8.1 pn Junction Current

particles. It may seem strange, at times, that we concern ourselves so much with
minority carriers rather than with the vast number of majority carriers, but the reason
for thiscan he found in the results derived from the ambipolar transport theory.

TEST YOUR UNDERSTANDING

E86 Consider thesilicon pnjunction diode described in E8.4. Calculate the electron and
holecurrents at (¢} X = x,, (b)x = x,, + L,, and (¢)x = x, T 10L,, (see Figure8.9).
[0~ 7 VWHPT L ="1 () 'y [0p'0 = “f VW £pg:0 = 7 {9
YW a0 = U yw bSlg = r (@) suy)

Thefact that we now havedrift current densitiesin the p and n regions implies
that the electric field in these regions is not zero as we had originally assumed. We
can calculate theelectric field in the neutral regions and determinethe validity of our
zero-field approximation.

Objective EXAMPLE 8.4

To calculate the electric field required to produce a given majority carrier drift current.
Consider asilicon 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.

1 Solution
Thetotd forward-hias current density isgiven by

We determined the reverse saturation current density in Example 8.2, so we can write
J=415% 107"

total current far from the junction in the n-region will he mgjority carrier electron drift

current. so we can write

J = ‘]11 ~ eu-nNdE

Thedoping concentration isN; = 10'® cm™*, and, if weassume g, = 1350 ¢cm?/V-s, then the
electric field must he

1 Comment
Weassumed. in thederivation of the current—voltage equation, that the electric field in the neu-

" tral pand n regions was rero. Although the electric field is not zero, this example shows that

the magnitudeis very small —thusthe approximation of zero electric field is very good.
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CHAPTER 8 Thepn Junction Diode

8.1.7 TemperatureEffects

Theideal reversesaturation current density Js, given by Equation (8.22), isafunctic
of the thermal-equilibrium minority carrier concentrationsr ,p and pno. These mina
ity carrier concentrations are proportiona to nf, which is a very strong function
temperature. For asilicon pnjunction, theideal reversesaturation current density w:
increase by approximately afactor 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 (eV,/kT) factor, making the forward-bi
current—voltage relation afunction of temperature also. Astemperature increases, le
forward-bias voltage is required to obtain the same diode current. 1f the voltageishe
constant, the diode current will increase as temperature increases. The changein fc
ward-bias current with temperature isless sensitive than the reverse saturation currer

EXAMPLE 85

Objective

To determinethe change in the forward-biasvoltage on a mn junction with a changein tet
perature.

Congder asdlicon pn junction initially biased & 0.60V & T = 300 K. Assume thete
peratureincreasesto T = 310 K. Calculate the change in the forward-bias voltage required
maintain aconstant current through the junction.

W Solution
Theforward-biascurrent can be written as follows:

Joen - e ev“)
X
Pl )9\ e
If thetemperaturechanges, we may taketheratio of thediode currentsa the twoiemperatus
Thisratiois

If currentistobehdd constant, then 4, = J and we must have

Let 7 = 300K, 7> = 310K, E,= 112 eV, and ¥,, = 0.60 V. Then, solving for V,2, ,
obtain ¥,; = 0.5827 V.

B Comment
The changein the forward-biasvoltageis —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, oneregi
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8.1 pnJdunction Current

Figure8.10i Geometry of a"shon"
diode.

mey. in fact. he shon compared 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 minority carrier hole concentration in then region isde-
termined from Equation (8.9), which was given as

Theorigina houndary condition at x = X,, still applies, given by Equation (8.11a) as

A second boundary condition needs to be determined. In many cases we will as-
ume 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

Pelx = x, +W,) = ppo (8.26)

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

1 Bpa(x) = palx) — o = Ae*/tr T Be Il (x 2 x,)

In thiscase, because of thefinite length of the n region, both terms of the general so-
lution must be retained. Applying the boundary conditions of Equations(8.11b) and
(8.26), the excess minority carrier concentration is given by

sinh[(x, T W, — x)/L,}

: (8.27)
sinh [W,./L,]

Equation (8.27)is the general solution for the excess minority carrier hole concentra-
tionin then region of aforward-biased pnjunction.If W,, 2> L, theassumption forthe
long diode, Equation (8.27) reducesto the previous result given by Equation (8.14). If
W, < L, wecan approximate the hyperbolic sine terms by

snh (% + W — X\ = (ﬂ;x)
) UL
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and

. ( u/” ) ( WN )
sinh =
L, L,
Then Equation (8.27) becomes

8pu(¥) = Pao [exp (%) - 1] (’f'"W—&)

Wn

The minority carrier concentration becomes alinear function of distance
The minority carrier hole diffusion current density isgiven by

so that in the short n region, we have

The minority carrier hole diffusion current density now contains the length W, ir
denominator. rather than thediffusion length L,,. Thediffusion current density isla
for ashort diode than for along diode since W, < L. In addition, since the mint
carrier concentration is approximately a linear function of distance through the:
gion, the minority carrier diffusion current density is aconstant. This constant cut
implies that there is no recombination of minority carriersin the short region. ‘

TEST YOUR UNDERSTANDING ‘

E8.7 Congdertheslicon pn junction diodedescribedin ER.4. Thep region islongand the '
n region isshort with W, = 2 um.( a) Caculatethe dectron and hole currents in the
depletion region. (») Why hasthe hole current increased compared to that found in E8.47]
[pasea1our sey JuRIprI3 A11SUSp 2404 A1 () YW ¢ = ‘5 oy pe10 =" (v) suy]

8.2ISMALL-SIGNAL MODEL OF THE
pn JUNCTION

We have been considering the dc characteristics of the pn junction diode. When semi-
conductor deviceswith 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 7 and J, are current densities. If we multiply both sides of the
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Figure811 | Curve showing the concept of the
smal-signd diffusion resistance.

equation by the junction cross-sectional area, we have

where I, isthe diode current and I; isthe diode reverse saturation current.

Assume that the diode is forward-biased with a dc voltage V, producing a dc
diodecurrent fpg. If we now superimposessmall, low-frequency sinusoidal voltage
asshown in Figure 8.11, then a small sinusoidal current will be produced, superim-
posed on thedc current. Theratio of sinusoidal current to sinusoidal voltage iscalled
the incremental conductance. In the limit of a very small sinusoidal current and
voltage, the small-signal incremental conductanceisjust the slope of the dc current-
voltagecurve, or

Thereciprocal of theincremental conductance istheincremental resistance, defined as

where I'n g isthe 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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The small-signal incremental resistance is then the reciprocal function, or

The incremental resistance decreases as the bias current increases, and is inversdy
proportional to the slope of the |-V characteristic as shown in Figure 8.11. Thein
cremental resistance isalso known as the diffusion resistance.

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 imll
pedance, of the pn junction under forward bias is derived using the minority
diffusion current relations we have already considered.

QualitativeAnalyss Before wedelveinto the mathematical analysis, wecan qu&l
itatively understand the physical processesthat lead to adiffusion capacitance, whi
is one component of the junction admittance. Figure 8.12a schematically show$?
pnjunction forward biased with adc voltage. A small ac voltage is also superimposed
on the dc voltage so that the total forward-biased voltage can he written a.i
V, = V4 +0sinor.

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

Time

{a) Vic Vae = { s wi (b) =0

Figure8.121(3 A pn junction with an ac voltage superimposed on aforward-biased
dc vaue; (b) the hole concentration versustime a the space charge edge; (c) the
hole concentrationversusdistancein then regionat three differenttimes.
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8.2 Small-Signal Model of the pn Junction

is zero so that the concentration of holes at x =0 is just given by p,(0) =
pan eXp(Vye/ V1), which is what we have seen previously.

Now, as the ac voltage increases during its positive half cycle, the concentration
d holesat x = 0 will increase and reach a pesk value at t = #;, 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
x = 0 decreases. The concentration reaches a minimum value at t = », which corre-
sponds to the time that the ac voltage reaches its maximum negative value. The mi-
nority carrier hole concentration at x = 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 carrier 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 8.12¢ shows the
steady-state hole concentrations at three different times. At t = fy, the ac voltage is
zero, so the r = 1, curve corresponds to the hole distribution established by the dc
voltage. The ¢ = #; curve corresponds to the distribution established when the ac
voltage has reached its peak positive value, and the = ¢ 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 isoccurring in the p region with the electron concentra-
tion. The mechanism of charging and discharging of holesin then region and electrons
inthe pregion leadsto acapacitance. Thiscapacitanceiscalled diffusion capacitance.
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
inapn junction when a forward-biased dc voltage is applied. The origin, x =0,
is st 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
Pa(0) = pao exp eV, /kT), where ¥, is the applied voltage across the junction.
Now let

V, = Vot o) (8.36)

where V; is the dc quiescent bias voltage and v;(¢) is the ac signal voltage which is
superimposed on this dc level. We may now write
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Figure8.13 | The dc characteristicsof aforward-biased
pn junction used in the small-signal admittancecal culations.

Equation (8.37) may he written as
Pa(0, 1) = pac exp ev(t)
kT

where

EVO
Pde = Pag €XP ﬁ

If we assume that jv;(r)| K (kT/e} = V,. then the exponential term in Eg
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 3

If we assume that the time-varying voltage v(z) isasinusoidal signal, wecan
write Equation (8.40) as

where V; isthe phasor of the applied sinusoidal voltage. Equation (8.41) will he ussd
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 > 0}, the electric field is assumed to be zero, thusthe
behavior of the excess minority carrier holesisdetermined from the equation

where dp, isthe excess hole concentration in the n region. We are assuming that the
ac signal voltage v, (r) issinusoidal. We then expect the steady-state solution for dp,
to he of the form of asinusoidal solution superimposed on the dc solution, or
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8.2 Small-Signal Madd d the pn Junction

where dpqa(x) isthe de excess carrier concentration and p; {v) isthe magnitude of the
ac component of the excess carrier concentration. The expression for py(x) is the
same as that given in Equation (8.14).

Substituting Equation (.43} into the differential Equation (8.42), we obtain

82 5 32 : Spal ot .
D,)[——( D) 4 S0 | SRV EPDET o yeier (840

dx? dx2 Tp0

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

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

plot'mg that L , = D,,. Equation (8.46)may be rewritten in the form

where

The general solution to Equation (8.48) is

One boundary condition isthat p;(x — +ao¢} = 0, which implies that the coef-
ficient K; = 0. Then

px)y = Kje—("“ (8.51)

Applying the boundary condition at x = 0 from Equation (8.41) we obtain
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CHAPTER 8 Thepn Junction Diode
Thehole diffusion current density can he calculated at x = 0. Thiswill begive

by

If we consider a homogeneous semiconductor, the derivative of the hole concentra:
tion will bejust the derivative of the excess hole concentration. Then

We can write this equation in the form

Jp = Jp() + j[)(l)

_eDypo [exp (%) - I]
x=0 LP kT (856]

where

2(8pe(x))

JJJO = —ED’_, ax

Equation (8.56) isthe dc component of the hole diffusion current density and isex-
actly thesame asin theideal /-V relation derived previously.
The sinusoidal component of the diffusion current density is then found from

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

We can write the tota ac hole current phasor as

whereA isthe cross-sectional areaof the pn junction. Substituting the expression for
C,,, weobtain

If wedefine

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

where

The total ac current phasor isthe sum of , and /,. The pn junction admittance
isthe total ac current phasor divided by the ac voltage phasor, or

Thereis 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 wecombinethe real and imaginary portions, we get

Equation (8.69) may be written in the form
Y =g4+ jwly (8.70)
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Figure8.141 Minority carrier concentration changes with changing
forward-biasvoltage.

The parameter g, is called the diffusion conductance and is given by

| I
g = (7) (To+ Lo = % (8.73

where /I, is the dc bias current. Equation (8.71) isexactly the same conductance
we obtained previously in Equation (8.34). The parameter €y is called thediffusi
capacitance and is given by

(8.72)

The physics of the diffusion capacitance may be seen in Figure 8.14. Thedc va-
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 afunction of the changein voltageisthe dif-
fusion capacitance. One consequence of theapproximationswt,g <K | and wt,g < 1
isthat there are no " wiggles" in the minority carrier curves. Thesinusoidal frequency
islow enough so that the exponential curves are maintained at all times. |

EXAMPLE 86

Objective

To caculatethe small-signal admittance of a pn junction diode. 1

This exampie is intended to give an indication of the magnitudeof the diffusion caped-
tance as compared with the junction capacitanceconsidered in the last chapter. The diffuson
resistancewill dsobe calculated. Assumethat N, > N, sothat p.o > n,. Thisassumption
impliesthat 1,,,, > 5o Let T = 300K, 7,0 = 1077 s,and I,,,, = [g = 1 mA.
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8.2 Smdl-Signd Modd of the pn Junction

§ Solution
The diffusion capacitance, with these assumptions, is given by

Thediffusionresistance is

v, 0.0259

s =259Q

T Ing | mA

B 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,
which 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 forward-biased pn junctions
again when we discuss bipolar transistors.

TEST YOUR UNDERSTANDING

E8.8 Asiliconpn junctiondiodeat T = 300K hasthe Following parameters: &, = 8 x
10 cm3, N, =2 x 10" em™3, D,, = 25cm?/s, D, = 10 cm?/s, 1,5 =5 x 1077 s,
and z,p = 1077 s. The cross-sectional areaisA =107 cm?. Determine the diffusion
resistance and diffusion capacitance if the diode isforward biased & (&) V, = 0.550 V
and (b)) V, = 0.610 V.

[HU60T =2 5911 = 2(g) AU Lo = 7D 5811 = ™ (v) suy]

E8.9 A GaAspnjunctiondiodeat T = 300 K has the same parameters given in E8.8 except
thet D, = 207 cm'ls and D, = 9.80 cm¥s. Determine the diffusion resistance and
diffusioncapacitance if the diode isforward biased at(a) ¥, = 0.970 v and (b) V, =
1045V, [ L1 ="3 "B oyl = ™ (q) AU Ore'0 = "33 £97 = 74 (v) suy]

t 82.3 Equivalent Circuit

Thesmall-signal equivalent circuit of theforward-biased pn junctionisderived from
Equation (8.70).Thiscircuit isshown in Figure 8.15a. We need to add the junctionca-

‘g pacitance, which will bein parallel with thediffusion 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 sothe actual pn junction will
include a series resistance. The complete equivalent circuitisgiven in Figure 8.15b.
The voltage across the actual junction is V, and the total voltage applied to
Lthe pn diode is given by V,;,. The junction voltage V¥, is the voltage in the ideal
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Figure815/ (a) Small-signa equivalent circuit of ideal forward-biased
pn junction diode; (b) Complete small-signal equivalent circuit of pn
junction.

Figure8.161 Forward-biased -V
characteristicsof apn junction diode
showing the effect of series resistance.

current—voltage expression. We can write the expression
Vzipp =V + Ir,

Figure8.16 isaplot of the current—voltage characteristic 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 isincluded. 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 a gain factor and becomes non-negligible.
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TEST YOUR UNDERSTANDING

E8.10 A Sliconpnjunctiondiodea T = 300 K hasthe same parameters as those described
in E8.8. The neutral n-region and neutral p-region lengths are 0.01 cm. Estimate the
scries resistanceof the diode (neglect ohmic contacts).(z5 9 = y "suy)

(8.31 GENERATION-RECOMBINATION CURRENTS

% In the derivation of the ideal current—voltage relationship, we neglected any effects
% occurring within the space charge region. Since other current components are gener-
aed within the space charge region, the actual 7-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-Hatl recombination theory, was written as

i The parameters # and p are, as usual. the concentrations of electrons and holes,

3.1 Reverse-Bias Generation Current

“For apn 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
‘tiespace charge region, i = p = 0. The recombination rate from Equation (8.74)

comes

The negative sign implies a negative recombination rate; hence, we are really
generating el ectron-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. Asthe electrons and holes
aegenerated. they are swept out of the space charge region by the electric field. The
flow of charge is in the direction of areverse-bias current. This reverse-biasgenera-
tton current, 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

1theintrinsic Fermi level, then from Equations (6.92) and (6.97), we havethat n' = »;
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i’

—

-~ —--—Ep,

Figure 8.17 | Generation processin a reverse-biasedpn
junction.

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

Using the definitionsof lifetimes from Equations (6.101) and (6.104), we
Equation (8.76) as
—n;

R =
Tpo + Tho

If we defineanew lifetimeas the average of 7, and 7,,0. or

then the recombination rate can he written as

The negative recombination rate implies ageneration rate, so G isthe generation rate.
of electrons and holesin the space charge region.
The generation current density may he determined from

W
Jyen = eG dx (8.80)
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where the integral is over the space charge region. If we assume that the generation
rate is constant throughout the space charge region, then we obtain

The total reverse-bias current density isthe sum of theideal 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, Jq., isafunction of the depletion width W, which in turn isafunc-
tion of the reverse-bias voltage. The actual reverse-bias current density, then, is no
longer independent of the reverse-bias voltage.

¥ Objective
To determine the relative magnitudes of the ideal reverse saturation current density and the
generation current density in asilicon pn junctiona T = 300 K.

Consider the silicon pn junction described in Example 8.2 and J&t 75 = 7,0 = 7,6 =
5x 1077 s,

B Solution

The ided reverse saturation current density was calculated in Example 8.2 and was found to
beJ, = 4.15 x 107" Afem?. The generation current density isagain given by Equation (8.81)
&

ad the depletion width iS given hy

If we assume. for example, that V,, T Vx =35 V. then using the parameters given in
Example 8.2 we find that W = 1.14 x 10~* cm. and then calculate the generation current
dengty to he

Jeen = 274 x 1077 Adem’

B Comment

Comparingthe solutions for the two current densities, it is obvious that. for the silicon pn junc-
tion diode a room temperature, the generation current density is approximately four orders of
magnitude larger than theideal saturation current density. The generation current is the domi-
nant reverse-biascurrent in asilicon pn junctiondiode.
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| TEST YOUR UNDERSTANDING

E811 A GaAs pn junction diode hasthe same parameters as describedin E8.9. (a) Cdau-
late the reverse-hiasgeneration current if the diode isreversebiased & vy = 5V.
(b) Determinethe ratio of 1., calculatedin part («) to the ideal reverse-saturation |
current Is. [,01 X €6'1 (9) 'V &-01 x €0°'T = ¥ (2) 'suy] |

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 =2 p = 0. Under forward bias, how
ever, electrons and holes are injected across the space charge region, so we do, i
fact, have some excess carriers i nthe space charge region. The possibility existstha
some of these electrons and holeswill recombine within the space charge region an
not become pan of the minority carrier distribution.

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

_ CnCpN,(np — n,z)
o C.(n+r")+ Cyip + )

Dividing both numerator and denominator by C,C, N, and using the definitionso
Tn and T, We may write the recombination rate as

R

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 fo

Figure8.18} Energy-banddiagram of aforward-biased pn
junction including quasi-Fermi levels.
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electrons and holes. From the results of Chapter 6, we may write the electron con-
centration as

and the hole concentration as

where Er, and Ef, are the quasi-Fermi |evelsfor electrons and holes, respectively.
From Figure 8.18, we may note that

where V,, isthe applied forward-biasvoltage. Again, if we assumethat thetrap level
is a the intrinsic Fermi level, then n' = p’ = »;. 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

eV,

Ern — Eri = Epi = 1p= & (8.87)
Rdative
Tecombination
rate
Reéivedistance through space

charge regon

Figure 8.19 | Relative magnitude o the
recombination rate through the space
charge region of aforward-biasedpn

junction.
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Equations (8.84) and (8.85) then become
and

If we assume that n' = p' =1, and that ,y = 1,0 = o, then Equation (8.83)

becomes

& n; [expleV,/kT) — 1}

T 2 [exp (eV, /2kT)Y T 1)

which is the maximum recombination rate for electrons and holes that occurs & t
center of the forward-biased pn junction. If we assume that V, > kT /e, we
neglect the (—1) term in the numerator and the (-+1) term in the denomina
Equation (8.90) then becomes

i \%
R = £‘§i(-) ex f,.i
" P\air
The recombination current density may be calculated from i

W
di = f eRdx (8.92
0
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
calculated the maximum recombination rate at the center of the space charge region,

SO we may write

where x” is a length overwhich the maximum recombination rate i seffective. However
since r; may not be awell-defined or known parameter, it iscustomary to write

where W is the space charge width.

