.01898 eV 
T = 600 K + E,, - E, = 0.000674 eV 

4.45 T = 762 K 
4.49 N, = 1.2 x 1O1\m-' 
4.51 (a) EF - E i ,  = 0.2877 eV. 

(b) Ei, - Er = 0.2877 eV. ( c )  For (a)  
n ,  = 10" cm-'. For ( h )  no = 2.25 x loS em-' 

4.53 (a )  E F  - E F ,  = 0.3056 eV, 
(b) EF, - E F  = 0.3473 eV, 
( c ) E F = E , . , . ( d ) E F , - E ,  =0.1291eV. 
( e )  E,. - E r ,  = 0.0024 eV 

4.55 p type, E,, - E, = 0.3294 eV 

Chapter 5 
5.1 (01 no = 1 0 ~ ~ c m 3 .  = 3.24 x 10-"m-' 

(b) p,, zz 7500 cm2/V-s so 
J = 120 .wcm2, ( c )  (i) po = IO'Gm-', 
no = 3.24 x em-'; 
(ii) f i ,  zz 310 crnZN-s 
so J = 4.96 A/cm2 

5.3 (a) 1 = 0.44 mA, (b) I = 4.4 mA, 

( c )  For ( a )  ud = 5.5 x 10' c d s ,  
For (b) ud = 5.5 x LOS cm/s 

5.5 ( a )  w. = 3333 cm2N-s. 
(h )  u , ~  = 2.4 x 10' cmls 

5.7 (010; = 4.39 x 1 0 ~ '  (R-em)-', 
(b) 0, = 1.03 x 10-' (=em)-' 
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5.9 11,(300K)=3.91xIO~cm-' ,E,=1.122eV; 
n ,  (500 K) = 2.27 x 10" cm-', 
~ ( 5 0 0  K) = 5.81 x 1 0  (R-cm)-' 

5.11 (a) Nd = 9.26 x l0I4 cm-'. 
(b) p(200 K) = 2.7 R-cm, 
p = 9.64 Q-cm 

5.13 ( a )  7 = 5.6 x eV, (b) T = 5.6 x lo-' eV 
5.17 F = 316 c rn2 /~-s  
5.19 @ = 167 cm2N-s 
5.23 1 = 18 mA 
5.25 J = 16 A/cm2 

5.27 J,, = 3.41 exp - Aicm' 
( ~ ~ 5 )  

(3 5.29 (a) ~ i , . d , f  = 1.6 exp - A/cm2, 

lb) Jr.d,, = 4.8 - 1.6 exp ($) ~ / c r n >  

5.31 ( u ) n  = n ,  exp 

0.4 - 2.5 x 10's 
(b) J, = -5.79 x lo-' exp [ 0.0259 

5.35 Nd(x) = A exp (-ax) where 
cr = 3.86 x lo4 cm-' 

5.39 (a) V H  = 2.19 mV, (b )  E, = 0.219 Vlcm 
5.41 (a)  p type, (b) p = 8.08 x cm-', 

(b) F,, = 387 cm2lV-s 
5.43 ( a )  n type, (b) n = 8.68 x 10'' ~ m - ~ ,  

(c) f i r ,  = 8182 crn'N-s, 

l d )  p = 0.88 Q-cm 

Chapter 6 
6.1 R' = 5 x lO" c '  s-' 

6.3 (a)  r , , ~  = 8.89 x IOLh s, 
(b) G = 1.125 x lo9 cm-' s', 
(c) G = R = 1.125 x 10' cm-' s-' 
a F; 

6.7 = -2 x 10'' cm-'s-' 
C I S  

6.11 a = 8 + 0.1 l4(1 - eC"+o). r,,, = lo-' s 

6.13 I = (54 + 220e-'l'no) mA, rPo = 3 x lo-' s 
6.15 (a)  R,/R,,II = 4.44 x lo9. 

(b) r,, = 2.25 x l W 7  s 
6.17 (a) For0  < r < 2 x 

Sn = 10'4(1 - e-'l'm") where r,,,, = 10V ss: 
Fort  > T = 2 x  

Sn = 0.865 x 10'* exp -- [-':;. "I 
6.19 (a)  n,,o = 2.25 x 10' cm-', 

(b) Sn(0) = n,,,, = -2.25 x 10' em-', 
(c) Sn = -n,,,,ec'lL,' 