TEST YOUR UNDERSTANDING

E8.12 Consderaslicon pnjunctiondiodeat 7 = 300 K with the same parameters givenin
E$.8. Thediodeis forward biased & v, = 0.50V. (a)Calculatethe forward-biased
recombination current. (b) Determinethe ratio of /... calculatedin pan («) to the
idedl diffusioncurrent. L;-01 x 1Z°L (§) v OL X 0£'Z = ™ () suy|
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8.3 Generation-Recombination Currents

Figure 8.201 Because of recombination, additiona holes
from the p region must be injected into the space charge
region to establish the minority carrier hole concentrationin
the n region.

8.3.3 Total Forward-BiasCurrent

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. Thisdistribution yields the
ided hole diffusion current density and isafunction 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 holesin the space charge region are lost due to recombination, then additional
holes must be injected from the p region to make up for thisloss. The flow of these
additiona injected carriers, per unit time, results in the recombination current. This
added component is schematically shown in the figure.

l The total forward-bias current density is the sum of the recombination and the
| idedl diffusion current densities, so we can write

J=detip (8.95)

where Jr isgiven by Equation (8.94) and /;; isgiven by

(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 Jyy
from the recombination current is larger than the value of J;.
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Figure 8.21 | Ideal diffusion.recornhination,and total
current in aforward-biased pn junction.

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

v v
INJee = Indrg F —= = Ingg+ =2
e O kT 072y,

and

V, v,
=t =iyt 2
InJp =InJ; T InJ, v,

Figure 8.21 shows the recombination and diffusion current components plotted o
log current scale as a function of ¥,/ V,. The slopes of the two curves are not
same. Also shown in the figureis the total current density — thesum of the two c
rent components. Wemay notice that, at alow current density, the recombination cur-
rent dominates, and at ahigher current density, the ideal diffusion current dominates.

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

where the parameter # is called the ideality factor. For alarge forward-bias voltage.
n 2 1 when diffusion dominates, and for low forward-bias voltage, n = 2 when

recombination dominates. There isa transition region where | < n < 2.
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8.4 Junction Breakdown

.41 JUNCTION BREAKDOWN

theideal pn junction, a reverse-bias voltage will result in asmall reverse-bias cur-

'rent through the device. However, the reverse-bias voltage may not increase without

" it; & some particular voltage, the reverse-bias current will increase rapidly. The
lied voltage at this point iscalled the breakdown voltage.

Two physical mechanisms give rise to the reverse-bias breakdown in apn junc-
on: the Zener effect and the avalanche effect. Zener breakdown occurs in highly
oped pn junctions through atunneling 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 Sdeinto the conduction band on the nside. Thistunneling processis schematically
shown in Figure 8.22a.

The avalanche breakdown process occurs when electrons and/er holes, moving
across the space charge region, acquire sufficient energy from theelectric field to cre-
ae electron—hole pairs by colliding with atomic electrons within the depletion
region. The avalanche process is schematically shown in Figure 8.22b. The newly
cregted 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
eectronsand/or holes may acquire sufficientenergy 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
a x = 0 asshown in Figure 8.23, the electron current |,, will increase with distance
through the depletion region due to the avalanche process. At x = W, the electron

p region n region

P Space charge region n

e

of dedrons of holes

Figure8.22 [ (a) Zener breskdown mechanism in a reverse-hiased pn junction; (b) avaanche bregkdown
processin a reverse-biascd pn junction.
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P Spacecharge region n
[nﬂ

Figure 8.231 Electron and hole current
components through the space charge
region during avalanche multiplication.

current may he written as

where M, isa multiplication factor. The hole current is increasing through the de-
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.

Wecan writean expression for the incremental electron current at some point x as

dI,(x) = L,()a,dx T 1,0, dx (8.100)

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

The total current 1 isgiven by
I'=Lix)+Ix) (8.202)

which is a constant. Solving for 1,{x} from Equation {8.102} and substituting into
Equation (8.101), we obtain

If we make the assumption that theelectron and hole ionization rates areequal so
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then Equation (8.103) may be simplified and integrated through the space charge
region. We will obtain

LW )= 1,00)=1 (8.105)

Using Equation (8.99), Equation (8.105) may bc written as
Since M, 1, =~ | and since /,(0) = 1y, Equation (8 106) becomes

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

(8.108)

Theioniration ratesare strong functionsof electricfield and, since theelectricfieldis
notconstant through the space charge region. Equation (8.108} isnot easy toeval uate.

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

Thedepletion width r,, 1s given approximaiely as

where V¢ is the magnitude of the applied reverse-hias voltage. We have neglected the
built-in potential Vy, .

If we now dctine Vi to he the hreakdown voltage Vg, the maximum clcctric
field. Emax. Will be defined asacritical electric field, Ecrir, @ breakdown. Combining
Equations (8.109) and (8.11(). wc may write

where Ny is the semiconductordoping in the low-doped region of the one-sided junc-
tion. The critical clcctric field, plotted in Figure 8.24, is a slight function of doping.

We have been considering a uniformly doped planar junction. The breakdown
voltage will decrease for alinearly graded junction. Figure 8.25 shows aplot of the
breakdown voltage for a one-sided abrupt junction and a linearly graded junction. If
we takeinto account the curvature of a diffused junction as well, the breakdown volt-
age will be further degraded.
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8.5 Charge Storageand Diode Trangents

For adoping concentrationdf 4 x 10 em—*, the critical electric fidld, from Figure 8.24,
isspproximately 3.7 x 10* Viem. Then from Equation (8.111), the breakdownvoltageis 110V,
which correlates quite well with the resultsfrom Figure 8.25.

B Conclusion
/s Figure 8.25 showc. the breakdown Vvoltage increasesas the doping concentrationdecreases
in the low-doped region.

TEST YOUR UNDERSTANDING

E813 Aone-sided, planar, uniformly doped silicon pn junction diode is required to have
areverse-biasbreakdown voltage of vy = 60 V. What is the maximum doping
concentration in the low-doped region such that this specitication is md
(g-wd 0] % § & TN suy)

E814 Repeat E8.13for aGaAs diode. (W2 01 X §'1 = N 'Suy)

*8.5| CHARGE STORAGE AND DIODE TRANSIENTS

The m junction istypically used as an electrical switch. In forward bias, referred to
astheon state, arelatively large current can be produced by a small applied voltage;
inreverse bias, referred to asthe off state, only a very small current will exist. Of pri-
may 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
ay mathematical derivations.

85.1 TheTurn-off Transent

Supposewe want to switch adiode from theforward bias on stateto the reverse-bias
off state. Figure 8.26 shows a simple circuit that will switch theapplied biasatt = O.
Fort < 0, the forward-biascurrent is

Theminority carrier concentrationsin the device, for the applied forward voltage Vg,
are shown in Figure 8.27a. There isexcess minority carrier charge stored in both the
pand nregions of the diode. The excess minority carrier concentrations at the space
charge edges are supported by the forward-biasjunction 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
dart 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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CHAPTER 8 Thepn Junction Dicde

Figure 8.26 | Simplecircuit for switching a diode from |
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, then thereverse-bias current is
approximately

Thejunction capacitancesdonot allow the junction voltage to changeinstantaneoudly.
If the current /5 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 fr 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 Equetion
(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 in Figure 8.27b.

Thisreversecurrent {g will be approximately constant for 0t < 7 < t,, wheret,
is called the storage ti ne. The storage time is the length 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 isshown in Figure 8.28. The reverse current isthe
Row of the stored minority carrier charge, which isthedifference between the minor-
ity carrier concentrationsat f = 0~ andt = o, as was shown in Figure 8.27b.

The storage time 7, can be determined by solving the time-dependent continuity
equation. If we consider a one-sided p*n junction, the storage time is determinedi
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8.5 Charge Storage and Diade Transients

Forwar bias Forward bias
diffusion diffusion
of electrons of hules
no
f= Reverse bias j Reverse bias
diffusion diffusion
of electrons of holes
(b)

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

Figure8.28 | Current characteristic
versus time during diode switching.
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from the equation

whereerf (x) is known as the error function. An approximate solution for the
time can he obtained as

The recovery phase fort > ¢, is the time required for the junction to reach its
steady-state reverse-bias condition. The remainder of the excess charge is bei
removed and the space charge width is increasing to the reverse-bias vaue. Ti.
decay time #; is determined from

Thetota turn-off timeisthesum oft, and t5.

To switch the diode quickly, we need to he able to produce a large reverse cur-
rent as well as have a small minority carrier lifetime. In the design of diode circuits.
then, the designer must provide a path for the transient reverse-bias current pulsc i
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

E8.15 A one-sdedp™n slicon diode, thet hes a forward-biascurrent of 1, = 1.75mA, is
switched to reverse bias with an effectivereverse-biasvoltageof V; = 2 v adan
effectiveseries resistanceof &x = 4 k2. The minority carrier hole lifetimeis
1077 s. (a) Determinethestoragetimet,. (5 Caculatethe decay time 1. {¢} Whet
isthe turn-off time of the diode?

[$,-01 XZ=(2)"s,_0I XGT1{4)°s,_01 X OpL((P) suy]

8.5.2 TheTurn-on Transent

Theturn-on transient occurs when the diode is switched from its" off" state into the
forward-hias "on™ state. 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
time required to narrow the space charge width from the reverse-bias value to i
thermal-equilibrium value when V, = 0. During this time, ionized donors and
ceptors are neutralized as the space charge width narrows.

The second stage of the turn-on process is the time required to establish th
minority-carrier distributions. During this time the voltage across the junction isin-
creasing toward its steady-state value. A small turn-on time isachieved if the minor-
ity carrier lifetime issmall and if the forward-bias current is small. i
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*8§.6 | THE TUNNEL DIODE

The tunnel diodeis 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
anegativedifferential resistance. The tunnel diode was used in oscillator circuitsin
the past, but other types of solid-state devices are now used as high-frequency oscil-
lators: thus, thetunnel diode isreally only of academic interest. Nevertheless, thisde-
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 isin the conduction band of adegenerately 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 nand 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, afinite 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
|
b
l
[l 1
1 pre 1
charge region
Figure 8.29| Energy-hand diagram of an junctionin Figure 8.30| Triangular potential
thermal equilibrium in which both the nand p regions are harrier approximation of the potentid
degenerately doped. harrierin the tunnel diode.
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Figure 8.31 | Simplified enetgy-band diagrams and {- ¥ characteristics of the tunnel
diode at (a) zero bias; (b) aslight forward bias; () aforward bias producing
maximum tunneling current.
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8.6 The Tunnel Diode

(e)

Figure 8.31 | fconcluded) (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 7-V diagram. If we assume, for simplicity, that we are near 0 K, then
al energy states!are filled below £, on both sides of the junction.

Figure 8.31b shows the situation when asmall forward-biasvoltage is applied to
the junction. Electrons in the conduction band of the n region are directly opposite to
empty statesin the valence band of the p region. There isafinite 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¢c, the maximum number of electrons in the nregion 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 nside directly opposite empty states on the p side decreases, asin Figure 8.31d,
and the tunneling current will decrease. In Figure 8.31e, there are no electrons on the
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Figure8.32 | () Smplified energy-band diagram of atunnel diode with areverse-
bias voltage: (b) I-V characteristic of a tunnel diode with areverse-biasvoltage.

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 wi
exist in the device as shown in the /-V characteristics.

The portion of the curve showing a decrease in current with an increase in volt-
ageistheregion of differential negative resistance. The range of voltage and current
for thisregion is quite small; thus, any power generated from an oscillator using this
negative resistance property would also befairly small.

A simplified energy-band diagram of the tunnel diode with an applied reverse-
bias voltage is shown in Figure 8.32a. Electronsin the valence band on the p sideare
directly opposite empty states in the conduction band on the n side, so electronscan
now tunnel directly from the p region into the n region, resulting in a large reverse-
bias tunneling current. Thistunneling 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 I SUMMARY

m  When aforward-biasvoltage is applied acrossa m junction (p region positive with
respect to the n region), the potentid barrier is lowered so that holes from the p region
and electrons from the n region can Row across the junction.

m Theboundary conditionsrelating the minority carrier hole concentration in then region
a the space charge edge and the minority carrier electron concentrationin the p region
a the space charge edge were derived.

m Theholesthat areinjected into then region and theelectronsthat are injected into the
pregion now become excess minority carriers. The behavior of the excess minority
carrier is described by the ambinolar transoon eauation develooed and described in
Chapter 6. Solving the ambipolar transpon equation and using the boundary conditions.
the steady-state minority carrier hole and electron concentrationsin the n region and
p region, repectively, were derived.
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Glossary of Important Terms

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

B Excesscarriers are generated in the space charge region of areverse-biased pn junction.
These carriersare swept out by theelectric field and create the reverse-bias generation
current that is another component of the reverse-bins diode current. Excess carriers
recombine in the space charge region of aforward-biased pn junction. This recombination
pmcess creates the forward-bias recombination current that isanother component of the
forward-biasdiode current.

I Avalanche hreakdown occurs when a sufficiently large reverse-bias voltage is applied to
thepn junction. A large reverse-hiascwrent may then beinduced in the pn junction.
The breakdown voltage as afunction of the doping levels in the pn junction was
derived. In aone-sided pn junction, the breakdown voltage is a function of the doping
concentration in the low-doped region.

B Whenapnjunction is switched from forward bias to reverse 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 factor in the switching
speed of adiode.

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—hole pairs by the collision of electrons and/or holes
with atomic electrons within the space charge region.

carrier injection Theflow of carriers across the space charge region of a pn junction when
a voltage isapplied.
critical electricfield The peak electric field in the space charge region at breakdown.

diffusioncapacitance The capacitance of aforward-biased pn junction due to minority car-
rier storage effects.

diffusionconductance Theratio of alow-frequency, small-signal sinusoidal current to volt-
age in aforward-biased pn junction.

diffusionresistance Theinverse of diffusion conductance.

forward 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
islowered below the thermal-equilibrium value.

generation current The reverse-bias pn junction current produced by the 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 forward-bias pn junction current produced as a result of the
How of electronsand holes that recombine within the space charge region.

reversesaturation current Theidea reverse-biascurrent in apn junction.

"short" diode Apnjunctiondiode in which at least one of the neutral porn regionsis short
compared to the respective minority carrier diffusion length.
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storage time  The time required for the cxcess minaority carrier concentrations a thr space

charge edge to go from their steady-state values to zero when the diode is switche:
forward to reverse bias.

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

Describe the mechanism of charge fow across the space charge region of a pn jurnction
when a forward-bias voltage is applied.

State the boundary conditions for the minority carrier concentrations at the edge of the
space charge region. 1
Derive the cxpressions for the steady-state minority carrier concentrations in the i
pn junction.

Derive the ideal curreni—voltage refationship for a pn junction diode.
Describe the characteristics of a*'short™ diode.

Describe what is meant by diffusion resistance and diffusion capacitance.
Describe generation and recombination currents in a pn junction.
Describe the avalanche breakdown mechanism in apn junction.
Describe the turn-oil transient response in a pn junction.

REVIEW QUESTIONS

1 Why does the putential barrier decrease in a forward-biased pn junction?
2. Write the boundary conditionsfor the excess minority carriers in apn junction (a) under
forward bias and (b) under reverse bias.
3 Sketch the steady-state minority carrier concentrations in a forward-biased pn junction.
4. Explain the procedurc that isused in deriving the ideal current—voltage relationship in
pn junction diode.
5. Sketch the electron and hole currents through a forward-biased pn junction diode.
6. What is mecant by a"short" diode?
7. (a)Explain the physical mechanism of diffusion capacitance. (b) What is ditfusion
resistance?
8. Explain the physical mechanism of the (a)generation current and (b) recombination
current.
9. Why docs the breakdown voltage of a pn junction decrease as the doping concentration
increases'?
10. Explain what ismeant by storage time.
PROBLEMS

Section 8.1 pn Junction Current

81

(@) Consider an ideal pn junction diode at 7 = 300 K operating in the forward-bias
region. Calculate the change in diode voliage that will cause a factor of 10 increase
in current. (&) Repeat part () for afactor of 100 increase in current.
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Calculate the applied reverse-bias voltage a which theideal reverse current in apn

An ideal silicon pnjunctionat T = 300 K is under forward bias. The minority carrier ~ —

junction diode a T = 300 K reaches 90 percent of its reverse saturation current value. g a

lifetimesare 7, = 107* sand 7, = 10~7 s. The doping concentration in the o region L
isN; = 10'® cm™*, Plot the ratio of hole current to the total current crossing the e
space charge region as the p-region doping concentration varies over the range

101 < N, < 10" cm ?. (Usealog scalefor the doping concentrations.)

A silicon pn junction diode isto be designed to operateat T = 300 K such that the ==.
diode currentis | = 10mA at adiode voltage of V,, = 0.65 V. Theratio of electron

current to total current isto be 0.10 and the maximum current density is to be nomore

than 20 A/cm?. Use the semiconductor parameters given in Example 8.2.

For asilicon pn junctionat T = 300 K, assume t,; = 0.17, and i, = 2.4 1, 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 asafunction of (&) N, /N, and (b) the ratio of n-type conductivity to p-type
conductivity.

Consider ap™n silicon diode at T = 300 K with doping concentrations of N, =

10" em~* and Ny = 10'® em~* . The minority carrier hole diffusion coefficient is

b,=12 cm?’/s and the minority carrier hole lifetime is 7, = 10-7 s. The cross-

sectional areais A= 10~ cm?. Calculate the reverse saturation current and the

diode current a a forward-bias voltage of 0.50 V.

95 percent of the current in the depletion region iscarried by electrons?

Asilicon pn junction with a cross-sectional areaof 10~* cm? has the following prop-
ertiesat T = 300K:

nregion p region

(@) Sketch the thermal equilibrium energy-band diagram of the pn junction, including
the values of the Fermi level with respect to the intrinsic level on each side of the
junction. (b) Calculate the reverse saturation current /, and determine the forward-
biascurrent | a aforward-bias voltage of (0.5 V. (c) Determinethe ratio of hole
current to total current at the space charge edge x,, .

A germanium p*ndiodea T = 300K hasthefollowing parameters: N, = 10" cm™?,
Ny = 10" cm™3, D, = 49cm’/s, D,, = 100 cn’/s, T,0 = Twp = S us, and A =

10~* cm?. Determine the diode current for (a) aforward-bias voltage of 0.2 V and

(b) areverse-bias voltage of 0.2 V.

Ann*p silicon diodeat T = 300K has the following parameters: N, = 10'® em~3,
N, = 10" cm™*, D,, = 25 cm?/s, D, = 10cm?/s, Ty = 1,0 = 1 ps, and

A = 10~* cm?. Determine the diode current for (a) aforward-bias voltage of 0.5 V
and (b) areverse-bias voltage of 0.5V.
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811

8.12

8.13

8.14

@zﬂf

8.16

8.17

ﬂ‘;‘_qlw;

Figure8.33I Figure for Figure 8.341 Figure for ‘
Problem 8.11. Problem 8.12.

A silicon step junction has uniform impurity doping concentrations of &, = 5 x

10% em=* and My =1 x 10" ¢cm *, and a cross-sectional areaof A = 107 cm?.
Let 7,9 = 0.4 ys and ¢,y = 0.1 us. Consider the geometry in Figure 8.33. Calculate
{a) the ideal reverse saturation current due to holes, (b) theideal reverse saturation
current due to electrons, (¢) the hole concentration at x,, if V, = %Vg,,-. and () the
electron current atx = x,, + 3L, for ¥, = 1y,

Consider the ideal long silicon pn junction shown in Figure 8.34. T = 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 lifetimesare r,, = 0.05us
7,0 == 0.01 5. The minority carrier diffusion coefficientsare D, = 23 cm*/s and

D, =8cm’/s. The forward-bias voltage is V, = 0.610 V. Calculate (a) the excess
hole concentration as afunction of x for x = 0, (b) the hole diffusion current densi
atx =3 x 107+ cm. and (r)the electron current density at x = 3 x 10~ ¢m.

The limit of low injection is normally defined to he when the minority carrier concen-
tration at the edge of the space charge region in the low-doped region becomes equal |
to one-tenth the majority carrier concentration in this region. Determine the value of
the forward-bias voltage a which the limit of l1ow injection is reached for the diode
described in (a) Problem &.9 and (&) Problem 8.10.

The cross-sectional areaof asilicon pa junction is 10~ * c¢m?. The temperature of the
diode is T = 300 K. and the doping concentrations are &y = 10' em™> and N,, =

8 x 10 cm™*. Assume minority carrier lifetimes of 7,o = 107% s and 1,4 = 10775,
Calculate the total number of excess electrons in the p region and the total number of
excess halesin then region for{a) V, = 0.3V, (h)V, =04V,and {(¢) V, =0.5V.
Consider two ideal pn junctionsat 7' = 300 K. having exactly the same electrical ad
physical parameters except for the bandgap energy of the semiconductor materials.
The tint pn junction has a bandgap energy of 0.525¢V and aforward-bias current of
10 mA with ¥, = 0.255 V. For the second pn junction, "' design” the bandgap energy
so that aforward-bias voltage of ¥, = 0.32 V will produce a current of 10 A,

The reverse-bias saturation current is afunction of temperature. (e} Assuming that |,
varies With temperature only from the intrinsic carrier concentration, show that we
can write I, = CT' exp (—£,/kT) where Cis aconstant and a function only of the
diode parameters. (&) Determine the increase in |, as the temperature increases from
T =300K to7 = 400K for a (i) germanium diode and ¢/} silicon diode.

Assume that the mobilities, diffusion coefficients, and minority carrier lifetime
parameters are independent of temperature (use the 7 = 300 K values). Assume that
o = 10705, 7,0 =107 s, Ny =5 x 10" em™7, and N,, = 5 X 10'* cm~>. Plot the
ideal reverse saturation current density from 7 = 20U K to 7 = 500 K for (a} silicon,
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18.20

(b)germanium, and (c)gallium arsenide ideal pn junctions. (Use alog scale for the
current density.)

Anideal uniformly doped silicon pn junction diode has a cross-sectional area of

10~ cm? Thep region isdoped with 5 x 10'* acceptor atoms per cm® and then region
is doped with 10'* donor atoms per cm’ . Assume that thefollowing parameter values
areindependent of temperature: £, = 1.10eV, 7,0 = 7,0 = 1077 s D, =25 cm?/s,
D, = 10em¥/s, N, =2.8x 10" em™, and ¥, = 1.04 % 10" em™*. The ratio of the
forward to reverse current isto be no less than 10* with forward- and reverse-bias
voltagesof 0.50 V. Also, thereverse saturation current isto be no larger than | pA.
What is the maximum temperature at which the diode will meet these specifications?
Ap*n 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 x = x, + W,
(a)Derive the expression for the excess hole concentration Sp,,(x) asgiven by
Equation (8.27). (#) Using the results of pan (a),show that the current density in
thediodeis given by

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 afunction of temperature. At

T = 300 K. the diode voltage isfound to be 0.60 V. Determine the diode voltage at
{a) T = 310K and (h)T = 320 K.

Aforward-biased silicon diode isto be used as a temperature sensor. The diode is for-
ward biased with aconstant current sourceand I, is measured asafunction of temper-
ature. {«) Derive an expression for V, (T') assuming that £/ L for electrons and holes.
and £, are independent of temperature. (&) If the diodeisbiased at I = 0.1 mA and if
I, =10"" Aat T = 300 K, plot ¥, versus Tfor 20°C < T <« 200°C. (¢) Repeat part
(hif I, =1 mA. (d)Determineany changes in theresults of parts (a)through (¢ if
the change in handgap energy with temperature is taken into account.

Section 8.2 Small-Signal Model of the pn Junction

822

823

824

825

8.26

Calculate the small-signal ac admittance of a pn junction biased at ¥, = 0.72 V

and /pg = 2.0 mA. Assume the minority carrier lifetimeis | ys in both the n and
pregions. T = 300 K.

Consider ap™nsilicon diodeat 7 = 300 K. The diode is forward biased at acurrent of
1 mA. Thehole lifetimein the nregion is L0~7 s. Neglecting the depletion capacitance,
calculate the diode impedance at frequencies of 10kHz, 100kHz, | MHz, and 10 MHz.
Consider a silicon pn junction with parameters as described in Problem 8.8.

(() Calculate and plot the depletion capacitance and diffusion capacitance over the
voltage range —10 < V, < 0.75V . (b) Determine the voltage at which the two
capacitances are equal .

Consider ap™n silicon diodeat I = 300 K. The slope of the diffusion capacitance
versusforward-biascurrent is 2.5 x 107* F/A. Determine the hole lifetime and the
diffusion capacitance at aforward-bias current of 1 mA.

A one-sided n* p silicon diode a 7 = 300 K with a cross-sectional areaof 10~ cm?
isoperated under forward bias. The doping levelsare ¥, = 10" ¢cm™ and
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827

8.28

8.29

8.30

N, = 10'® cm™*, and the minority carrier parameters are r,y = 10 ¥ s r,, = 10-'s.
D, = 10cm?/s.and D, = 25 em*/s. The maximum diffusion capacitance isto be 1 :!
Determine (a)the maximum current through the diode, (#} the maximum forward-bi
voltage, and (¢) thediffusion resistance.

A silicon pn junction diode at T = 300 K has a cross-sectional areaof 1072 cm?.
length of the p region is 0.2 ¢cm and the length of the nregion is0.1 cm. The dopi
concentrations are N; = 10 cm~* and N, = 10* cm~*. Determine (a) approxi
mately the series resistance of the diode and (b) the current through the diode thal w/
produce a0.1 V drop across this series resistance.

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 adiodeis 1, = 10" A a T = 300 K. The resistivity of the n region is
0.2 2-cm and the resistivity of the p region is 0.1 R-cm. Assume the length of each
neutral region is 10~ cm and the cross-sectional areais2 x 10=* cm?. Determine
the required applied voltage to achieve acurrent of (i) | mA and (if) 10 mA.
(h)Repeat part (a) neglecting the series resistance.

The minimum mall-signal diffusion resistance of an ideal forward-biased silicon
pnjunctiondiode at T = 300K isto bery = 48 Q. The reverse saturation curr

1, =2 x 10~"" A. Calculate the maximum applied forward-bias voltage that
applied to meet this specification.

(e} An ideal silicon pn junction diode at 7 = 300 K isforward biased a V, =

+20 mV. The reverse-saturation current is I, = 10~'* A. Calculate the small-signal
diffusion resistance. (») Repeat pan (a)for an applied reverse-bias voltage of

Vo = —20mV.

Section 8.3 Generation-Recombination Currents

831

*8.32

8.33

8.34

Consider areverse-biased gallium arsenide pn junction at T = 300 K. Assume that a
reverse-biasvoltage, Vx = 5V, is applied. Assume parameter values of: ¥, = N, =
10% ™, Dr = 6cm?/s, D,, = 200 cm? /s, and 1,4 = 7,5 = Tp = 10~* 5. 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?

(a) Consider Example 8.7. Assume that all parameters except n; are independent of
temperature. Determine the temperature a which J, and J., will beequal. What are
the values of J; and J,., a this temperature? () Using the results of Example 8.7,
calculate the forward-bias voltage at which theidea diffusion current isequal to the
recombination current.

Consider aGaAs pndiodeat T = 300K with N, = N, = 10" cm™* and with across
sectional areaof 10~* cm?. The minority carrier mobilitiesare i, = 3000 cm?/V-s ad
#p = 200cm?/V-s. Thelifetimesare 1,5 = a0 = = = 10~* s. Asafirst approxima-
tion, assume the electron-hole generation and recombination rates are constant across
the space charge region. (a) Calculate the total diode current at a reverse-bias voltage
of 5V and at forward-bias voltages of 0.3V and 0.5 V. (h)Compare the results of pan
(a) toan ideal diode at the same applied voltages.

Consider the pn junction diode described in Problem 8.33. Plot the diode recombina-
tion current and the ideal diode current (on alog scale) versus forward bias voltage
over therange®.1 <V, < L0V
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Figure835! Figure for
Problem 8.38 and 8.39.

Assilicon pn junctiondiodeat T = 300K has the following parameters: N, = Ny =
0P em= 10 = T =1 =5x 10775, D, = 10em’/s, P, = 25cm?/s, and a
cross-sectional area of 10~ cm?. Plot the diode recombination current and the ideal
diode current (on a log scale) versus forward bias voltage over the range 0.1 <

vV, =06 V.

Consider aGaAs pndiodeat T = 300K with N, = N, = 10'" cm™* and with a
cross-sectional areaof 5 x 107% cm?®. The minority carrier mobilities are i, =

3500 cm?/V-s and p, = 220 cm?*/V-s, The electron-hole lifetimesare r,y = 7,4 =

1, = 1078 s, Plot the diode forward-bias current including recombination currcnt
between diode voltages of 0.1 < ¥y, = 1.0 V. Compare this plot to that for an ideal
diode.

Starting with Equation {8.83) and using the suitable approximations. show that the max-
imum recombination rate in aforward-biased pn junctionisgiven by Equation (8.91i.
Consider. as shown in Figure8.35, a uniformly doped silicon pn junction a 7 = 300 K
with impurity doping concentrationsof N, = N, =5 X 10'% ¢m~* and minority
carrier lifetimes Of 7,6 = Ty = 7o = 1077 5. A reverse-bias voltageof V; = 10V is
applied. A light sourceis incident only on the space charge region. producing an excess
carrier generation rate of g’ = 4 X 10! cm™" s~!. Calculate the generation current
density.

Along silicon pn junction diode has the following parameters: Ay = 10'* e,
N,=3x 10" cm .70 =10 = = 107" s, D, = 18cm*/s, 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 J; = 25 mAscm”. Thediode 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 the 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

840 The critical electric field for breakdown in silicon is approximately E..; = 4 x
107 V/em. 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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8.41

8.42

843

8.44

845

8.46

847

Design an abrupt silicon p*n junction diode that has a reverse breakdown voltage
120 V and has a forward-bias current of 2mA a V = 0.65V. Assume that z,,, =
10~7 s. and find 1, from Figure 5.3.

Consider an abrupt n+pGaAs junction with ap-type doping concentration of N, =
10" ¢m~>. Determine the breakdown voltage.

A symmetrically doped silicon pn junction has doping concentrations of N, = Ny =
5 x 10'* cm~, If the peakelectric field in the junction at breakdown isE = 4 x
10° Vicm. determine the breakdown voltage of this junction.

An abrupt silicon p*n junction has an n-region doping concentration of ¥, =

5 x 10" em™* What must be the minimum n-region width such that avalanche br
down occurs before the depletion region reaches an ohmic contact (punchthrough)?
A silicon pn junction diode is doped with &, = N, = 10™ cm™. Zener breakdowm
occurs when the peak electric field reaches 10° V/cm. Determine the reverse-bias
breakdown voltage.

Adiode will very often have the doping profile shown in Figure 7.19. which is known
asan n*pp* diode. Under reverse bias, the depletion region must remain within the
p region to avoid premature breakdown. Assume the p region doping is L0" ¢m™3.
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 («) 75 pm and
(b) 130 yem. For each case, state whether the maximum depletion width or the
breakdown voltage isreached first.

Consider asilicon pn junctionat T = 300 K whose doping profile varies linearly
fromN, = 10" cm ? to N, = 10" cm~> over adistance of 2 um. Estimate the
breakdown voltage.

Section 85 Charge Storageand Diode Transients

8.48

849

8.50

(a) In switching a pn junction from forward to reverse bias, assume that the ratioof
reverse current, Iy, to forward current, 7, is0.2. Determine the ratio of storage time ‘
to minority carrier lifetime, £,/7,0. (4) Repeat part (a)if the ratioof Iz to /¢ is1.0.

A pn junction isswitched from forward to reverse bias. We want to specify that

t; = 0.27,q. Determine the required ratic of /¢ to /, to achieve this requirement. In
this case, determine /7.

Consider a diode with ajunction capacitance of 18 pF at zero bias and 4.2pF a a
reverse bias voltage of V¢ = 10 V. The minority carrier lifetimes are 1077 s. The
diode is switched from aforward bias with acurrent of 2 mA to a reverse bias voltage
of 10V applied through a 10 k€2 resistur. Estimate the tum-off time.

Section 8.7 TheTunnd Diode

8.51 Consider asilicon pn junction at T = 300 K with doping concentration of ¥, =

8.52

N, =5 x 10" em~*. Assuming the abrupt junction approximation is valid, determine
the space charge width at aforward-bias voltage of V, =0.40 V.

Sketch the energy-band diagram of an abrupt pn junction under zero bias in which the
p region is degenerately doped and £~ = E in the n region. Sketch the forward- and
reverse-bias current—voltage characteristics. This diode is sometimes caled a hack-
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853 (n)Explain physicaly why the diffusion capacitance is not important in areverse-
biased pn junction. (#) Consider asilicon. a genmanium, 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 pnjunctiondiodea T = 300 K isto bedesigned to have areverse-bias break-
down voltageof at least 50V and to handle a forward-biascurrent of /; = 100 mA
whilestill operating under low injection. The minority carrier diffusion coefficientsand
lifetimes are D, = 25 cm?s, D, = 10 em*/s, and z,, = 7,0 =5 x 1077 5. Thediode
isto bedesigned for minimum cross-sectional area.

*8.55 Thedonor and acceptor concentrations on either side of a silicon step junction are
equal. (a)Derive an expression for the breakdown voltage in terms of thecritical
electric field and doping concentration. (b} If the breakdown voltage isto be V; =
50 V. specify the range of allowed doping concentrations.
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M etal -Semiconductor and
Semiconductor Heter ojunctions

PREVIEW

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.

Semiconductor devices, or integrated circuits, must make contact with the out-
side world. This contact is made through nonrectifying metal —semiconductor junc-
tions, or eamic 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..

I n the preceding two chapters, we considered the pn junction and assumed that

9.1 THE SCHOTTKY BARRIER DIODE

One of the first practical semiconductor devices used in the early 1900s was the
metal —semiconductor diode. Thisdiode, also called a point contact diode, was made
by touching a metallic whisker to an exposed setniconductor surface. These metal—
semniconductor diodes were not easily reproduced or mechanically reliable and were
replaced by the pn junction in the 1950s. However, semiconductor and vacuum tech-
nology isnow used tofabricate 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 made on n-type
semiconductors; for this reason we will concentrate on this type of diode.
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911 QualitativeCharacteristics

Theideal energy-band diagram for a particular metal and n-type semiconductor be-
fore making contact isshown in Figure 9.1a. The vacuum level is used asareference
level. The parameter ¢,, is the metal work function (measured in volts), ¢; is the
semiconductor work function, and yx is known as the electron affinity. The work
functionsof various metals are given in Table 9.1 and the electron affinities of sev-
erd semiconductors are given in Table 9.2. In Figure 9.1a, we have assumed that
¢n > ;. Theideal thermal-equilibrium metal — semiconductor energy-band diagram,
for this situation, is shown in Figure 9.1b. Before contact, the Fermi level in the
semiconductor was above that in the metal. In order for the Fermi level to become a
congtant through the system in thermal equilibrium, electrons from the semiconduc-
tor flow into the lower energy statesin the metal. Positively charged donor atoms re-
man in the semiconductor, creating a space charge region.

The parameter ¢z istheideal barrier height of the semiconductor contact, the
potential barrier seen by electrons in the metal trying to move into the semiconductor.

Figure9.11 (a) Energy-band diagram of a metd and
semiconductor beforecontact; {b) ideal energy-handdiagram
of ametal-n-semiconductor junction for ¢, > ¢,.
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Table 9.11 Work functions of some elements

Element Whnrk function, ¢,
Ay dlver 426
Al, duminum 4.28
Au, gold 51 Table 92 | Electron &ffinity of some
Cr, chromium 45 semiconductors
mi?,nmg bdenum g?S Element Electron affinity, x
Pd, palladium 512 Ge, germanium 4.13
Pt, platinum 5.65 Si, slicon 401
Ti, titanium 4.33 GaAs, gdlium arsenide 407
W. tungsten 455 AlAs, aluminum arsenide 35

Thisbarrier is known as the Schottky burrier and is given. ideally, by

dgo = (Pw — 1)

Onthesemiconductor side, ¥y; is thebuilt-in potential barrier. Thisbarrier, similarto
the case of the pn junction, isthe 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 ¥}, aslight function of the semiconductor doping, as was the caseina
pn junction.

If we apply a positive voltage to the semiconductor with respect to the metal. the
semiconductor-to-metal barrier height increases. while ¢, remains constant in this
idealized case. This bias condition is the reverse bias. If a positive voltage is gpplied
to the metal with respect to the semiconductor, the semiconductor-to-metal barriee
Vi; 18 reduced while ¢ g again remains essentially constant. In this situation. elec-
trons can more easily flow from the semiconductor into the metal since the barrier
has been reduced. This bias condition is the forward bias. The energy-band diagrams
for thereverseand forward bias are shown in Figures 9.2a and 9.2b, where V; is the
magnitude of the reverse-bias voltage and V,, is the magnitude of the forward-bias
voltage.

The energy-band diagrams versus voltage for the metal-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 similarity, we expect the current—voltage characteristics o 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 electrens in the semiconductor is
reduced, so majority carrier electrons How more easily from the semiconductor into
the metal. The forward-bias current isin the direction from metal to semiconductor;
it isan exponential function of the forward-bins voltage V,.
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Figure 9.2 | Ideal energy-band diagram of a metal-semiconductor junction (a) under reverse bias and (b) under
. forward bias.

912 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
m Poisson’s equation. We have that
dE _ plx)
dx [

(9.3)

where p{x) isthe 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 (9.4)

where €y 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

-Theelectric field can then be written as

which is a linear function of distance, for the uniformly doped semiconductor, and
reaches a peak value at the metal-semiconductor interface. Since the E-held is zero
insde the metal. a negative surface charge must exist in 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 uniformiy
doped semiconductor, we have

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

EXAMPLE 9.1 | Objective

To calculate the theoretical harrier height, built-in potential barrier, and maximum electic
field in a meVa-semiconductor diode for zero applied bias.

Consider a contact between tungsten and n-type silicon doped to Ny = 10" cm™
T = 300K.

H Solution
The metal work function for tungsten (W) from Table 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 =455-401=054V

where ¢, istheidea Schottky barrier height. We can calculate @,as

2.8 x 10"\ = 0206 V
1016

Then

Vi = g0 — ¢» = 0.54 — 0.206 =0.33V

The space charge width a zero biasis

[25\‘/,,, }”2 [2(!1.7)(8.85 x 10~
Xp = =
eNy (1.6x 10-19)(10'5)

x,, = 0.207 x 10~ cm
Then the maximum electric field is

B eNgx,  (L6x 107")(10"%)(0.207 » 10~
T e (11.7)(8.35 x

or finaly

|Enuax| = 3.2 x 10* Viem
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r| Comment
The values of space charge width and electric field are very similar to those ohtained for a
M junction.

A junction capacitance can al so bedetermined in the same way as wedid for the
m junction. 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 V,;, and the slope of the curve from Equation (9.9) to yield the seniiconductor
doping ¥;. Wecan calculate the potential ¢,, and then determine the Schottky barrier
¢ao from Equation (9.2).

TEST YOUR UNDERSTANDING

B1 Consider anideal chromium-lo-n-type silicon Schottky diode at T = 300 K. Assume
the semiconductor is doped a acuncentration of &, = 3 x 10"" ¢cm~?, Determine the
(a)ideal Schottky barrier height, (»} buili-in potentia harrier, (¢} peak electric ficld
with an applied reverse-bias voltage of ¥ =5V, and (d) junction capacitance per
unit areafor Vg = 5 V. [ 1974 5 01 X 88'9 =, () "Wd/A 0f % L = [¥¥7] (9)
'AESTO=""A(9)'A 6¥'0 = "9 (1) suy]

E92 Repeat E9.1 for an ided palladium-to-n-type GaAs Schottky diode with the same
impurity concentration. [U/d 01 X 98°0 = ,5 (P) "W/A 01 % L = [¥¥g] (0)

] ‘A 616 0= "A (q)'A 01 = V¥ (p) suy]

Objective |  EXAMPLES9.2

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

1 Solution
The intercept of the tungsten—silicon curve is approximately a Vi, = 0.40 V From Equa-
. tion (9.9), we can write
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]4|

Figure9.311/C? versus V; for W-Si and W-GaAs
Schottky barrier diodes. o
(From Sze f14].)