ChL 
ForL e x  < 3 L . S p = - ( 3 L - x ) ;  

DP 

6.29 E,,, - E , ,  = 0.3498 eV, 
EF,  - E F ,  = 0.2877 eV 

6.31 S n  = Sp = 5 x cm-', 
(a) E F , ~  - EF = 0.0025 eV, 
(b) E , ,  - EF,  = 0.5632 eV 

6.33 (a )  Sp = 5 x 10" cm-', 
lhl EF,, - E , ,  = 0.1505 eV 

R I 
6.37 ( a )  For n-type, - = - = 10'' s - '  , 

Sn r , ~  
R 1 

(h) For intrinsic, - = - 
Sn r,a + rno 

= I 6 7  x lo6 s r '  

Sno sinh[(W -.r)/L,r] 
6.39 (a )  Sn = 

sinhl WIL,,] ~, 

6n0 = 10" cm-' and L,, = 35.4 urn. 

7.1 ( a )  For Nd = 10'' cm-'; (i) Vb, = 0.575 V, 
(ii) 0.635 V, (iii) 0.695 V. (i1.1 0.754 V, 
(b) For Nd = IOIX cmr'; (i) 0.754 V, 
(ii) 0.814 V, (iii) 0.874 V, (iv) 0.933 V 
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.5 ( a )  n side. E ,  - E,., = 0.3294 e V  (c) p,, = 3.42 x 10"' cm-', 
p side. E,,  - E ,  = 0.4070 eV (d )  1" = 3.43 A 
(b )  Vb, = 0.3294 + 0.4070 = 0.7364 V 8.13 (a) V, = 0.253 V, (b )  V, = 0.535 V 
(c) V,,, = 0.7363 V 8.15 Ex? = 0.769 eV 

( d ) x ,  = 0.426fim.x,, = 0.0213 lim. 8.18 T,,, % 519 K 
IE,,I = 3.29 x 10' Vlcm 8.20 For 300 K, VD = 0.60 V; For 3 I0 K,  

7.7 (b)  (n region), no = Nsf = 8.43 x IOl5 cm-', VD = 0.5827 V; For 320 K. V ,  = 0.5653 V 
(p  region), p,, = N,, = 9.97 x lU'5 an- ' ,  8.23 For 10 kHz, Z = 25.9 - j0.0814: 
((.I V,>; = 0.690 V 

7.9 ( a )  K,, = 0.635 V, ( h )  x,, = 0.864 Jim. 
x, = 0.0864 fim. 
( d )  E,,,I = 1.34 x 10' Vlcm 

7.11 ( a )  Vi,, = 0.8556 V, (h )  T = 302.4 K 
7.13 (0) V,,,; = 0.456 V, (b)  x,, = 2.43 x lo-' cm, 

(c )  x,, = 2.43 x LO-' cm, 
( d )  E x  1 = 3.75 x 10' Vlcm 

7.17 (0) Vt', = 0.856 V, 
(h)  W = 0.301 x 10-' cm, 
(c) Emax = 3.89 x lo5 Vlcm, 
( d )  C = 3.44 pF 

7.19 ( a )  Neglecting change in Vb,. 41.4 percent 
increase; (b) 17.95 mV increase 

7.21 (u )  VR = 73 V, (b)  Vn = 7.18 V, 
(c) VR = 0.570 V 

7.23 Vf l l  = 18.6 V 
7.25 N,# = 3.24 x 10'' c m  ' 
7.27 ( ( 1 )  V,, = 0.557 V, (bj x,, = 5.32 x 10-"m, 

I,, = 2.66 x 10-I cm, (c)  VR  = 70.3 V 
7.29 (a )  ( i l  C = 1.14 DF, ( i i )  C = 0.521 DF. 