Then, frem thefigure, we have

so that

We can calculate

so that
$p. = Vi T ¢, =0401012=052V
where ¢5,, istheactual Schottky barrier height,

B Comment

The experimental value of 0.52V can be compared with the ideal barrier height of ¢z =
0.54 V foundin Example9.1. These resultsagree fairly 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
i diode islarger than that of the silicon diode. Thisexperimental result is normally ob-
i served for al types of metal contacts.

.1.3 Nonideal Effects on the Barrier Height

Several 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.

I An electron in a dielectric at a distance x from the metal will create an electric
field. The field lines must be perpendicular to the metal surface and will be the same
asif an image charge, +e. islocated at the same distancefrom the metal surface, but
insidethe metal. Thisimage effect isshown in Figure 9.4a. Theforce on the electron,
due to the coulomb attraction with the image charge, is

l Metal Dielectric

Figure94 1 (a) Image charge and electric fieldlinesa a metaldielectric interface. (b) Distortion of
the potentid barrier due to image forceswith zero electric field and (c) with aconstant electric field.
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The potential can then be found as

where x” is the integration variable and where we have assumed that the potentia is
zeroat X = o0.

The potential energy of the electron is —e¢p(x): Figure 9.4b is a plot o the
potential energy assuming that no other electric ficlds exist. With an electric fidd
present in the dielectric, the potential is modified and can be written as ¥

®

The potential energy of the electron, including the effect of a constant electric field,
is plotted in Figure S.4c. The peak 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

Objective |
To calculate the Schottky barrier lowering and the position of the maximuin barrier height.

Consider agalium arsenide metal-semiconductor contact in which the electricfidd in e
semiconductoris assumed to be E == 6.8 x 10" Viemn.

Solution
The Schottky barrier lowering is given by Equation (9.15). which in this case yields

(1.6 x 10-19)(6.8 x 10")

The position of the maximum barrier height is
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it

® Comment

Althoughthe Schottky bamer lowering may seem like asmall 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 a 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.|. Usethe value of the electric ficld found in
thisexercise. (Y 12 = "x A2 €620'0 = ¢V 'suy)

B9.4 Repeat E9.3for the junction described in E9.2. (¥ 861 = “¥'A 8£T0'0 = ¢V 'suy}

Figure 9.5 shows the measured barrier heights in gallium arsenide and silicon
Schottky diodes asa function of metal work functions. There isa monotonicrelation
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

Au
Mg Al AgW Pd R
3.0 4.0 S0 6.0

Metal work function, ed,, (eV)

m

Figure 95 | Experimental banier heights as a function of
metal work functionsfor GaAs and Si.
(From Crowley and Sze [2].}
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Figure 9.6 Energy-band diagram of a metal —semiconductor
junction with an interfacial layer and interface states.

metal-semiconductor junction isdetermined by both the metal work function and tt
semiconductor surfaceor interfacestates.

A moredetailed cnergy-band diagram of ametal to n-type semiconductor conta
inthermal equilibrium isshown 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 betwet
the metal and semiconductor. The semiconductor also shows a distribution of surfa
states at the metal —semiconductor interface. We will assume that all states below tl
surface potential ¢; are donor states, which will be neutra if the state containsan ele
tron and positively charged if the slate does not contain an electron. We will alsoa
sumethat all states above ¢ areacceptor states, which will be neutral if the statedo
not contain an electron and negatively charged if the state contains an electron.

Thediagram in Figure 9.6 shows some acceptor states above ¢ and below E
These states will tend to contain electrons and will be negatively charged. We
assume that the surface state density isconstant and equal to D;, states/cm?-eV . Tl
relation between the surface potential, surface state density, and other semiconduct
parameters is found to be

We will consider two limiting cases

Case] Let D; — oc. Inthiscase, the right side of Equation (9.16) goes to zes
We then have

The barrier height is now fixed by the bandgap energy and the potential ¢g. Theb:
rier height is totally independent of the metal work function and the semiconduci
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eectron affinity. The Fermi level becomes' pinned" at the surface, at the surface po-
tentia .

Case2 Let D;,§ — 0. Equation (9.16) reduces to

which isthe original ideal expression.

The Schottky barrier height is afunction of the electric field in the semiconduc-
tor through the barrier lowering effect. The barrier height isalso afunction of the sur-
facestates 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.

9.14 Current-Voltage Relationship

The current transport in @ 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
potentid 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 &7, 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. Thecurrent J; ., isthe elec-
tron current density due to the flow of electrons from the semiconductor into the
metal, and the current J,,_.; is the electron current density due to the flow of elec-
tronsfrom the metal into the semiconductor. The subscripts of the currents indicate

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

The current density J;_.,, isafunction of the concentration of electrons which

i have x-directed velocities sufficient to overcome the barrier. We may write

[ where E! isthe minimum energy required for thertnionic emission into the metal, v,
isthecarrier velocity in the direction of transport, and e is the magnitude of the elec-
i tronic charge. The incremental electron concentration is given by

ilwhere g (E) is the density of states in the qonduction band and fr(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 | Energy-band diagram of a forward-biased
metal -semiconductor junction including the image
lowering effect.

If al of the electron energy above E.. isassumed tobekinetic energy, then
1 *,.2
Emnv =E - E,
The net current density in the metal-to-semiconductor junction can be written as
J=Jm — Juas (9.21

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

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

Equation (9.23) can be written in the usua diode form as

where J,r isthe reverse-saturation current density and is given by

We may recall that the Schottky barrier height ¢p,, changes because of the image-
forcelowering. We have that ¢z, = ¢ss — A¢. Then we can write Equation (9.26) as

Thechange 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-biascurrent-voltage characteristic of a Schottky barrier diode. The reverse-
biascurrent increases with reverse-bias voltage because of thebarrier lowering effect.
Thisfigure also shows the Schottky barrier diode going into breakdown.

Figure9.81 Experimental and theoretical
reverse-biascurrentsin aptSi-Si diode.
(From Sip [ {4].)
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EXAMPLE 9.4

Objective

To calcul ate the effective Richardson constant from the /-V characteristics,
Consider the tungsten—silicon diode curve in Figure 9.9 and assume a harrier height of
bay = 0.67 V. From the figure, J,r =~ 6 x 107% A/em’.

| Solution
We have that

so that

Then

B Comment

Theexperimentalty determined valueof A' isavery strong function of ¢y, Since gy, isin
exponential term. A small change in ¢, will change the value of the Richardson cons
substantiaily.

(A

Figure 9.91 Forward-bias current
density J; versus V, for Wi-S and
W-GaAs diodes.

(From Sze [14].)
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3 TEST YOUR UNDERSTANDING

.5 TheSchottky barrier height of asilicon Schottky junctionisgs, = 0.59 v, theettective
Richardson condant is A' = 114 A/K*-cm®, and the cross-sectiona area is A ==
10~* cm?, For T = 300 K, calculate(s} the ided reverse-saturation current and (b) the
diode current for ¥, = 0.30 V. [VW I'y] = 7 (9} 'V ,_0] X 1£7] = 47 (0) 'suy)

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
d magnitude. This 2 order of magnitude differencewill be reflected in the effective
Richardson constant, assuming the harrier heightsin 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
slicon and gallium arsenide. Thefact that the effective massisin the expression for
the Richardson constant isadirect result of using the effective density of states func-
tion in the thermionic emission theory. The net result is that A* and J;r will vary
widdy 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 barrier diode given
by Equation (9.25) is of the sameform as that of the pn junction diode, there are two
important 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 isin the
switching characteristics.

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

_€¢'HH
Jog = A*T?ex ﬁ)
] 7 P ( kT
Theideal reverse-saturation current density of the pn junction diode can be written as

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

Objective EXAMPLE 9.5
To calculatethe reverse-saturationcurrent densitiesaf a Schottky barrier diode and apn junc-
tion diode.
Consder atungsten barrier on silicon with a measured barrier height of ¢z, = 0.67 V.
The effective Richardson congtant is A' = 114 A/K?-cm?®. Let T =300K.
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Solution
If we neglect the barrier lowering effect, we have for the Schottky barrier diode

, = AT exp (;:I;"i) = (114)(300)% exp =5.98 X 1077 Afem?

Consider asilicon pn junction with the following parameters at T = 300K.
N, 1018 Cm*} N() — 1016 Cm—}
D, = 10cm?s D, = 25cmls

Tpo = 1077 Tup = 1077

We can then calculate the following parameters:
L,=10x 10" cm L, =158 x 10-*cm
Pno = 2.25 X 10¢ em™? n, =225x 10 ¢m™*

The ideal reverse-saturation current density of the pn junction diode can be determined {r
Equation (9.28) as

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

Figure 9.10 | Comparison of forward.
bias /-V characteristics between a
Schottky diode and a pn junction
diode.
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Recall that the reverse-bias current in asilicon pn junction diode is dominated
by the generation current. A typical generation current density is approximately
1077 Alar?.  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-
igs in the reverse-biased Schottky bamer diode; however, the generation current is
negligiblecompared with the J,7 value.

Since J,+ > J,, theforward-bias characteristics of the two types of diodes will
aso be different. Figure 9.10 shows typical |-V characteristics of a Schottky barrier

idiode and a pn junction diode. The effective turn-on voltage of the Schottky diodeis
lessthan that of the pn junction diode.

Objective |

1 To caculate the forward-bias voltage required to generate a forward-bias current dengity of
10 A/em® in @Schottky barrier diodeand a mn junction diode.
Consder diodes with the paramctrrsgivenin Example€9.5.We can assumethat thepn junc-
; tion diode will be sufficiently forward biased so that the ided diffusion current will dominate.
Le T = 300K.

B Solution
Far the Schottky barrier diode, we have

For the pn junction diode, we have

# Comment

A comparison o the two forward-bias voltages shows that the Schottky barrier diode has a
rm-on voltagethat 1n thiscase, is approximately 0.37 v smaller then the tom-on voltage of
thepn junction diode:

EXAMPLE 9.6

Theactual difference between the turn-on voltages will be a function of the bar-

| rier height of the metal —semiconductor contact and the doping concentrationsin the

m 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 isreferred to as a Schottky clamped transistor.
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TEST YOUR UNDERSTANDING

E9.6 () The reverse Sauraion currents of apn junction and a Schouky diodearc 107" A
and 10 * A, respectively. Determineihe required forward-biasvoltagesin the
pn junction diode and Schottky diode to produceacurrent of 100 1A in each diode
(b} Repeat pan (a) for forward bias currentsof 1 mA.

[A RS0 °A 989°0 () 'A 8620 'A 96£0 (1) suy]

E9.7 A pnjunction diodeand aSchottky diode haveequa cross-sectiond aress and heve
forward-biased currentsof 0.5 mA. The reverse-saturationcurrent of the Schottky
diodeiss x 10-7 A. Thedifference in forward-bias voltage between the two diodes
i50.30 V Determine the reverse-saturationcurrent of the m junction diode.

(¥ 701 X 99'F "suy)

Thesecond major difference between a Schottky barrier diode and a pn juncti
diodeisin thefrequency response, or switching characteristics. In our discussion,
have considered the current in aSchottky 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 to empty sta
the serniconductor. I an electron from 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, cal culationsas well as measurements have shown that the ra
of the minority carricr hole current to the total current isextremely 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 thereis no minority cam
storage time, the Schottky diodes can be used in fast-switching applications. A typ'
cal switching time for a Schottky diode is in the picosecond range, while for
pn junction it is normally in the nanosecond range.

9.2 METAL-SEMICONDUCTOR OHMIC CONTACTS;

Contacts must be made between any semiconductor device, or integrated circuit, and
the outside world. These contacts are made via ohmic contacts. Ohmic contacts are
metal-to-semiconductor contacts, but in thiscase they are not rectifying contacts. An
ohmic contact is a low-resistance junction providing conduction in 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 chmic contacts are possible: The first type is the
nonrectifying barrier, and the second is the tunneling barrier. We will define a
cific contact resistance that is used to characterize ohmic contacts.

Page 364 of 566




@.2 Med-Samiconductor Ohmic Contacts

921 Ideal NonrectifyingBarriers

We considered an ideal metal-to-n-type semiconductor contact in Figure 9.1 for the
caxe when ¢,, > ¢,. Figure 9.11 shows the same ideal contact for the opposite case
o ¢, < ¢,. In Figure 9.11a we see the energy levels before contact and, in Fig-
ue9.11b. the barrier after contact for thermal equilibrium. To achieve thermal equi-
librium in this junction. electrons will Row from the metal into the lower energy
gates in the semiconductor, which makes the surface of the semiconductor more
n type. The excess el ectron charge in the n-type semiconductor existsessentially asa
surface charge density. If a positive voltage is applied to the metal, there isno harrier
to electrons flowing from the semiconductor into the metal. If a positive voltage is
applied to the semiconductor, the effective barrier height for electrons flowingfrom
the metal into the semiconductor will be approximately ¢g, = ¢,. which is fairly
smadll for amoderately 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,
isan ohmic contact.

‘ Figure 91 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 | Ideal energy-band diagram (a) before contact and (h) after contact for a metal —n-semiconductor junction
fordm < ¢

Page 365 of 566



CHAPTER 9 Metd-Semconductor and Semiconductor Heterojunctions

Figure 9.12 | Ideai energy-band diagram of a metal —-n-semiconductor chmic contact (8) wi
apositivevoltage applied to the metal and (b with a positiveveltage applied to the
serniconductur.

Figure9.13| Ided energy-banddiagram (@) before contact 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 9.13do not take into account
the effect of surface states. If we assume that acceptor surface states exist in the
upper half of the semiconductor bandgap, then, sinceall the acceptor statesare bdow
E, for the case shown in Figure 9.11b, these surface states will he negatively
charged, and will alter the energy-band diagram. Similarly, if we assume that donor
surface statesexist 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 ater this energy-band diagram. Therefore, if ¢,, < ¢, for the
metal-n-type semiconductor contact, and if ¢,, > ¢, for the metal-p-type semicon-
ductor contact. we may not necessarily form agood ohmic contact.

9.2.2 TunndingBarrier

The space charge width in arectifying metal —semiconductor contact isinversely pro-
portional to the square root of the semiconductor doping. The width of the depletion
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Figure9.14 | Energy-band diagram of
a heavily doped n-semiconductor-to-
metal Junction.

gion decreases as the doping concentration in the semiconductor increases; thus, as

thedoping concentration increases, the probability of tunnelingthrough thebarrier in-

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

' Objective EXAMPLE 9.7

Y%calculate the space charge width for a Schottky barrier on a heavily doped semiconductor.
Consider silicon & T = 300K doped at ¥; = 7 x 10" cm *. Assume a Shottky barrier
with ¢, = (.67 V. For this case. we can assume that V;,; = ¢z;. Neglect the barrier lowering
effect.
!

1 Solution
From Equation (9.7). we havelor zero applied bias

(1.6 x 10-19)(7 x 1018}

x, =11x10%cm=1104A
Comment
In a heavily doped semiconductor. the depletion width is on the order of angstroms, so that
tunnelingis now adistinct possibility. For these typesof barrier widths, tunneling may become
the dominant current mechanism.

The tunneling current has the form

where
3
The tunneling current increases exponentially with doping concentration
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9.2.3 Specific Contact Resistance I

A figure of merit of ohmic contactsis the specific contact resistance. R. Thispar:
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 alow 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 contaa
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 concentratiol
the tunneling process will dominate. From Equations (9.29) and (9.30}, the specifi
contact resistanceisfound to be

l—+2\/ NN Pn -l

R, o exp

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 afunction of semi-
conductor doping. For doping concentrationsgreater than approximately 10" cm™,
the tunneling process dominates and R, shows the exponential dependence on ¥;.
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 datafor 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-nt 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 n region, this contact resistance may actu-
aly dominate the total resistance of the junction.

Thetheory of forming ohmic contactsisstraightforward. To form a good ohmic
contact, we need to create alow barrier and use a highly doped semiconductor & the
surface. However, the actual technology of fabricating good, reliable ohmic contacts
isnot aseasy inpractice asin theory. Itisalso more difficult to fabricate good ohmic
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Figure9.15 | Theoretical and experimental
specific contact resstance as a function

of doping.

(From Sze [14].)

contacts on wide-bandgap materials. In general, low barriers are not possible on
these materials, so a heavily doped semiconductor at the surface 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-
+ mady 5 x 10" em™ for n-type GaAs. Nonuniformitiesin 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 usualy re-
quired before a good ohmic contact is obtained.

9.3 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 homojunction. When two different semiconductor materials are
usad to forma junction, the junction is called a semiconductor 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
o some basic concepts.
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9.3.1 Heterojunction Materials

Since the two materials used to form a heterojunction will have different en
bandgaps, the energy band will have adiscontinuity at the junction interface. We
have an abrupt junction in which the semiconductor changes abruptly from anarre
bandgap material to a wide-bandgap material. On the other hand, if we have
GaAs-Al,Ga;_As system, for example, the value of x may continuously vary ov.
distance of several nanometers to form a graded heterojunction. Changing the viu..
of xin the Al,Ga,_,As system allows us to engineer, or design, the bandgap eneryy.

In order to have a useful heterojunction, the | attice constants of the two materiuls
must be well matched. The lattice match is important because any lattice mismatch
can introduce dislocations resulting in interface states. For example, germanium und
gallium arsenide have lattice constants matched to within approximately 0.13 per-
cent. Germanium-gallium arsenide heterojunctions have been studied quite exten-
sively. Morerecently, gallium arsenide—aluminum gallium arsenide (GaAs-AlGaAs)
junctions have been investigated quite thoroughly. since the lattice constants of Gi-As
and the 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-
bandgap material. the alignment of the handgap energies isimportant in determining
thecharacteristicsof the junction. Figure 9.16 showsthree possible situations. In Fix-
ure 9.16a we see the case when the forbidden bandgap of the wide-gap materiul
completely overlapsthe bandgap of the narrow-gap material. Thiscase, called strud-
dling, appliesto most heterojunctions. We will consider only this case here. Theother
possibilities are called staggered and broken gap and are shown in Figures 9.16b
and 9.16¢.

There are four basic types of heterojunction. Those in which the dopant type
changesat the junction arecalled anisetype. We can form nP or Np junctions, where
the capital |etter indicates the larger-bandgap material. Heterojuncrions with thesar
dopant type on either side of the junction are called iservpe. We can form nN and
isotype heterojunctions.

Figure 9.17 shows the energy-band diagrams of isolated n-type and P-tvpe
materials, with the vacuum level used as a reference. The electron affinity o the

Figure9.16 | Relation between narrow-bandgapand wide-bandgap energies: (a) straddling, (b} staggered, and 1

(c) broken gap.
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Figure 9.17 | Energy-band diagrams of a narrow-bandgep
and a wide-bandgap materid 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 isdenoted by AE,. From Figure 9.17.
we can see that

Inthe ideal abrupt heterojunction using nondegenerately doped semiconductors, the
vacuum level is parallel to both conduction bands and valence bands. If the vacuum
level iscontinuous, then the same AE, and AE, discontinuities will exist at the het-
erojunction interface. Thisideal situation is known as the electron affinity rule. There
isgtill 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-gapn region and holesfrom the wide-gap P region must flow acrossthejunc-
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 xz. The discontinuities in the conduction and valence bands and the
changein the vacuum level are shown in the figure.

9.3.3 Two-Dimensional Electron Gas

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
i an nN GaAs-AlGaAs heterojunction in thermal equilibrium. The AlGaAs can he
l moderetely to heavily doped n type, while the GaAs can be more lightly doped or
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Figure 9.18i Ideal energy-band diagram of an nP
heterojunction in therma equilibrium.