7.33 ( a )  E(x = 0) = 7.73 x I O ~ I c m ,  

(c) V R  = 23.2 V 
7.35 o = l 1 x 10"' cm-' 

Chapter 8 

8.1 (a)  60 mV, (b) 120 mV 

8.7 N,,/N,i = 0.083 
8.9 Is = 2.91 x lo-' A, (01 1 = 6.55 UA, 

(h )  I = 2 . 9 1  nA 
8.11 (ul  I,,,, = 4.02 x A. 

(b)  /,,(I = 6.74 x 10-" A, 

For 100 kHz, Z = 25.9- j0.814: 
For 1 MH7.. 2 = 23.6 - i7.41: 
For 10 MH/, Z = 2.38 - j7.49 

8.25 r,,, = 1.3 x lo-' s; C,, = 2.5 x F 
8.27 (a) R = 72.3 n. I  = 1.38 mA 
8.29 I/,, = 0.443 V 
8.31 JS = 8.57 x 10~'%Am'. 

J,,, = 1.93 x lo-' Alcm2 
8.33 ( a )  For V., = 0.3 V, I  = 7.96 x 10-" A; 

For V,, = 0.5 V. I  = 3.36 x A 
8.39 Vl j  = 0.548 V 
8.41 N, ;. 3 x IO" A = 1.99 x em' 
8.43 V ,  = 19.9 V 
8.45 VR = 5.54 V 
8.47 V ,  = 15 V 
8.49 IR/IF = 1.1 I. t 2 / rp0  % 0.65 
8.51 W = h l 9 A  

Chapter 9 
9.1 ( ~ ) $ , , = 0 . 2 0 6 V , @ ~ ~ ~ = 0 . 2 7 V ,  

V,, = 0.064V, IE .,,, 1 = 1.41 x 10"Icm. 
(d)r,hR,, = 0 . 5 5 V , E  ,,,, 1 = 1 . 2 6 x  104V/cm 

9.3 (u) r,hse = 1.03 V, (bl @,, = 0.058 V, 
(c )  Vb, = 0.972 V, (d l  .rd = 0.416 Wm, 
(el IE,,,, 1 = 2.87 x I@ Vlcm 

9.5 (a) C = 4.75 pF. (6 )  C = 15 pF 
9.7 ( n ) V i , , = 0 . 3 3 4 V . r ~ = 0 . 2 1 1 j r m ,  

IE,,,, I = 3.26 x 10' Vlcm. 
(h) A@ = 20 mV. x,,, = 0.307 x 10-Qm. 

(c) lE ,,,,, 1 = 1.16 x 1 0  Vlcm, 
A@ = 37.8 mV,x,,, = 0.163 x lo-"  cm 

9.9 (a)l/i,,=0.612V,x~=0.153fim, 
IE,,,, / = 1.06 x 105 Vicm, 
(h)  VR = 7.47 V 

9.11 (a) r$uo = 1.13 V, (b)  @a,, = 0.858 V. 
(<)  @no = 0.43 V. $R,, = 0.733 V 

9.13 (a)  @,, = 0.206 V, 
(b)  V),, = 0.684 V. 
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(c) J ~ ,  = 1.3 x I n - X  ~ I c m ~ ,  
(d) V,, = 0.488 V 

9.15 ( a )  V, = 0.603 V, (b) AV, = 18 mV 
9.17 1 / , ,=0 .474V, (a ) I , ,=1 .52~10-~A,  

(6) In2 = 1.86 x A 

9.19 For Schottky diode, V, = 0.467 V; for pn diode. 
V., = 0.705 V 

9.21 (a) For Schottky diode, I % 0.5 x lo-' A; 
for pn diode, I = 1.02 x 10@A: (6) for 
Schottky diode. V, = 0.239 V, for pn diode, 
V" = 0.519 v 

9.25 (b )  Nd = 1.24 x 1016 cm-', (c) 0.20 V 

9.27 (b) @,o = @,, = 0.138 V 

Chapter 10 
10.3 ( a )  Is = 3.2 x A; (6) (i) ic = 7.75 @A, 

(ii) ic = 0.368 mA. (iii) ir = 17.5 mA 
10.5 (a )  = 85, a = 0.9884. ii = 516 &A: 

(6) fl = 53 .a  = 0.9815, i~ = 2.70 mA 
10.7 (b) 1' = 4.7 mA 
10.9 (a) pill = 4.5 x 10' cm-', 

n ~ o  = 2.25 x 10' ~ m - ~ ,  
pa = 2.25 x lo5 cm-', 
(6) nn(0) = 6.80 x 101%m-', 
pb (0) = 1.36 x 10" cm-) 

10.11 Assume e x p ( V ~ ~ /  V,) >> cosh(x~/Ln) ,  
( a )  0.9950, (b)  0.648, (c) 9.08 x 10.' 

10.15 (c) Forx, << L R ,  J ( x ~ ) / J i 0 )  = I ;  
Fors, = Ln = 10 Um, 
J(XR)/J(O) = 0.648 

10.17 (a) V,, = 0.70 V, (6) V ~ ~ ( s a t )  = 0.05 V, 
(c )  3.41 x 10" holes/cm2, 
(d) 8.82 x LO'' electrons/cm2 

10.19 Vc, = 0.48 V 
10.21 (o)  1, = 17.4 FA. (6) a = 0.9067. 

Ic = 1.36 mA, (c )  Ic = 19.4 @A 

Y ~ B )  - Nno DE XB 10.23 (a) ii) - - 1  
y (A)  Nc Ds XE 

a r ( B )  = I : (b) (i)- ( i i )  - = 1, 
y(A) CT (A) 
a,(') 1 XBO 

(ii) -- = I + - . -; (c) neglect 
ur (A) 2 LB 

changes in space charge width, 
V R E  

SiB) 
(i) - % 1 - 

SiA) - eDnnzii ' 

18 

(d) Device C 
10.25 ( b ) l C  = 1.19mA. IE =0.829mA 

S 
(b)B = - , (c) for VBE < 0.4 V. 1 - 8  
recombination factor will be the limiting factor in 
current gain. 

10.29 ( a )  x" = 0.742 @m, (b) S = 0.9999994 
10.35 (a) V,4 = 47.8 V, (b) V, = 33.4 V, 

(c) VA = 19.0 V 

10.39 (a) R = 893 n, (b) V = 8.93 mV, 
1 ~ )  70.8 oercent 

(c.) Total solution is 

E 
where A = - V. and 

10.43 BV~~,., = 221 V, NC = 1.5 x 1015 cnl-l, 
xc = 6.75 @m 

10.45 ( a )  V,, = 295 V: however, junction breakdown 
for these doping concentrations is VR % 70 V, SO 

punchthrough will not be reached. 
10.47 ( a )  I, = 0.105 mA. (6) I, = 11.9 uA, 

(c )  I" = 10.14 /LA 
10.53 f, = 509 MHz 

Chapter 11 
11.1 (a)  p type, inversion; (6) p type, depletion; 

( c )  p type. accumulation: (d)  n type, inversion 
11.3 (a) By trial and error, 

Nd = 3.27 x 10'%mi,  
(b)@, = -0.518V 

11.5 (a) N,, = 4.98 x 10" cm-', (b )  cannot use p+ 
poly gate, (c) N, = 3.43 x 1014 cm-' 