Ef’u

Figure9.19! Ideal energy-hand diagram of an rN
heterciunction in thermal equilibrivm.

even intrinsic. As mentioned previously. to achieve thermal equilibrium, electror
from the wide-bandgap A1GaAs Row into the GaAs. forming an accumulation lay
of electrons in the potential well adjacent to the interface. One basic quantut
mechanical result that we havefound previously isthat the energy of an electron con.
tained in a potential well is quantized. The phrase two-dimensional electron gar
refers to the condition in which the electrons have quantized energy levels in one
spatial direction (perpendicular totheinterface), but arefreeto movein the other two
spatial directions.

The potential function near the interface can be approximated by ariangular po-
tential well. Figure9.20a shows the conduction band edges near the abrupt junction
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Figure 9.20 | (a) Conduction-band edge & N-AlGaAs, n-GaAs heterojunction: (b} triangular well

approximation with discreteelectron energies.

Figure9.21 | Electron density in
triangular potential well.

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

V(x) = ¢Ez 7>0 (9.35a)
Viz) = z< 0 (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-
ure9.21. A current paralel to the interface will be afunctionof thiselectron concen-
tration and of the electron mobility. Since the GaAs can be lightly doped or intrinsic,
the two-dimensional electron gasisin aregion of 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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~— Doped —*-].4— Undoped ——

Figure 9.22 | Conduction-hand edge &
agraded heterojunction.

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

*9.3.4 Equilibrium Electrostatics

We will now consider the electrostaticsof 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 regionsin 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
potential barrier for thisideal caseisdetined 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
potentia differencesacross each of the space charge regions. The heterojunction built-
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.

Idedlly, the total built-in potential barrier Vj,; can be found as the difference be
tween the work functions, or

Vi = bop — D

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

‘ Nm Nv
? eV, = —AE T AE, +len( )wrln (—P) (9.38)
ro Pp(]

Finaly, we can write Equation (9.38) as

eV = AE, TkTIn (f_f_g . h)
Pro Nz-P
where p,,, and p,,, are the hole concentrationsin the Pand n materials, respectively,
and N,,,and N, p are the cffective density of states functions in then and P materials,
respectively. We could also obtain an expression for the built-in potential barrier in
terms of the conduction band shift as

Objective

To determine AE,. At,.and V,; for an n—-Ge to P-GaAs heterojunction using the electron
dfinity rule.

Consider n-type Ge doped with N, = 10" ¢cm~? and P-type GaAs doped with N,, =
10 cm~*. Let 7 = 300K sothat n, = 2.4 x 10" em~? for Ce.

B Solution
From Equatton (9.34a), we have
AE, = ey, — xp) = €(4.13 - 4.07) = 0.06 eV
[ and from Equation (9.34b). we have
AE, = AE, — AE,= (143 -0.67) —0.06=0.70 eV
Todetermine V,, using Equation (9.39). wc need to determine .. in Ge. or

_ (24x107)

- — 03
Pio = o ™ =576 x 10" cm

(10'%)¢6 x 10'%) |

Vy = 0.70 + (0.0259) | [
eVh =070+ N 576 x 109)(7 x 10|

or, finally.

B Comment
Thereisanonsymmetry inthe AE, and AE, values that will tend to make the potential harriers
seen by electrons and holes different. This nonsymmetry does not occur in homojunctions.
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We can determine the electric field and potential in the junction from Poisson’«l
equation in exactly the same way aswedid for the homojunction. For homogen
doping on each side of the junction, we have in then region

NIJ
Eo= %, 45 (~x,<x<0)
and in the Pregion
N,
Ep=Lp -0 O<xzan)
p

where e, and ¢p are the permiitivities of the n and Pmaterials, respectively. We
note that E, =0 at x = —x, and Ep = Q a x = xp. The electric flux density D igg
continuous across the junction, so

€, En(x = 0) = epEp(x =0)

which gives
Nowxp = Napxp

Equation (9.42b) simply statesthat the net negative chargein the Pregion isequd 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 them
space chargeregion so that the potential difference acrosseach region canthe
termined. We find that

eNygnx?t
Vbin = 22’; £
and
eNgpx
Vip = ——F
2ep
Equation {9.42b) can be rewritten as
ff_ _ MNap
Xp Ndn
Theratio of the built-in potential baniers can then be determined as I

Assuming that €, and cp are of the sameorder of magnitude, the larger potential dif-‘|
ference is acrossthe lower-doped region.
Thetota built-in potentia barrier is
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If we solve for xp, for example, from Equation (9.42b) and substitute into Equa-
tion (9.46), we can solvefor x,, as

Wecan also find

The total depletion width isfound to be

If areverse-bias voltage is applied across the heterojunction, the same equations
aoply if Vs; isreplaced by Vi T V. Similarly, if aforward bias is applied, the same
equations also apply if Vi, isreplaced by Vi, — V.. As before, Vi is the magnitude
d thereverse-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 nP junction

Aplot of (I/CJ’.)2 versus Vy again yieldsastraight line. Theextrapolation of this plot
of (l/CJ’.)2 = 0 is used tofind the built-in potential harrier, Vj;.

Figure9.18 showed the ideal energy-band diagram for the nP abrupt heterojune-
tion. The experimentally determined values of AE. and AE, may differ from the
ideal values determined using the electron affinity rule. One possible explanation for
thisdifference is that most heterojunctions have interface states. If we assume that
the electrostatic potentia 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 asthey 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-
t sultingin atransition region of afew angstromsat theinterface. Theenergy bandgap
isthen continuous through thistransition region and not acharacteristic of either ma-

. terid. However. we still have the relation that

AE.+AE, = AE, (9.50)

for thestraddling type of heterojunction, althoughthe A E, and AE , values may dif-
ferfrom 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
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Figure 9.231 Ideal energy-band diagram of an

Np heterojunction in thermal equilibrium.

Figure9.2111deal energy-bend diagram of a
pP heterojunctionin therma cquilihrium.

heterojunction. The same AE, and A E, discontinuities exist, although the genera
shape of the conduction band, for example, is different in the nP and the Np junc-
tions. Thisdifference in energy bandswill influence the /-V characteristics of thetwo
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
thermal equilihrium. electrons from the wide-bandgap material will How into the
narrow-bandgap material. A positive space charge region existsin the widc-gap mate-
rial and an accumulation layer of electrons now exists at the interface in the narrow-
gap material. Since there are alarge number of allowed energy states in the conduction
band, we expect the space charge width x,, and the built-in potential barrier V;,;, tobe
small in the narrow-gap material. The energy-band diagram of the pP heterojunction
inthermal equilibrium isshown in Figure 9.24. To achieve thermal equilibrium, holes
from the wide-bandgap material will Row into the narrow-bandgap material, creating
an accumulation layer of holesin the narrow-handgap material a the interface. These
types of isotype heterojunctions are obviously not possiblein ahomojunction.
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The idedl current-voltage characteristics of a pn homojunction were developed in
Chapter 8. Since the energy-band diagram of a heterojunction is more complicated
then that of a homojunction, we would expect the /-V characteristics of the two junc-
tions to differ.

Oneimmediate difference between a homojunction and a heterojunction isin the
barrier heights seen by the electrons and holes. Since the built-in potential harrier
forelectrons 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 electrons 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
approximately a factor of 10* smaller than the hole current, assuming al other
parameters are equal. The opposite situation exists for the band diagram shown in
Fgure 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
basis of thermionic emission of carriers over the barrier, as we did in the metal—
semiconductor junction. We can then write

where £, is an effective barrier height. The barrier height can be increased or re-
duced by an applied potential across the junction asin the case of a pn homojunction
or a Schottky barrierjunction. The heterojunction 1-V characteristics, however, may
nead to he modified to include diffusion effectsand 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 -V relationship of the het-
ergjunctionis complex, the general form of the /-V equation is still similar to that of
a Schottky barrier diode and is generally dominated by one type of carrier.

941 SUMMARY

m A med on alightly doped semiconductor can producea rectifying contact that is
known as a Schottky barrier diode. The idedl banier height between the metd and
semiconductor IS the difference between the metal work function and the semiconductor
electron affinity.

m  When apostive voltageis gpplied to an ntype semiconductor with respect to the metal
(reverse bias), the barrier between the semiconductorand metd increases so that thereis
essentidly no Howv of charged carriers. When a pogitive voltage is applied to the metd
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with respect to an n-type semiconductor (forward bias), the barrier between the
semiconductor and metal islowered so that electrons can easily flow from the
semiconductor into the metal by aprocess called thennionic emission.

Theideal current—voltage relationship of the Schottky barrier diode is the same as thet
of the pn junction diode. However, since the current mechanism is different from that d
the pn junction diode, the switching speed of the Schottky diode is faster. In addition,
the reverse saturation current of the Schottky diode islarger than that of the pn junction
diode, so a Schottky diode requires less forward bias voltage to achieve agiven 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
the junction.

Semiconductor heterojunctions are forined between two semiconductor materialswith
different bandgap encrgies One useful property of a heterojunction is the creation of
apotential well a the interface. Electrons are confined to the potential well in the
direction perpendicular to the interface, but are free to move in the other two directions.

GLOSSARY OF IMPORTANT TERMS

anisotypejunction A heterojunction in which the type of dopant changes at the metallurg-
ca junction.

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

heterojunction The junction formed by the contact between two different semiconduct
materials.

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

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

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

Richardson constant The parameter A* in the current—voltagerelation of a Schottky di

Schottky harrier height The potential barrier ¢, from the metal to semiconductor Ay
metal —semiconductor junction.

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

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

thermionic emission The process by which charge fiows over a potential barrier asaresult
of carriers with sufficient thermal energy.

tunneling harrier A thin potential barrier in which the current isdominated by the tunneling
of carriers through the barrier.

two-dimensional electron gas(2-DEG) The accumulation layer of electrons contained ina
potential well a aheterojunction interfacethat arefree to move in the " other” two spatia
directions. g
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Problems

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

Sketch the energy band diagram of zero-biased. reverse-biased, and forward-biased
Schottky barrier diodes.

Describe the charge How in aforward-biased Schottky barrier diode.

Explain the Schottky barrier lowering and its effect on the reverse saturation current in
aSchottky barrier diode.

Explain the effect interface states on the characteristics of a Schottky harrier diode.
Describe one effect of a targer reverse saturation current in a Schottky banier diode
compared to that of apn junction diode.

Describe what is meant by an ohmic contact.

Draw the energy band diagram of an nN heterojunction.

Explain what is meant by a two-dimensional electron gas.

REVIEW QUESTIONS

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 barrier lowering.

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

4. Compare the forward-biased current—voltage 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
$m < ¢,. Explain why thisisan 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 isa 2-D elcciron gas?

PROBLEMS

(Inthefollowing problems, assumeA* = 120 A/K*-cm” for silicon and A = 1.12 A/K?-cm?
furgallium arsenide Schottky diodes unless otherwise stated.)

Section 9.1 The Schottky Barrier Diode

91

92

93

Consider acontact between Al and n Si doped at &y = 10" em™*, T = 300 K.

{a) Draw the energy-band diagrams of the two materials before the junction isformed.
{#} Draw theideal energy band a zero bias after the junction isformed. (¢} Calculate
Puo. x4, and By, for pan (¥). {d) Repeat parts (#) and (¢) using thedatain Figure 9.5.
Anidea rectifying contact is formed by depositing gold on n-type silicon doped at
10% em=3, At T = 300 K, determine( a) ¢, (&) Vi, () W, and (&) Epy, al under
equilibrium conditions.

Consider agold Schottky diode at T = 300K formed on n-type GaAs doped at Ny =
5 x 10" cm™>. Determine (z) the theoretical barrier height. @z, (2) ¢, (€) Vi,
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Figure9.25 | Ftgurefor
Problem 96

(d) the space charge width, x,, for ¥z == 5 V. and (¢) the electric field at the metal
junctionfor ¥z =5V.

9.4 Repeat problem 9.3, parts (b) through (¢), if the experimentally determined harrier
height is found to be ¢4, =0.86 V.

9.5 AnAu-n-Sijunction with N, =5 x 10/ cm™ has acrocs-sectional areaof A =
5x 10 *em’. 7 = 300 K. Use the datain Figure 9.5. (a) Determine the junction
capacitance when V; = 4 V. (b) Repeat part (8)if thedoping isincreased to ¥, = ]
5x 10 ¢m~3,

96 A Schottky diode with n-type GaAs at 7 = 300K yieldsthe 1/C™ versus ¥ plot
shown in Figure9.25. where C' isthe capacitance per cm'. Determine (a) Vi:.(b) Na
(C) ¢n- and (d) ¢B()

97 Consider an Al-n-Si Schottky barrier at T = 300 K with ¥; = 10" cm—*. Usethe
datain Figure 9.5 to determine the barrier height. (o) Determine Vj,;, xy. and E,, &
zero bias. {(#) Using the value of E,. from pan (a). determine A¢ and x,, for the
Schottky barrier lowering. (c} Repeat part () for the case when a reverse bias of
Ve = 4 Vis npplicd. §

9.8  Starting with Equation (9.12), derive Equations (9.14) and (9.15).

9.9  AnAu-n-GaAs Schottky diode isat T = 300K with &, = 5 x 10'% cm~*. Usethe
datain Figure 9.5 to determine the harrier height. {a) Determine V. x,, and E ., &
zero bias. (b) Determinethe reverse-bias voltage at which the Schottky barrier lowering,
Ag, will he 7 percent of ¢z, . (Use the valueof E,, in the space charge region.)

=== 9.10 Consider n-type silicon doped at ¥, = 10'® cm * with agold contact to form a

C_J_i Schottky diode. Investigate the effect of Schottky barrier lowering. (a)Plot the

= Schottky barrier lowering A¢ versusreverse-bias voltage over therange 0 < Vy <
50 V. (b) Plot theratio /. (Vg )/ J.7 (Ve = 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:

2
¢ =52V ¢, =0.10V Gy = 060V i
E, = 143eV §=25A € = i
€ = (13,1060 x =407V Ny = 10" cm f

Dy = 109 ev-!em 2
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mine the barrier height with interface states. (¢) Repeat pans (a)and (h)if @ is
changed to ¢,, = 4.5 V.

9.12 A Schottky barrier diode contains interface states and an interfacial layer Assume the
following parameters:

b (a) Determine the theoretical barrier height ¢zq. without interface states. (&) Deter-

¢ =475V é, =0.164 V @0 =0.230V

E, = 1.12eV F§=20A € =€

, = (1.7e x =401V N;=5x10"% ¢m™
$ro = 0.60 V

Determine the interface state density, 2, in unitsof eV~' cm~2,

913 APiSi Schottky diodeat T = 300K isfabricated on n-type silicon with adoping of
N; = 10" em™3*. From Figure 9.5, the barrier height is0.89 V. Determine («) ¢, ,
(b) Vi, (¢) Jir. when the harrier lowering is neglected, and (&) V, so that
J, =2 Alem’.

914 (a)Consider a Schottky diodeat T = 300K formed with tungsten on n-type silicon.
Let Ny =5 x 10" ¢m~* and assume a cross-sectional areaof A =5 x 107* cm”.
Determine the forward-bias voltage required to obtain acurrent of | mA, 10 mA, and
100 mA. (b) Repeat pan (n)if the temperature is increased to T = 400 K. (Neglect
Schottky barrier lowering.)

915 A Schottky diode is formed by depositing Au on n-type GaAs doped a N, =5 x
10'* em™3. T = 300 K. («) Determine the forward-bias voltage required to obtain
J, =5 Afem?. (b) What is the change in forward-hias voltage necessary to double the
current? (Neglect Schottky barrier lowering.)

916 (a)Consider an Au n-type GaAs Schottky diode with a cross-sectional area of
10 * cm. Plot the forward-bias current—voltage characteristics over a voltage range
of 0 < ¥V, <0.5V. Plot the current an a log scale. {(£) Repeat part («) for an Au
n-type silicon Schottky diode. (¢} What conclusions can he drawn from these results?

917 A Schottky diode at T = 300 K is formed between tungsten and n-type silicon doped
a N, = 10" cm'. The cross-sectional areais A = 107* cm’. Determine the
reverse-bias saturation current a (a) Vx = 2V and (b) Vg = 4 V. (Take nto account
the Schottky barrier lowering.)

*9,18 Starting with the basic current equation given by Equation (9.18), derive the rclation
given by Equation (9.23).

919 A Schottky diode and a pn junction diode have cross-sectional arrasof A =
5 x 107* em?. The reverse saturation current density of the Schottky diode is
3% 107 AJem?® and the reverse saturation current density of the pn junction diode is
3 x 107 Ajem?. The temperature is 300 K. Determine the forward-bias voltage in
each diode required to yield diode currents of 1 mA.

k 920 The reverse saturation current densities in a pn junction diode and a Schotiky diode
are5 x 1072 AJem® and 7 x 10-% A/em?, respectively, at 7 = 300 K. The cross-
sectional areaof the pn junction diode isA = 8 x 10~* cm”. Determine the cross-
sectional areaof the Schottky diode so that the differencein forward-bias voltages to
achieve 1.2 mA is0.265 V.

921 (a)The reverse-saturation currents of a Schotlky diode and a pn junction diode at
T =300Kare5 x 107¥ Aand 107" A, respectively. The diodes are connected in
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parallel and arc driven by a constant current of 0.5 mA. (i) Determine the currentin
each diode. (ii) Determine the voltage across cach diode. (») Repeat part () if the
diodes are connected in series.

and pn junction are4 x 10~ # A/em? and 3 x 107" Ajem?, respectively. A forward-
bias current of 0.8 mA isrequired 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 temperatureisincreased
to 400 K. (Take into account the temperature dependenceof the reverse-saturntion
currents. Assume E, = 1.12 eV for the pn junction diode and ¢»¢ = 0.82 V. for the
Schottky diode.)

9.23 Comparethe current-voltage characteristics of a Schottky barrier diode and a m junc-
tion diode. Use the results of Example 9.5, and assumediode areas of 5 x 10~* em?,
Plot the current—voltage characteristics on alinear scale over a current range of 0 <
In = 10 mA.

'@l

Section 9.2 Metal-Semiconductor Ohmic Contacts

9.24 liis possible, theoretically, to form an ohmic contact between a metal and silicon that
has avery low harrier height. Considering the specific contact resistance, determine
the value of ¢z, that will giveavalueof R, = 10~ Q-cm? a T = 300K. i

9.25 Ametal, with awork functiong,, = 4.2V, isdeposited on an n-type silicon semicon-
ductor with x, = 4.0V and £, = 1.12 eV. Assume no interface statesexist at the
junction. Let T = 300K. {a) Sketch the energy-hand diagram for zero bias fur the case
when no space charge region exists a the junction. (b) Determine ¥, so that the condi-
tion in pan (a} issatisfied. (C)What isthe potential barrier height seen by electronsin
the metal moving into the semiconductor?

9.26 Consider the energy-hand diagram of asilicon Schottky junction under zero biasshowg,
in Figure9.26. Let¢yo = 0.7V and T = 300 K. Determine the doping required so
x4 = 50 A at the point where the potential is¢z0/2 below the peak value. (Neglect the™
barrier lowering effect.)

Figure 9.26i Figure for
Problem 9.26.
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9.27 A metal—semiconductor junction isformed between a metal with a work function of
4.3 eV and p-typesilicon with an electron affinity of 4.0 eV. The acceptor doping
concentration in the siliconis ¥, =5 x 10" cm=*. Assume T = 300 K. (&) Sketch
the thermal equilibrium energy band diagram. (h)Determine the height of the
Schottky barrier. (<) Sketch the energy band diagram with an applied reverse-bias
voltage of Vx = 3V. (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 isN; =6 x 10 cm™* and ¥, = 3 x 10'* cm™?. Assume
T = 300 K. Sketch the zero hias energy-band diagram and determine the Schottky
barrier height. (b) Repeat pan (a) if the metal work function is4.35 eV.

Section 9.3 Heterojunctions

9.29 Sketch the energy-band diagrams of an abrupt Al 3 Gag 7 As—-GaAs heterojunction for:
(a) N*-AlGaAs, intrinsic GaAs, (h) Nt-AlGaAs, p-GaAs, and (c) P*~AlGaAs,
n*-GaAs. Assume E, = 1.85 eV for Aly3Gag 7As and assume AE, = 3AE, .