11.7 Q : , / e  = 1.2 x 1 0 ' " c m - ~  
11.9 Vip = -1.44+&,5,(a) Vir =-1.76V. 

(b )  VTP = -1.71 V, ( L . )  VTP = -0.592 V 
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By trial and error, N,, = 1.7 1 x 1016 cm-j 
(0) V F ~  = - 1.52 V. (b) Vi = -0.764 V 
( b , , , .  = 1 . 1 1  V,(c) ViW =+0 .0012v  
( a )  C,,, = 8.63 x 10-' ~Icm',  
C;, = 3.42 x 10-"lcm2, 
C;,,,, = 0.797 x 10-"/cm2, 
C'linv) = C,, 
(h) Same as la) except C'(inv) = C:," 
( L . )  VrP = -0.989 V 
(a) AVFR = -1.74 V, 
(h) AVFB = -0.869 V. 
I < )  AVFR = 1 . 1 6  V 
(a )  n type, (b) r,, = 345 A, 
(c) Q:,  = 1.875 x 10" ern-', 
(d )  C,." = 15h pF 
V.S, = 1 V, /"(sat) = 0.00592 mA: 
V.sc = 3 V, /,,(sat) = 0.716 mA; 
VS, = 5 V. /,(sat) = 2.61 m.4 
VT -2 0.2 V. pn = 342 cmZN-s 
(a) WIL = 14.7, (b) WIL = 25.7 
(a )&, , ,  =0.148 mS,(b)g ,,,$ = 0.917 mS 
VBx = 7.92 V 

iri) = 5.17 GHL. (b) f, = 1.0 GHz 

Chapter I2  

12.1 lo = 10-l5 exp ( - ) I = ( I O ~ ) ~ , .  

P = IT . v,,,>: for VGS = 0.5 V, 

ID = 9.83 PA, IT = 9.83 pA. 
P = 49.2 p W  for Vc;.T = 0.7 V, 
I,, = 0.388 nA, IT = 0.388 mA. 
P = 1.94 mW, for VGs = 0.9 V, 
I,, = 15.4 nA. IT = 15.4 mA, P = 77 mW 

12.3 ( a )  AV,, = l V, AL = 0.0451 pm; 
AV,, = 3 V, AL = 0.122 p m ;  
A'V',,.~ = 5 V , A L  =0.188jrm;  
(h) L = 1.88 Arm 

12.7 In) Assume V,,(sat) = I V then 
L = 3 lrm 3 E,,, = 3.33 x 10' Vlcm 
L = I p m  + E,,, = 104 Vlcm 
L = 0.5 p m  3 E,,, = 2 x 10'VIcm 
(b) Assume jr,, = 500 cm2/V-s, 

v = w,E,.,t. 
L = 3 p m + v = 1 . 6 7 x  IOhcm/s 

L = I ~ ~ m + v = 5 x 1 0 ~ c m / s  
L 5 0.5 Um + r, ;. 10' cmls 

12.13 ( a )  Both bias conditions. ID k l , , .  
(b) P = k 2P 

12.15 (a) (i) I, = 1.764 mA; 
( i i )  I n  = 0.807 mA: 
(b) (i) P = 8.82 mW, (ii) P = 2.42 mW. 
l r )  current: 0.457; power: 0.274 

12.17 L = 1.59 jrm 
12.23 AVT=+0.118V 
12.27 (a) VB, = IS V, (b) V, = 5 V 
12.31 L = 0.844 p m  
12.33 ( a )  V, = -0.478 V, (b) implant acceptors. 

D, = 4.25 x 10" cm-? 
12.35 (a) V, = -0.624 V, (b) implant acceptors, 

Di = 4.37 x 10" ~ r n - ~ ,  (c) VT = 1.24 V 
12.37 ( a )  V, = - 1.53 V; enhancement PMOS, 

(b) implant acceptors, 
D, = 4.13 x 10" cm-2 

12.39 AV, = -2.09 V 

Chapter 13 
13.3 ( a )  Vp = 4.91 V. (b) for VGs - l V, 

(i) a - h = 0.215 wm. 
(ii) a - h = 0.0653 pm,  
(iii) a - h = -0.045 p m  (zero depletion width) 

13.5 (a) Vpcj = 15.5 V. (b) V,, = 4 . 6 6  V 
13.7 (a) Vpo = 1.863 V, V, = 0.511 V; 

(b )  (i) a - h = 4.45 x cm, 
(ii) a - h = 1.70 x LO-' cm 

13.9 1a)For V,, = 0. V,, = -1.125 V: 