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

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

Summary and Review

#9.32 (a) Derive an expression for 4V, /dT asafunction of current density in a Schottky
diode. Assume the minority carrier current is negligible. () ComparedV, /dT fora
GaAs Schottky diode to that for a Si Schottky diode. (¢) Compare dV, /dT for aSi
Schottky diode to that for aSi pn junction diode.

9.33 The(1/C;)’ versus V data are measured for two Schottky diodes with equal aress.
One diode is fabricated with 1 -cm silicon and the other diode with 5 §2-cm silicon.
The plotsintersect the voltage axisas Vx = —0.5 V for diodeAandat vV = —1.0V
for diode B. The slope of the plot for diode Ais1.5 x 10" (F>-V3~! and that for
diodeBis1.5 x 10" (F2-V)~!. Determine which diode has the higher metal work
function and which diode has the lower resistivity silicon.

*¥0,34 Both Schottky barrier diodes and ohmic contacts are to be fabricated by depositing a
particular metal on asilicon integrated circuit. The work function of the metal is4.5 V.
Considering the ideal metal —semiconductor contact, determinethe 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-AlGaAs heterojunction in which the bandgap offsetsare
AE, = 0.3eVand AE, = 0.15eV. Discuss the difference in the expected electron
and hole currents when the junction is forward biased.
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CHAPTEHR

TheBipolar Transistor

PREVIEW

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, iscapable of current
gain, voltage gain, and signal-power gain. The transistor istherefore 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 thedevice.

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 || 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 theory developed for the pn junction in the analysis of the bipolar
transistor. Sincethe flows of both electrons and holesare involved in thisdevice, 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.

Thebipolar transistor isa voltage-controlled current source. We will consider the
variousfactors that determinethecurrent gain and derive its mathematical expression.

T he single-junction devices we have considered, including the pn homojunc-
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As with anv semiconductor device. nonideal effectsinfluence device characteristics:
afew of these effects, such as breakdown voltage, will be described.

In order to analyze or design atransistor circuit. especially using computer Sm
ulations, one needs a mathematical model or equivalent circuit of the transistor. We
will develop two equivalent circuits. The first equivalent circuit, the Ebers-Mall
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 asmall signal linear an
plifier and takes into account frequency effectswithin the transistor.

Various physical factors affect the frequency response of the bipolar transstor.
There are severa 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 terms of a cutoff frequency, afingi
of merit for the transistor. The frequency response generally applies to the
signal, steady-state characteristics of the device. The switching characteristics, ifl]
contrast, determine the transient behavior of the transistor to large changes
input signal..

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 thecircuit symbols. The three terminal connections are called the
emitter, base, and collector. The width of the base region issmall 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 (4+4) meaning very heavily doped and (+) meaning moderately doped. The
emitter region hasthelargest doping concentration: thecollector region hasthesmal-
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 ! Simplified block diagramsand circuit symbolsof (a) npn and (b) pnp
bipolar transistors.
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Buried Base Silicon
E layer substrate

Conventional npa transistor

{(a)

F Figure10.2 1 Cross section of (&) aconventional integrated-circuitnpn bipolar transistor and (b) an oxide-isolated npn
bipdar transistor
r (Front Mutler and Kamins {3).}

The block diagrams of Figure 10.1 show the basic structure of the transistor.
but in very simplified sketches. Figure 10.2a shows a cross section of a classic npn
I bipolar transistor fabricated in an integrated circuit configuration, and Figure 10.2b
: shows the cross section of an npn bipolar transistor fabricated by a more modem
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 at 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 picce of semiconductor mate-
rid. Individual transistors must be isolated from each other since all collectors, for
example, will not be at the same potential. Thisisolation is accomplished by adding
p™ 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 concentrationsin the emitter and
collector are different and the geometry 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 TheBasicPrincipleof 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
aso 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-
cd impurity doping concentrationsin the emitter, base, and collector may be on the
order of 10, 10", and 10 cm™, respectively.
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(a) (b)
Figure10.3! Idedlized doping profile of a uniformly doped npn bipolar trandstor. ¢

"

The base-emitter (B-E) pn junction is forward-biased, and the base—collectong
(B-C) pn junction is reverse-biased in the normal bias configuration as shown in
Figure 10.4a. This configuration is caled the forward-active operating mode: The
B-E junction isforward-biased so electrons from the emitter areinjected acrossthe
B-E junction into the base. These injected electrons create an excess concentration
of minority carriersin the base. The B-C junction isreverse biased, so the minority
carrier €lectron concentration at theedgeof the B-Cjunctionisideally zero. Weex-
pect the electron concentration in the base to be like that shown in Figure 10.4b.
Thelarge 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 mary
electrons as possible to reach the collector without recombining with any mgority
carrier holes in the base. For this reason, the width of the base needs to be smdl
compared with the minority carrier diffusion length. If the base width is small, hen
the minority carrier electron concentration is a function of both the B-E ad
B-C junction voltages. The two junctions are close enough to be called interacring
pn junctions.

Figure 10.5 shows across section of an npn transistor with theinjection of eec-
trons from the n-type emitter (hence the name emitter) and the collection of theeec-
trons in the collector (hence the name collector).

10.1.2 Simplified Transistor Current Relations

We can gain abasic understanding of the operation of the transistor and the relation
between the various currents and voltages by considering asimplified analysis. After
thisdiscussion, we will then delveinto a more detailed analysis of the physicsdf t
bipolar transistor. hi

The minority carrier concentrations are again shown in Figure 10.6 for an npn
bipolar transistor biased in the forward active mode. Idealy. the minority carrier
electron concentration in the base isalinear function of distance, which impliesno
recombination. Theelectrons 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
chargeregion  chargeregion

Figure 104 | (a) Biasing of an npn bipolar transistor in the forwad-active mode,

(b) minority carrier 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
forward-active mode bias.

Collector Current Assuming the ideal linear electron distribution in the base, the
collector current can be written asa diffusion current given by
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Figure 105 ! Cross section of an npn
bipolar transistor showing the injection
and collection of electronsin the
forward-active mode.

Figure10.6 | Minority carrier distributionsand besic currents in a
forward-biasednpn bipolar transistor.

where Apg 1s the cross-sectional area of the B-E junction, n gy 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 isin the —x
direction. Considering magnitudes only, Equation (10.1} can be written as

i :Igexp(z‘%)

The collector current is controlled by the hase—emitter 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, thisis the basic transistor action.
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itter Current  One component of emitter current, i¢;, shown in Figure 10.6 is
to the flow of elections injected from the emitter into the hase. Thiscurrent, then,
equd to the collector current given by Equation (10.1).
Since the base—emitter junction is forward biased, majority canier holesin the
are injected across the B-E junction into the emitter. These injected holes pro-
cea pn junction current i z; asindicated in Figure 10.6. This current isonly a B-E
nction current so thiscomponent of emitter current is not part of the collector cur-
nt. Since i is aforward-biased pn junction current, we can write (considering
agnitude only)

F where s> involves theminority carrier hole parametersin the emitter. Thetotal emit-
ter current is the sum of the two components, or

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

| oy (10.5)
£
wherea is called the common-base current gain. By considering Equation (10.4), we
sethat ic < igore < 1. Since ig; 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 closeto unity as possible.

Referring to Figure 10.4a and Equation (10.4), note that the emitter current isan
exponential function of the base—emitter voltage and the collector current is ic =
wig. 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 characteristicsas shown in Figure 10.7. The bipolar transis-
tor actslike a constant current source.

STieat P

Figure 10.71 |dedl bipolar transistor common-base
current-voltage characteristics.

Page 393 of 566



CHAPTER 10 The Bipolar Tranggor

Base Current As shown in Figure 10.6, the component of emitter current iz; isa
B-E junction current so that this current is also a component of base current sh.i
asip,. Thiscomponent of base current is proportional to exp (vgg/ Vi). -
There isalso a second component of base current. We have considered the ided
case in which there is no recombination of minority carrier electrons with ma
carrier holes in the base. However, in redlity, there will be some recombin;
Since mgjority carrier holes in the base are disappearing, they must he resuppli.
aflow of positive chargeinto the base terminal. Thisflow of charge is indicated asa
current i g, in Figure 10.6. The number of holes per unit time recombining in the hase
isdirectly related to the number of minority carrier electronsin the base (see Equa
tion (6.13)). Therefore, the current i g, is also proportiona toexp (vgg/ V,). Thetotal
base current is the sum of i, and ¢g,, and is proportiona toexp (vge/V;).
Theratio of collector current to hase current isaconstant since both current, e
directly proportional to exp (veg/ Vi}. We can then write -

where § is called the common-emitter current gai n. Normally. the hase current will
berelatively small sothat,in general, thecommon-emitter current gain ismuch farger
than unity (on the order of 100 or larger).

1013 TheModesof Operation

Figure 10.8 shows the npn transistor in a simple circuit. In this configuration, the
transistor may be biased in one of three modes of operation. If the B-E voltageis
zero or reverse biased (Vgg < 0y, 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 referred
as cutoff-—all currentsin the transistor are zero.

Figure 1081 An npn hipolar trassistor in
acommon-emittercircuit configuration.
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When the B-Ejunction becomesforward 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 KV L equations around the collector-emitter loop as

Vee = IcRe F Ve T Vg = Vg + Ve (10.7)

If Ve islarge enough and if Vg is small enough, then Vg = 0, which means that
the B-C junction is reverse biased for this npn transistor. Again, this condition is the
forward-activeregion of operation.

As the forward-biased B-E voltage increases, the collector current and hence Vg
will aso increase. The increase in Vz means that the reverse-biased C-B voltage
decreases, or | V- p| decreases. At some point, the collector current may become large
enough that the combination of Vg and V¢ produces zero voltage across the B-C
junction. A slight increase in /¢ beyond this point will cause a slight increasein Vg
and the B-C junction will become forward biased (V5 < 0). Thiscondition iscalled
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, /- versus V¢ g, 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-
comesforward biased and the collector current decreases to zero for a constant base
current.

Writing a Kirchhoft’s voltage equation around the C-E loop, we find

Equation (10.8) shows a linear relation between collector current and collector—
emitter voltage. Thislinear relation iscalled aload lineand isplotted in Figure 10.9.
Theload line. superimposed on the transistor characteristics, can be used to visualize
the bias condition and operating mode of thetransistor. T he cutoff mode occurs when

& \\Q3 rward active Fcreasmg
e B
)\
S, e

Figure10.91 Bipolar transistor common-emittercurrent—voltage
characteristicswith load line superimposed.
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I = 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 relatl
I» = BlIg is vdid. These three operating modes are indicated on the figure.

A fourth mode of operation for the bipolar transistor is possible, athough
with the circuit configuration shown in Figure 10.8. This foarth mode, known as -
verseactive, occurs when the B-Ejuncfon is reverse biased and the B-C junction s
forward biased. In this case the transistor is operating " upside down," and the roes
of the emitter and collector are reversed. We have argued that the transistor isnota
symmetrical device; therefore, theinverse-active characteristics will not bethesame
as the forward-active characteristics.

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

10.1.4 Amplificationwith Bipolar Transstors

Voltages and currents can he amplified by bipolar transistors in conjunction wi
other elements. We will demonstrate this amplification qualitatively in the followin
discussion. Figure 10.11 shows an npn bipolar transistor in a common-emitter
figuration. The dc voltage sources, Vzz and V¢, are used to bias the transistor in the
forward-active mode. The voltage source v, represents a time-varying input voltage
(such as a signal from a satellite) that needs to be amplified.

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

Veg
Cutoff Forward
active
VBE

Inverse +

active Saturation Vef
Figure 10.10 i Junction voltage -
conditionsfor the four Figure10.11 | Common-emitter npn bipolar
operating modes of a hipolar circuit configuration with atime-varying signa
transstor. voltage v; included in the basc-emitter loop.
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Figure 10.12 | Currentsand voltages exiting in the
circuit shown in Figure 10.11. (a) Input sinusoidal
signd voltage. (b) Sinusoida base and collector
currents superimposed on the quiescent dc vaues.
(c) Sinusoidal voltage acrossthe R, resistor
superimposed an the quiescent de 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-varyingsignals. Hence, the circuit isknown as a
voltage amplifies:

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

10.2I MINORITY CARRIER DISTRIBUTION

Weareinterested in calculating currents in the bipolar transistor which, asin the sim-
ple pnjunction, are determined by minority carrier diffusion. Sincediffusion currents
are produced by minority carrier gradients, we must determine the steady-state
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Table10.1 | Notation used in the analysis of the bipolar transistor

Notation

Definition

For both the npn and pap transistors

Ng, Np, Ne
Xg,Xp, X¢

De, Dy, De
Le La. Lo

Tro. To. Tco

For the npn
Peo- o Peo

pe(x), np(x), pelx™)
Spedx’), Snp(x). 8pc (x7)

For thepnp
o, Pros eo

ne(x'), pulx), ne(x”)

dnp(x’), 3pg(x), Snc(x")

Doping concentrations in the emitter, base, and collector
Widths of neutral emitter, base. and collector regions
Minority carrier diffusion coefficientsin emitter, base. and
collector regions

Minority carrier diffusion lengths in emitter, base, and
collector regions

Minority carrier lifetimes in emitter, base, and collector
regions

Thermal equilibrium minority carrier hole, electron, and hde
concentrations in the emitter, base, and collector

Total minority carrier hole, electron. and hole concentrations
in the emitter base, and collector

Excess minority carrier hole, electron. and hole
concentrations in the emitter, base, and collector

Thermal equilibrium minority carrier electron, hole, and
electron concentrations in the emitter, base. and collector
Total minority carrier electron. hole, and electron
concentrations in the emitter, base, and collector

Excess minority carrier electron, hole, and electron
concentrations in the emitter, base, and collector

Emitter

-n-

Base

Collgctor

Figure 10.13 ! Geometry of the 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
summarizes 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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| Emitter | | Base | | Collector

Figure10.14 | Minority carrier distributionin an npn
bipelar trangistor operating in the forward-activemode.

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.
In theforward-active mode, the B-E junction isforward biased and the B-Cisre-

versebiased. We expect the minority carrier distributions to look like those shown in

Figure 10.14. Asthere are two n regions, we will have minority carrier holesin both
emitter and collector. To distinguish between these two minority carrier hole distrib-
utions, we will use the notation shown in the figure. Keep in mind that we will be
dedling only with minority carriers. The parameters prg, #2p0, and pcg denote the
thermal-equilibrium minority carrier concentrationsin the emitter, base, and collec-
tor, respectively. The functions pe{x”), ng(x), and pc{(x") denote the steady-state
minority carrier concentrations in the emitter, base, and collector, respectively. We
will assume that the neutral collector length x¢ islong compared to the minority car-
rier diffusion length L« in the collector, but we will take into account afinite emitter
length xz. If weassume that the surface recombination velocity at X' = x¢ isinfinite,
then the excess minority carrier concentration at X' = xg is zero, or pe(x’ = xg) =
peo- An infinite surface recombination velocity is a good approximation when an
ohmic contact isfabricated at X' = xg.

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

. ter6. Forazeroelectricfield in the neutral base region, the ambipolar transport equa-

'

tion in steady state reduces to

where dr 5 is the excess minority carrier electron concentration, and Dg and ta¢ are
the minority carrier diffusion coefficient and lifetimein 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 Lg is the minority carrier diffusion length in the base, given by Lg=
+ Datro. The baseisof finite width so both exponential terms in Equation (10.11)
must beretained.

Theexcessminority carrier electron concentrations at thetwo boundariesbecome

Snplx =0) = dng(0) = AT B (10,12)
and

Sng(x = xp) = nplrs) = Aexp(+ ) + Bexp( ”) (10.120)
LB L];
The B-E junction isforward biased, so the boundary condition at x = ¢t is
vV
3np(0) = ng(x = 0) — agy = npg [exp(ek—;g) - l] (10.13a}

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

From the boundary conditions given by Equations (10.13a) and (i0.13b), the
coefficients A and B from Equations (10.12a) and (10.12b) can be determined. The
results are

2 (1)

and

2sinh (ii)
Ly

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

eVyre - B X
ngo {[exp( ) - 1] S|nh( )
-l ()

sinh (X—B) I
Lg
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Figure10.15 | Hyperbolic sine function
and its linear approximation.

Equation (10.15a) may look formidable with the sinh functions. We have
stressed that we want the base width x g to be small compared to the minority carrier
diffusion length L z. This condition may seem somewhat arbitrary at this point, but
the reason will become clear as we proceed through al of the calculations. Since we
want xz < Lp, the argument in the sinh functions is always less than unity and in
mogt cases will he much less than unity. Figure 10.15 shows a plot of sinh (y) for
0 < y < | and also shows the linear approximation for small valuesof y.If y < 0.4,
thesinh(y) function differs from itslinear approximation by less than 3 percent. All
o thisleads to the conclusion that the excess electron concentration érg in Equa-
tion (10.15a) is approximately a lineur function of x through rhe neutral base region.
Using the approximation that sinh (x) = x for x < |. the excess electron concentra-
tion in the baseis given by

We will use this linear approximation later in some of the example calculations.
Thedifference in the excesscani er concentrationsdetermined from Equations(10.15a)
and (10.15b) isdemonstrated in the following exercise.

TEST YOUR UNDERSTANDING |

EIOI  Theemitter and base of asilicon npn bipolar transistor are uniformly doped &
impurity concentrationsof 10'¥ cm—* and 10'® cm=?, respectively. A forward-bias
B-E voltage df V¢ = 0.610V is applied. The neutral basewidth isxg = 2 m and
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the minority carrier diffusionlength in the base is Lz = 10 um. Caculatethe
€XCess minority carrier concentration in the base & (¢) x = 0and (h) x = x4/2.
(c) Determinethe ratio of the actud minority carrier concentrationat x = x,/2
(Equation(10.154)) to that in the ided case of alinear minority carrier distribution
(Equation(10.15bY). [0866'0 = (401 X TH06 1/ 5,01 X (68 1) = ouey (2)

e WD 0T X LP68TT = (T/F0)Hu = (T/93) Tug (g)

WO D1 X 18°E = () FH (P) suy)

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

Emitter Region Consider, now, the minority carrier hole concentration in the emi
ter. The steady-state excess hole concentration is determined from the equation

where D, and tgq are the minority carrier diffusion coefficient and minority cam
lifetime, respectively. in the emitter. The excess hole concentration is given by

Thegeneral solution to Equation (10.16) can he written as

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

The excess minority carrier hole concentrations at the two boundaries are

Spe(x" =0) =8pr(0) =C+ D (10.19a)
and

Table10.2 | Taylor expansionset hyperholic functions

Function Taylor expansion
snhix) r+§~:+%+
cosh (x) |+—); %:'_ cod
tanh (x) x_%_ki]’;_j.k.‘.
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gain, the B-E junction isforward biased so

/ e ViE
Spp(0) = pr(x’' =0) - pro = PEU[EXP (ék;_E) - 1] (10.20a)
An infinite surface recombination velocity at x* = xg impliesthat
Spelxe) =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 (10.18):

eVpe .
; - 1}jsnh| ——
poofoo (5#) - oo (M)

Spe(x’) =
sinh (fi)
L

E

(10.21a)

Thisexress concentration Will al so vary approximately linearly with distance if xg is
smal. We find

If xg iscomparableto L g, then §p g (x’) shows an exponential dependence on xz

TEST YOUR UNDERSTANDING

E102 Consder asilicon npn bipolar transistor with emitter and base regions uniformly
doped & concentrationsof 10'% cm~7 and [0'% em~?. respectively.A forward bias
B-E voltaged Vg = 0.610V isapplied. The neutral emitter width isxz = 4um
and the minority carrier diffusionlength in theemitteris Lz = 4 wm. Cdculate the
excess minority carrier concentrationin theemitterat (a)x' = 0 and (b)x' = xg/2
[¢-wa ;01 x 6891 (9) ";-WA ;01 X BOY'E (V) suy]

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

where D¢ and 7 are the minority carrier diffusion coefficientand minority carrier
lifetime, respectively, in the collector. We can express the excess minority carrier
hole concentration in the collector as
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Thegeneral solution to Equation (10.22) can he written as

Spclx’) =G exp(z ) + H exp (_Lr )
C (S

where L¢ = +/D¢tep. 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

§pc(x” =0) = 8pc(0) = pe(x" =0) — pro=0-pco= —peg  (10.