(b) For V,,, = 1 V. VGx = -0.125 V 
13.11 VGs = 0, gd = 0.523 x lW3:  Vcs = -0.53 V, 

g,j = 0.236 x lo-'; V(; = -1.06 V, p,, = 0 
13.13 g,,,(rnax) = 1.31 mS1mm 
13.15 (a) VPO = 2.59 V, Vr = -1  7 8  V, 

(b)  depletion mode 
13.17 VD., = 0. a - 1, = 0.716 &m; 

VD.~ = 2 V, u - h = 0.545 p m ;  
Vlls = 5 V, n - h = 0.410 p m  

13.19 N, -2 5.45 x IO'l cm-' 
13.21 (0) Vh, = 0.612 V, V,.O = 2.47 V, 

VT = -1.86 V, VoS(sat) = 0.858 V, 
(b) add donors. N,, = 1.64 x I0l6 ern-? 
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Vi,, = 0.628 V, V, = 3 . 8 7  V, 

VjlS(sa1) = 2.87 V 
13.23 ( a )  W = 2h.4 j ~ m :  (b) for VG, = 0.4 V 

I,, = 78.8 uA; for VGS = 0.65 V. 

I,,, (sat) = 0.56 mA 
13.29 (a) With velocity saturation. 

ID, (sat) = 4.86 mA; without velocity 

saturation, I D ,  (sat) = 18.2 mA 
13.31 ( ( I )  1%) = 20 ps, (b) rd = 20 ps 
13.33 (0 )  g ,,,, = 2.82 mS, (b) r ,  = 88.7 Q. 

(c) L = 0.67 i(m 

13.35 ( a )  f ,  = 755 GHr, (b) f i  = 15.9 GHz 
13.37 ( a )  g,,,/ W = 502 mSImni. 

(b) I,, (sat)/ W = 537 mAlrnm 

Chapter 14 
14.1 (a )  j. = 1.24/E 

(i) E = 0.66 =+ A = 1.88 jLm 
(ii) E = l.I?=$ A = 1.11 urn 
(iii) E = 1.42 + A = 0.873 i(m 
(h )  (i) A = 570 nm =) E = 2.18 c\i 

(it) A = 700 nm + E = 1.77 eV 

14.3 6 n  = g ' i  = 1.44 x 10" cm-' 
14.5 (n) r = 1.98 Urn. (b) x = 0.41 wm 
14.11 I L  = 500 mA. V,,, = 0.577 V, 

I,, = 478.3 mA. P,,, = 276 mW 
14.13 For hv = 1.7 eV. .r = 2.3 Urn; 

For hv = 2.0 eV, r = 0.23 prn 

14.15 (o )  61, = 6n = 10" crn-'. 
(b) Ao = 1.32 x lo-' (Q-cm)-'. 
(c) I L  = 0.66 mA. (d)  TPa = 4.13 

14.17 ( a )  JLI = 9.92 m~lcrn',  
(b) J L  = 0.528 Alcm' 

14.19 W = I i(m =$ J ,  = 4. 15 mA. 
W = 10 u m  =+ J L  = 15.2 mA. 
W = 1 0 0 u m +  J L  = IhmA,  

14.21 0.625 5 A. 5 0.871 @m 
14.23 (0) 8.83 percent, (b)  5.95 percent 

Chapter 15 
15.1 I, = 5.33A 
15.7 Vc,- = 25 V 

15.9 (o)  I, = 1.84 A, I> = 1.66 A, 13 = 1.51 A: 
P, = 6.09 W, P2 = 5.48 W, Pi = 4.98 W 
(b) I, = 2.16 A, I2 = 1.08 A, I i  = 1.77 A; 
PI = 8.38 W. P2 = 4.19 W, f i  = 6.85 W 

15.11 (b) 

(i) VGs = 5 V. I n  = 0.25 A. V,,s = 37.5 V, 
P = 9.38 W 
(ii) VcS = 6 V, ID = 1.0 A, V,,, = 30 V, 
P = 3 0 W  
(ii i) VGS = 7 V, lo = 2.25 A. V D . ~  = 17.5 V, 
P = 39.4 W 
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