The excess minority carrier hole concentration in the collector is then given as

Thisresult isexactly what we expect from the results of areverse-biased pn junctim!

TEST YOUR UNDERSTANDING

E10.3 Consder the collector region of an npn bipolar transistor biased in the forward ac-
tive region. At whet value of x”. compared to L. does the magnitudedf the minor-
ity carrier concentration reach 95 percent of the thermal equilibrium vaue.

(€~ 27/,% suv)

10.2.2 Other Modes of Operation

The bipolar transistor can also operate in the cutoff, saturation, or inverse-activemode.
We will qualitatively discuss the minority carrier distrihutions for these operatin
conditions and treat the actual calculations as problems at theend of the chapter.
Figure 10.16a shows the minority carrier distribution in an npn bipolar transis-
tor in cutoff. In cutoff, both the B-E and B-C junctions are reverse biased: thus, the

Figure10.16 | Minority carrier distributionin an npn bipolar transistor operating in (a) cutoff and (b) saturation
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C B E

Emitter Collector

Py _ _—— - ) Pco

pela’)

Figure 10.17 | (a) Minorily carrier distributionin a npn bipolar transistor operatingin the inverse-activemode.
{b) Cross section of an npn bipolar trangstor showing the injection and collection of electrens in the inverse-active
mode.

minority carrier 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 < L, 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,
sinceacollector current still exists when the transistor isin saturation, 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 isin 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 areais normally much larger than the B-E area.
not al of the injected electrons will be collected by the emitter. The relative doping
concentrations in the baseand collector are also different compared with thosein 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.

10.31 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 common-base current gain 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 definitionsto define the current
gain of the transistor in terms of several factors.

10.3.1 ContributingFactors

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

Thefactor J, - istheelectron flux injected from the emitter into the base. As
electrons diffuse across the base, a few will recombine with majority carrier ho
The majority carrier holes that are lost by recomhination must be replenished f
the base terminal. This replacement hole flux is denoted by /5. The electron flux
that reaches the collector is J, .. The majority camer holes from the base that arc in-
Jjected back into the emitter result in a hole flux denoted by J;'E. Some electrons and
holes that are injected into the forward-biased B-E space charge region will recom-
bine in this region. This recombination |eads to the electron flux /. Generation of
electrons and holes occursin the reverse-biased B-C junction. This generation yidds
ahole flux JZ. Finaly, the ideal reverse-saturation current in the B-C junction is
denoted by the hole flux J 5.

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. Asin the pn junction,
currents in the bipolar transistor are defined in terms of minority carrier diffus
currents. The current densities are defined as follows:

J.&: Dueta the diffusion of minority carrier electronsin the base at x = Q. '
J.c: Duetothediffusionof minority carrier electronsinthe baseat X = xp.

Jrg: Thedifference between J,r and J,c, which is due to the recomhination
of excess minority carrier electrons with mgjority carrier holesin the base. The
Jrg currentisthe flow of holesinto the baseto replace the holeslost by
recombination.

Jpe: Due tothediffusion of minority carrier holesin the emitter at x' = O.

Figure10.18! Particlecurrent density or fl ux componentsin
an npn bipolar transistoroperatingin thefanvard-activemode
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Emitter Base Collector
Ko

Figure 10.19 | Current density componentsin an npn bipolar transistor operating in the
forward-activemode.

Jr: Due to the recombination of carriers in the forward-biased B-E junction.

Joo: Dueto thediffusion of minority carrier holesin the collector at X' = 0.

Ji: Due to the generation of carriers in the reverse-biased B- Cjunction.

The currents Jgg. J,£, and Jp are B-E junction currents only and do not con-
tribute tothecollector current. Thecurrents J,,.; and J are B-Cjunction currentsonly.
These current componentsdo 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 primarily 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 isdefined as

The reverse-bias B- C currents, J¢ and Juev, @re not functions of the emitter current.
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We can rewrite Equation (10.29) in theform

a=vyard
Thefactorsin Equation (10.30b) are defined as:

= emitter injection efficiency factor

U

base transport factor

. (jnc)
T =
Jn
5 A

= ———"—— = recombination factor
Jog + Jg + JpE

il

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

Theemitter injection efficiencyfactor v takes into account the minority cam
hole diffusion current in the emitter. This current is part of the emitter current,
does not contribute to the transistor action in that J, ¢ is not part of the collector cu
rent. The pase transport factor o takes into account any recombination of exce
minority carrier electrons in the base. |deally, we want no recombination in the
The recombinution factor & takes into account the recombination in the forwar
biased B-E junction. The current Jg contributes to the emitter current, but does
contribute to collector current.

10.3.2 Mathematical Derivation of Current Gain Factors

We now wish to determine each of the gain factorsin terms of the electrical
geometrical parametersof the transistor. The results of these derivationswill 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" good bipolar transistor.

Emitter Injection Efficiency 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,z, as defined in Figure 10.19, is in the negaive
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x direction, we can write the current densities as

Jpg = —eDp——- (10.33a)

Jue = (=)eDpd(dng(x)) (10.33b)
dx ol
where 8pg(x") and 3ng(x) aregiven by Equations (10.21) and (10.15), respectively.

Taking the appropriate derivatives of épg(x’) and dng(x), we obtain

L

eDgpro eVgg 1
S =—7— 1y —
= e [e’(p( kT ) ]'tanh(xE/LE) (10.342)
1 [exp (eVpe/kT) - 1] }
Jog = —— t
tanh (xa/L )

' Positive Jye and J,p values imply that the currents are in the directions shown in

. Figure 10.19. If we assume that the B-E junction is biased sufficiently farin the for-
} ward biasso that Vg = kT /e, then

eV,
exp ( k;E) > |

exp(eVpe/kT) . 1
tanh(xB/Lg) Si]'lh(.XB/LB)

Iandalso

Theemitter injection efficiency, from Equation (10.32), then becomes

1

_
¥ 1__£'tanh(xg/L3)
£ tanh(xg/Lg)

If weassume that all the parameters in Equation {10.35a} except pgo and r go are
fixed, then in order for y ~ 1, we must have pgy <K ngo. We can write
- G
PEO = J\TE ani Hpo = ]TB
where Ng and N arethe impurity doping concentrations in the emitter and base, re-
spectively. Then the condition that pge K ngy impliesthat ¥z > 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 holesfrom the p-type base will be injected across the B-E space
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charge region. If both xg K Lz and xg K Lg, then the emitter injection efficiency
can bewritten as

Base Transport Factor The next term to consider is the base transport factu:,
given by Equation (10.31b) as oy = J,¢c/J.x. From the definitions of the current
directions shown in Figure 10.19, we can write

and

Using the expression for §n5(x) given in Equation ¢10.13), we find that

. eDgnpy {[CXP(E‘VBE/I(T) 1]+ (1037,

T I sinh (xp/Lg)

Theexpressionfor J,» wasgiven in Equation (10.34a).

If we again assume that the B-E junction is biased sufficiently far in the forward
bias so that Vgy > kT /e, then exp (eVpg/kT) 2 1. Substituting Equations (10.37)
and (10.34b} into Equation {10.31b), we have

Joo _ exp(eVge/kT) + cosh (x8/Lg)
Joe 1T exp(eVge/kT)cosh (xz/Lg)

In order for 7 to be close to unity, the neutral base width x; must be much smal-
ler than the minority carrier diffusion length in the base L. If xp <K L, then
cosh(xg/Lg) will be just slightly greater than unity. In addition, if exp (¢Vag/
kT) > 1, then the base transport factor is approximately

oy =

(10:38)

| cosh(xp/Lp) |
For xs < Lz, we may expand the cosh function in a Taylor sertes, so that

1 | 1
cosh(xs/Lg) 1+ L(xp/Lp)P

The base transport factor ez will be close to one if x; K L. We can now see why
we indicated earlier that the neutral base width x5 would be less than L .
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Recombination Factor Therecombination factor wasgiven by Equation (10.31¢).
Wecan write

We have assumed in Equation (10.40) that J,z < J,£. 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 xz ¢ is the B-E space charge width.
Thecurrent J, ¢ from Equation (10 34b) can be approximated as

eV
P — T exP( kf) (10.42)
where
eDpnpo
Jog=—"""—_
0 = 7. tanhtza/La) (10.42)

The recombination factor, from Equation (18.40), can then be written as

(10.44)

f The recombination factor is a function of the B-E voltage. As Vg increases, the
recombination current becomes less dominant and the recombination factor
i approaches unity.

The recombination factor must also include surface effects. The surface effects
can be described by the surfacerecombination 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 usua forward-biased junction minority carrier con-
centration. Figure 10.20c shows the excess minority carrier electron concentration
aong 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 €l ectron distribution, there is a diffusion of €lectrons from the bulk toward
the surface where the electrons recombine with the majority carrier holes. Fig-
ure 10.20d shows the injection of electronsfrom the emitter into thebaseand 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 . 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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Diffusion of clectrons

()

Figure10.20 | The surfaced the E-B junction showing the diffusion of carrierstoward th
surface.

10.3.3 Summary

Although we have considered an npn transistor in al 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 directionsand voltage polarities will aso change.

We have been considering the common-base current gain, defined in Equa
tion (10.27) as oy = | ,-//-Fhe common-emitter current gain is defined as £ =
Ic/15. From Figure 10.8 we see that 1z = Iy + 1c. We can determine the relation
between common-emitter and common-base current gains from the KCL equation.l
We can write

Ie 13+1

I e
Substituting the definitions of current gains, we have
1 |

— = =+

a fo
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 termsof
the common-base current gain as

o

8=

1—uo
The common-base current gain, in terms of the common-emitter current gain, is
found to be
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Table 10.3 | Summary of limiting factors
Emitter injection efficiency

1

' Basetransport factor

Recombination factor

3=

Common-basecurrent gain

Common-emitter current gain

Table 10.3 summarizes the expressions for the limiting factors in the common
basecurrent gain assuming that xp <K Ly and xg <K L£. Also given are the approx-
imateexpressions for the common-base current gain and the common-emitter current
gan.

10.3.4 Example Calculationsof the Gain Factors

If we assume a typical value of 8 to be 100, then @ = 0.99. If we also assume that
¥ =«ar = &. then each factor would have to be equal to 0.9967 in order that
B = 100. This calculation gives anindication of how close to unity each factor must
be in order to achieve a reasonable current gain.

O’j

To design the ratio of emitter doping to base doping in order to achieve an emitter injection
effidency factor equal toy = 0.9967.

Consider an npn bipolar trangstor. Assume, for smplicity, that D = Dz, Ly = Lyg.and
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Solution
Equation {10.35a) reduces to

- Pro — n?/Né-
Ago HZ/NB
SO
——I 0.9967
y=— =0
Rl
Ng
Then
N N
22 000331 or  — —302
N Ny
B Comment

The emitter doping concentration must be much larger than the base doping concentration‘
achieve a high emitter injection efficiency.

DESIGN | Objective
EXAMPLE 10.2

To design the base width required to achieve a basetransport factor equal 1o ar = .99
Consider a pnp bipolar transistor. Assume that Dz = 10 cm?/sand gy = 1077 5.

Solution
The base transport factor applies to both pnp and npn transistors and is given by

Then
.’CB/LB =0.0814
We have

Ly=+ v ™ (10)(10-"y = 107* cm

so that the base width must then be

x5 = 0.814 X 107* cm = 0.813 um

® Comment

If the base width is less than approximately 0.8 1zm, then the required base transport
will be achieved. In most cases, the base transport factor will not be the limiting factor
bipolar transistor current gain.
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Objective | EXAMPLE 10.3

To calculate the forward-biased B-E voltage required to achieve a recombination factor equal
to6 = 0.9967.

Consider an npn bipolar transistor at 7 = 300 K. Assume that /,, = 10 ® A/cm?® and
that Jo = 107" AJem”.

1 Solution
The recombination factor, from Equation (10.44), is

We then have

We can rearrange this equation and write

1 Comment

Thisexample demonstrates that the recombination factor may be an important limiting factor
in the bipolar current gain. In this example, if V£ is smaller than 0.654 V, then the recombi-
nation factor S will fall below the desired 0.9967 value.

Objective| EXAMPLE 10.4

To calculate the common-emitter current gain of a silicon npn bipolar transistor at 7 = 300 K
given aset of parameters.
Assume the following parameters:
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Thefollowing parameters are calcul ated:

W Solution
The emitter injection efficiency factor, from Equation (19.35a), is

The base transport factor, from Equation (10.39a) is

The recombination factor, from Equation (10.44), is

where

Jo_  eDanm _ (16x 10792 x 100 _ o
o = = — =1s
Ly tanh (z_g) 3.54 x 102 tanh (1.977 x

B

Alem’

We can now calculate § = 0.99986. The common-base current gain is then
a = yard = (0.9944)(0.9998)(0.99986) = 0.99406

which gives acommon-emitter current gain of

® Comment
In this example, the emitter injection efficiency isthe limiting factor in the current gain.

TEST YOUR UNDERSTANDING

NOTE: In Exercises E10.4 through E10.9,assume asilicon npn bipolar transistor a T = 300K
hasthefollowing minority carrier parameters: [7, = 8cm?/s, Dy = 20 cm®/s, D¢ = 12 cm?fs,
tp0 = 10785, 750 = 1077 5, 7cp = 1070 .
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El0.4 If the emitter doping concentration is Ny =5 x 10" ecm~>, find the base doping
concentration such that the emitter injection efficiency isy = 0.9950. Assume
xp =2xp = 2um. (W3 501 X €0'F = N suy)

E10.5 Assumetha ar = 6§ = 0.9967, x5 = xx = | pm, Ny =5 x 10 em™3, and N =
5 x 10'% em=3 . Determine the common emitter current gain 8. (26 = d "suv)

E06 Determinethe minimum base width x such that the base transport factor is
oy = 0.9980. (W7 §68'0 = ¥ 'suy)

Bl07 Asumethaty = = 0.9967 and x5 = 0.80 wm. Determine the common-emitter
current gain 8. (121 = d 'suy)

E10.8 If J.,p = 1078 Alom? ad /o = 107" A/em?, find the vdue o Vg such that
§ =10.9960. (A 9EF50 = 794 "suy)

FI09 Asumethd y =y = 0.9967. J,q = 5 x 10~ Afem?, Joo = 107" A/em?, and
Vg = 0.585 V. Determine the common-emittercurrent gain 8. (F'LL = & SUV)

10.4 1 NONIDEAL EFFECTS

Inal previous discussions, we have considered atransistor 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.

104.1 BaseWidth Modulation

We have implicitly assumed that the neutral base width xp 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 xz. 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 increasein
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. ldeally 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 asthe Early voltage. The Early voltage isconsidered to be a pos-
itive value. It is a common parameter given in transistor specifications; typical val-
uesof Early voltage are in the 100- to 300-volt range.
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Base I Moving space

| charge edge
T~ with increasing

C-B voltage

Inereasing
minority
carrier
gracient

Figure 10.21! The change in the base width and the change
in the minority carrier gradient as the B-C space charge
width changes.

Figure 10.22| The collector current versus collectoi—
emitter voltage showing the Early effect and Early voltage.

From Figure 10.22, we can write that

where V4 and V¢ are defined as positive quantities and gy is defined astheout

conductance. Equation (10.45a) can be rewritten in theform

Ie = go(Veg + Va)

showing explicitly that the collector current is now a function of the C-E voltage or|

the C-B voltage.

EXAMPLE10.5 | Objective

To calculate the change in the neutral base width with achange in C-B voltage.

Consider a uniformly doped silicon bipolar transistor at T = 300 K with a base doping of
Np =5 x 10 em™* and acollector doping of Ne = 2 x 10" ¢m~?. Assume the metallurgical
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bese width is 0.70 wm. Calculate the change in the neutra base width as the C-B voltage
changesfrom 2to 10 V.

1 Solution
The space charge width extending into the base region can be written as

which becomes
x5 = ((9.96x 10_12)(be + Vcs)]l/z
Thebuilt-in potential 1s

For Ve = 2V, wefind x;5 = 0.052 j4m, and for V-5 = 10 V, we find x,;5 = 0.103 pum. 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 V-3 =2 V.

xp = 0.70 — 0.052 = 0.648 pm
adfor Vg = 10V,
xg = 0.70 — 0.103 = 0.597 um

1 Comment
Thisexample shows that the neutral base width can easily change by approximately 8 percent
asthe C-B voltage changes from 2 to 10 V.

Objective

To caculate the change in collector current with a change in neutral base width, and to esti-
mate the Early voltage.

Consider auniformly doped silicon npn bipolar transistor with parametersdescribed in Ex-
ample 10.5. Assume Dy = 25 cm?/s, and Vg = 0.60 V, and also assumethat x; <K L.

1 Solution
The excess minority carrier electron concentration in the base is given by Equation {10.15) as

eVgp . Xp—X
5n5(x):n80’[exp( k;b)—l-lgnh( Ly )—sinh(i\l

L |
sinh (L”)
Lp
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If x5 & Lg. then (xz — x) K L, sowecan write the approximations

. Xp Y _ Xg — X Xg —X
W) ()
Smh(L,;) (Ln) and s1n1 L, ) . ( L )

Theexpression for 8n 4(x) can then he gpproximated as

Xp
Thecollector current is now

dBng () eDgnyg eVgge
B 5. e

Jel=eD
[Jel=e dx i,

The vaueof n g iscalculated as

a2 (L5x 10

=t =" 7 —45x100cm?®
nE0 = N, 5% 10 x

If welet xg = 0.648.um when V-3 =2V (Ve = 2.6 V), then

el =

(L6 X 10713(25)(4.5 X 10%) 0.60 \ ,
0.648 x 10-* P oasg ) = 320 Akm

Now et xz = 0.597 pm when V- =10V (Vep = 10.6V). In this case we have | J¢|
3.47 Afeny’. From Equation (10.45a), we can write

Using the calculated valuesof current and voltage, we have

The Early voltage is then determined to be

m Comment

This example indicates how much the collector current can change as the neutral base wicth
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 variationsin
the collector current characteristics Simply due to the tolerancesin processing.
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ke TEST YOUR UNDERSTANDING

010 A particular transistor hasan output resistanceof 200 k2 and an Early voltage of
V, = 125 V. Determine the change in collector current when V- ¢ increasesfrom
2V 108 V. (y7 g = 25y suy)

(@) If. because of fabricationtolerances, the neutrd hase width for aset of transis-
tors varies over the range of 0.800 < xz < 1,00 um, determine the variationin the
base transport factor ar. Assume L = 1.414 x 1073 ¢m. (&) Using the results of
part (o) and assuming y = 4 = 0.9967, what is the variationin common emitter
current gain. [121 > d = 601 (9) ‘b866'0 > L0 % §L66°0 (1) Suy]

104.2 High Injection

¢ ambipolar transport equation that we have used to determine the minority carrier
distributions assumed low injection. As V¢ increases, the injected minority carrier
concentration may approach, or even becomelarger than, the majority carrier concen-
tration. If we assume quasi-charge neutrality, then the mgjority carrier hole concen-
tration in the p-type base at x = 0 will increase as shown in Figure 10.23 because
of the excess holes.

Twoeffects occur in the transistor at high injection. Thefirst effect isa reduction
inemitter injection efficiency. Since the majority carrier hole 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-
creasein the J,£ current, and an increase in J,g 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

effects

Figure 10.231 Minority and majority
carrier concentrationsin the base under
low and high injection (solid line: low
injection: dashed line: high injection).
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curve. Thelow gain at low currents isdue to the small recombination factor and the
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,them
jority carrier hole concentration at x = Q for the npn transistor is

and the minority carrier electron concentration is '

v
p(0) = npo €XP (ek;E) (10.

The pn product is

eV,
P01, (0) = pponyo exp( k;E) (10.
At high injection, Equation (10.46¢) still applies. However, p,(0) will also increase,
and for very high injection it will increase at nearly the same rate as n,,(0}. Thein-
creasein n,(0) will asymptotically approach the function

eV
n,(0) % nyy exp( 2kBTE)

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. Thiseffect is shown in Figure 10.25. The high-injection effect is very similarto
the effect of aseriesresistance in a pn junction diode.

High-im
B

ect

log scdje( e

Figure 10.251 Collector current versus
base—emitter voltage showing high-
injectioneffects.

Page 422 of 566



10.4 Nonideal Effects

1043 Emitter Bandgap Narrowing

Another phenomenon affecting the emitter injection efficiency is bandgap narrow-
ing. We implied from our previous discussion that the emitter injection efficiency
(actor would continue to increase and approach unity astheratio of emitter doping to
hase doping continued to increase. As silicon becomes 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 iscaused by the interaction of donor atoms
with each other. As the doping continues to increase, the donor hand widens, be-
comes skewed, and moves up toward the conduction hand, eventually merging with
it. At this point, the effective bandgap energy has decreased. Figure 10.26 shows a
plat of the change in the bandgap energy with impurity doping concentration.

A reduction in the bandgap energy increases the intrinsic carrier concentration.
Theintrinsic carrier concentration is given by

2 —£
n; = N, N, exp W

In aheavily doped emitter, theintrinsic carrier concentration can he written as
nip = NN, exp

where E is the bandgap encrgy at a low doping concentration and AE, is the
bandgap narrowing factor.
The emitter injection efficiency factor was given by Equation (10.35) as

Npy (em )

Figure 10.261 Bandgap-narrowing factor ver sus donor
impurity concentration in silicon.
(From Sze [18].)
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and must be written as

As the emitter doping increases, A E, increases; thus, p2gq does not continue to
crease with increased emitter doping. If pg starts to increase because of the bandg
narrowing, the emitter injection efficiency begins to fall off instead of continuing g
increase with increased emitter doping.

Congder a slicon emitter & T = 300 K. Assume the emitter doping increases
101 em~ to 10" cm~?. Caculate the change in the pr, vaue.

Solution
For emitter dopings of Nz = 10" cn™® and 10" em™, we have, neglecting bandgep
narrowing, -
ar  (L5x 10)? —
Peg = T =225X 10" em
and
15x 10'%?
Pro = LWL =225x 10" em™?

f
Taking into account the bandgap narrowing, we obtain, respectively,for #; = 10'* cm™ and
Neg = 1019 cm’S

B Comment

If the emitter doping increasesfrom 10' to 10** em~2, the thermal -equilibriumminority car-
rier concentration actualy increases by afactor of 1.5 instead of decreasing by the expected
factor of 10. This effect isdue tobandgap narrowing.

As the emitter doping increases, the bandgap narrowing factor, AE,, will in-
crease; this can actually cause p gy to increase. As pgy increases, the emitter injection
efficiency decreases, thisthen causesthetransistor gain todecrease, asin Figure 10.24.
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A very high emitter doping may result in asmaller current gain than we anticipate be-
causeof the handgap-narrowing effect.

1044 Current Crowding

Itistempting to minimize the effects of basecurrent in atransistor 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
base current. The base region is typically less than a micrometer thick, so there can
be asizable base resistance. The nonzero base resistance resultsin alateral 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 asa
firg 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 thelateral voltage drop in the base between the
i edgeand center of the emitter, more electrons will beinjected near the emitter edges
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 heatingeffectsas well aslocalized
high-injection effects. The nonuniform emitter current also results in a nonuniform
lateral base current under the emitter. A two-dimensional analysiswould 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
transistorsand to lump the resistance of each base section into an equivalent external
resistance.

Power transistors, designed to handle large currents, require large emitter areas
tomaintain reasonable current densities. To avoid the current-crowding effect, these
transistorsare usually designed with narrow emitter widths and fabricated with an in-
terdigitated design. Figure 10.29 shows the basic geometry. In effect, many narrow
emittersare connected in parallel to achieve the required emitter area.

Base Emitter
L 1 L
pbase | 0" emitte p base
K Collector K \ Collectorcurrent k
Figure 10.27 | Cross section of an npn bipolar transistor Figure 10.28 | Cross section of an npn
showing the base current distributionand the latera bipolar transistor showing the emitter
potentid drop in the base region. current-crowding effect.
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| Base

, Base Emitter
terminal

Figure10.29 | (a) Top view and (b) cross section of an
interdigitated npn bipolar transistor structure.

B

TEST YOUR UNDERSTANDING

E10.12 Consder the geometry shown in Figure 10.30. The base doping concentrationis
Ny = 10'® em 2, the neutral base width is rz = 0.80 em. theemitterwidthis
§ = 10 um, and theemitter lengthis L = 10 um. (&) Determinethe resstanceof
the base between x = 0 and x = §/2. Assume ahole mobility of z2,, = 400em?/V-s,
(b) If the basecurrentin thisregion is uniformand given by 15/2 = 5 nA. ddamire
the potential differencebetween x = 0 and x = §/2. (v} Using the resultsof part (3),
what is the ratio of emitter current density atx = Ototharatx = 5727
[65'9 (2) AW G881 (@) "N L6 (D) "suV]

*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 adou
diffused npn transistor. We can start with a uniformly doped n-type substrate, di
acceptor atoms from the surface to form acompensated p-type base, and then di
donor atoms from the surface to form a doubly compensated n-type emitter.
diffusion processresults in a nonuniform doping protfile.
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n* emitter
p base

x=Uu x=5/2
1 collector

Figure 10.30 | Figure for EIO.12.

Figure 10.311 Impurity concentration
profilesof a double-diffusednpn bipolar
trandstor.

We determined in Chapter 5 that agraded impurity concentration leads to an in-
duced electricfield. For the p-typebase region in thermal equilibrium, we can write
dN,
=@
7 dx

Jp =eupNyE—eD

Then

According to the example of Figure 10.31, d N,,/dx is negative; hence, the induced
electricfield is in the negative x direction.

Electrons areinjected from the n-type emitter into the baseand the minority car-
rier base electrons begin diffusing toward the collector region. The induced electric
fieldin the base, because of the nonuniform doping, produces aforce on the electrons
in the direction toward the collector. The induced electric field, then, aids the flow of
minority carriers across the base region. Thiselectric field is called an accelerating
field.
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The accelerating field will produce a drift component of current that isin
tion to the existing diffusion current. Since the minority carrier electron co
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 nonuniform base doping will alter the minority carrier distributi
through the base so that the sum of drift current and diffusioncurrent will bea
stant. Calculations have shown that the uniformly doped base theory is very usful
for estimating the base characteristics.

104.6 Breakdown Voltage

There are two breakdown mechanisms to consider in a bipolar transistor. Thefirs
caled 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
spacechargeregion, theeffect called punch-through. Figure 10.32a showstheenergy-
band diagram of an npn bipolar transistor in thermal equilibrium and Figure 10.324.
shows the energy-band diagram for two values of reverse-bias B-C junction volta
When asmall C-B voltage, Vi, is applied, the B-E potential barrier is not affe
thus, the transistor current isstill essentially zero. When a large reverse-bias vol
Vz2. is applied, the depletion region extends through the base region and the
potential barrier islowered because of the C-B voltage. Thelowering of the potenti
banier a the B-E junction produces a large increase in current with a very sm
increase in C-B voltage. Thiseffect is the punch-through breakdown phenomenon.
Figure 10.33showsthe geometry for calculating the punch-through voltage. As
sumethat Ny and N are the uniform impurity doping concentrations in the base
collector, respectively. Let Wx bethe metallurgical width of thebase and let x5 be
space charge width extending into the base from the B-C junction. If we neglect

Figure 10.321 Energy-band diagram of an npn bipolar transistor (a) in thermal
equilibrium. and (b) with a reverse-bias B-C voltage before punch-through, &,
and after punch-through, Vx».
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Figure10.33 1 Geometry of a bipolar
transistor to calculate the punch-through
voltage.

narrow space charge width of a zero-biased or forward-biased B-E junction. then
punch-through. assuming theabrupt junction approximation, occurswhenx,;z = wg.
We can write that

where V, isthe reverse-biased B-C voltage at punch-through. Neglecting V;; com-
pared to V,;, we can solvefor V,, as

Objective

Todesign thecollector doping and collector width to meet a punch-through voltage specification.

Consider a uniformly doped silicon bipolar transistor with a metallurgical base width
of 0.5¢um and a base doping of Nz = 10'© cm?. The punch-through voltage is to be
V,, =25V.

® Solution
The maximum catlector doping concentration can bedetermined from Equation (10.54) as

which yields
N =838x 10" em™

This n-type doping concentration in the collector must extend at least as far as the depletion
i width extends into the collector to avoid breakdown in the collector region. We have, using
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resultsfrom Chapter 7,

Neglecting vz, compared to ¥, = V,,. we obtain

or

X, =597 um

B Comment I

case. For alarger punch-through voltage, a larger metallurgical hase width will be requi

TEST YOUR UNDERSTANDING

E10.13 Themetdlurgical hase width of asilicon npn bipolar transistor is Wy = 0.80 xm.
The base and collector doping concentrationsare ¥ = 2 x 10" em™* and
Nc = 10" em™*. Find the punch-through breskdown voltage. (A 80z "suv)
E10.14 The baseimpurity doping concentrationis &z = 3 x 10’ em~* and the metalur-
gica base width is Wz = 0.70 m. The minimum required punch-through
breakdown voltageis specified to be ¥, = 70 V. What is the maximum dlowed
collectordoping concentration? (W2 01 X [8'S = N SUY)

The second breakdown mechanism 1o consider isavalanche breakdown, but tak-
ing into account the gain of the transistor.' Figure 10.34a is an npn transistor with a
reverse-hias voltage applied to the B-C junction and with the emitter left open. The
current Icpo isthe reverse-biased junction current. Figure 10.34b shows thetransis-
tor with an applied C-E voltage and with the base terminal |eft open. This bias con-
dition also makes the B-C junction reverse biased. The current in the transistor for '
this bias configuration isdenoted as Iz .

The current I¢ge shownin Figure 10.34b isthe normal reverse-biased B-Cjunc-
tion current. Pan of this current isdue to the flow of minority carrier holes from the
collector across the B-C space charge region into the base. The Row of holesinto the

"The doping concentrations in the base and collector of the transistor we assume to be small @0ugh that
Zener breakdown isnot a facter to be conddered.
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Figure 10.34 1 (a) Open emitter configuration with saturation current f-z0. (b) Open base
configuration with saturation current Zegg.

base makes the base positive with respect to the emitter, and the B-E junction be-
comesforward biased. The forward-biased B-E junction producesthe current fcz0,
dueprimarily to the injection of electrons from the emitter into the base. The injected
electronsdiffuse acrossthe base toward the B-C junction. These el ectrons are subject
to al of the recombination processes in the bipolar transistor. When the electrons
reech the B-C junction, thiscurrent component ise/-zo wherea isthe common base
current gain. We therefore have

where 8 is the common-emitter current pain. The reverse-biased junction current
Icse ismultiplied by the current gain 8 when the transistor is biased in the open-base
configuration.

When the transistor isbiased in the open-emitter configurationasin Figure 10.34a,
thecurrent {5 at breakdown becomes fegg — M Icpo. whereM isthe multiplication
factor. An empirical approximation for the multiplication factor is usualy written as

where n is an empirical constant, usualy between 3 and 6, and B V¢go 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 10.34b, the currents in the B-C junction at breakdown are multiplied, so that

Solving for fcga, we obtain

The condition for breakdown correspondsto
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Figure10.35 | Relativebreskdown
voltagesand saturation currentsof the
open baseand open emitter configurations

Using Equation (10.56) and assuming that Vg = Vg, Equation (10.59) becomes

where B Vg is the C-E voltage at breakdown in the open base configuration. Solv-
ing for BVege, wefind

BVCE() = BVCEO\/H l -« (loq

where, again, « is the common-base current gain. The common-emitter ané
common-base current gains are related by

Normally « = 1, so that

Then Equation (10.61) can be written as

The breakdown voltage in the open-base configurationis smaller, by the factor :/8,
than the actual avalanche junction hreakdown veltage. Thischaracteristic isshown id
Figure 10.35.

DESIGN
EXAMPLE 10.9

Objective

To design abipolar transistor to meet a breakdown voltage specification.

Consder asilicon bipolar transistor with acommon-emitter current gain of g = 100
a base doping concentrationdf &5 = 107 em2. The minimum open-base bregkdown voitage
istobe 15 volts.
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1 Solution
Fam Equation (10.63).the minimum open-emitter junction breakdown voltage must be

Asauming the empirica constant » is 3, we find
BVeso = v100(15) = 69.6 V

Fan Figure 8.25, the maximum collector doping concentration should be gpproximately
7 x 10" em~3 to achieve this breakdown voltage.

1 Comment

In a trangistor 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 previoudy, an increasein 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
o 5x 10" cm™3 and 5 x 10’° cm~?, respectively. The common emitter current
ganis f = 85. Assumingan empirical constant valueof # = 3, determine B V¢
(A 91T sUY)

E10.16 The minimum required breakdown voltage of a uniformly doped silicon npn
bipolar transistoris to be BV¢ = 70V. The baseimpurity doping concentration
isNg = 3x 10' em™*, the common-emitter current gain is 8 = 85, and the
empirical constant vaueis» = 3. Determine the maximum collector impurity
doping concentration. (¢ W ;01 X | = N "Suy)

1051 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 modelsisbeyond the scope of thistext. However, we
will consider three equivalent circuit models. Each of these followsdirectly from the
work we have done on the pn junction diode and on the bipolar transistor. Computer
analysis of electronic circuitsis more commonly used than hand calculations, but it
isinstructive to consider the types of transistor model used in computer codes.

It is useful to divide bipolar transistors into two categories— switching and
amplification— definedby their usein 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 Ebers—Maoll model is used in switching applications; the Aybrid-
pi model isused in amplification applications.
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*10.5.1 Ebers-Moll Mod€l

The Ebers—Moll model, or equivalent circuit, is one of the classic modelsof thehi

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 currem -
directions and voltage polarities used in the Ebers—Motl model. The currentsare
fined as all entering the terminals so that

tnpti-=0

The direction of the emitter current is opposite to what we have considered upto
point, but aslong as we are consistent in the analysis, the defined direction does
matter.

The collector current can be written in general as

Ie =aplr —Ip

wherew s is thecommon hasecurrent rain in the forward-active mode. In thismode,
Equation (10.65a) becomes

Ie =aplp + I¢s

where the current Iecg is the reverse-bias B-C junction current. The current /¢ is

given by
eVpg |
1y = Igs [exp(-k-;f— B

If the B-C junction becomesforward biased, such as in saturation, then we can write
the current {; as

Using Equations (10.66) and (10.67), the collector current from Equation {10.65a)

can be written as .

Figure10.36 { Current direction and
voltage polarity definitionslor the
Ebers-Moll model.
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B

Figure 10.371 Basc Ebers-Moll equivalent circuit.

W\ can also write the emitter current as

Thecurrent /g5 is the reverse-bias B-E junction current and ax isthe common base
current 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: o, ag, frs, and Ics. However, only three parameters are independent.

| Thereciprocity 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 Vzg > 0 and

j Vsc = 0. The B-E voltage will be a known parameter 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—Moall
equations. Normally in electronic circuit applications, the collector-emitter voltage
a saturation is of interest. We can define the C-E saturation voltage as

We will find an expression for ¥¢g(sat) by combining the Ebers—Moll equations. In
the following example we see how the Ebers—Moll equations can be used in a hand
caculation, and we may also see how a computer analysis would make the calcula-
tionseasier.
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Combining Equations (10.64) and (10.70}, we have

._([g + IC) =aR1CS {exp (f) - ljl — ]1-_5 l:EXp (E]‘(/‘;b) - (]07&

If wesolvefor [exp(eVpe/kT) — 1] from Equation (10.73). and substitute ther:
ing expression into Equation (10.68), we can then find Vg as

where V, isthe thermal voltage. Similarly, if wesolvefor [exp(eVgy/AT} — 1] from
Equation (10.68), and substitute this expression into Equation (10.73), we can

We may neglect the I¢s and I¢s terms in the numerators of Equations (10.74) and
(20.75). Solving for V¢ (sat), we have

The ratio of f¢s to Igs can be written in terms of & and «, from Equation (10.71).
We can finally write

Vee(sat) = V, In (10.77)

Larls — (1 —arle gl

EXAMPLE 10.10

Objective
To calculatethe coliector—emitter Saturation voltage of a bipolar transistora T = 300 K
Assumetha a,. = 0.99.a, = 0.20.f; = | mA, ad 73 = 50 ;tA.

B Solution
Substituting the parameters into Equation (10.77). we have

B Comment
This Vg (sat) vaue is typica of collector-zmitter saturation voltages. Because o the log
function, V¢ (sat) is not astrong function of 7 or 5.

10.5.2 Gummel-Poon Model

The Gummel -Poon model of the BJT considers more physics of the transistor thar
the Ehers—Moll model. Thismodel can he used if, for example, there isanonunifom
doping concentration in the base.
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Theelectron current density in the baseof an npn transistor can be written as

dn(x)
dx
nelectric field will occur in the base if nonuniform doping exists in the base. This

as discussed in Section 10.4.5. The electric field, from Equation (10.52), can be
written in the form

Jy =ep,n(x)E+eD,—— (10.78)

where p(x} isthe mgjority 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). Thedirection of thiselectric field aids the flow of electrons across the base.
Substituting Equation (10.79) into Equation (10.78}, we obtain
kT L dp(x) dn(x)

. +eD,
plx) dx dx

Einstein's relation, we can write Equation (10.80) in the form
eD, [J( ) .
‘]1 y = + ] =
plx )( 8 pe) dx /= ply  dx
, Equation (10.81) can be written in the form

Jp = epn(x) - (1080)

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(() = npoexp (Vag/V;) and n(xz) = 0. We may note that ngyp = n? so
that Equation (10.83)can be written as

Theintegra in the denominator is the total majority carrier charge in the base and is
known as the base Gummel number; defined as G 5.

If we perform the same analysis in the emitter, we find that the hole current den-
Sty in the emitter of an npn transistor can be expressed as
_er”,‘z exXp (VBE/ V[)

Jot nix) dx'
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Theintegral in the denominator is the total majority carrier chargein the emitter and
is known as the emitter Gummel number, defined as Q¢

Since the currents in the Gummel-Poon model are functions of the total inte-
arated charges in the base and emitter. these currents can easily be determined fa
nonuniformly doped transistors.

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
base width changes so that the base Gummel number (3 4 changes. Thechangein Q
with B-C voltage then makes the electron current density given by Equation (10.84)
afunction of the B-C voltage. Thisisthe base width modulation effect or Early eifect
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 basein-
creases because of the increased excess hole concentration. This means that the bese
Gummel number will increase. The change in base 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.

1053 Hybrid-Pi Model

Bipolar transistors are commonly used in circuitsthat 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
ondc voltagesand currents. In these applications, the sinusoidal parameters areof in
terest, 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 10.38b shows the
cross section of the npn transistor. The C, B, and E terminals are the external con
nectionsto the transistor, whiletheC', B', and E pointsaretheidealized internal col-
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 theexterna input base terminal and the external emitter terminal. The resis-
tance r, isthe series resistance in the base between the external base terminal B and
the internal base region B'. The B’-E’ junction isforward biased, so C;; isthe junc-
tion diffusion capacitance and r is the junction diffusion resistance. The diffusion
capacitance C,, isthe same as the diffusion capacitance £; given by Equation (8.72),
and the diffusion resistance r,; is the same as the diffusion resistance r; given ty
Equation (8.35).The values of both parameters are functionsof the junction current.
These two elements are in paralel with the junction capacitance, which is C,..
Finaly, r.. is the series resistance between the external emitter terminal and the
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Figure 10.38  (a) Common emitter npn bipolar transistor with small-signal current and
voltages. (b) Cross section of an npn bipolar transistor for the hybrid-pi model.

Figure 10.39 | Components of the hybrid-pi equivalent circuit hetween (a) the basc and
emitter, (h) the collector and emitter. and (c) the base and collector.
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Figure10.40) Hybrid-pi equivalent circuit.

internal emitter region. Thisresistance isusualy very smail and may he on theo
of 1to2 €.

Figure 10.391 shows the equivalent circuit looking into the collector termin
The r. resistance is the series resistance between the external and internal collect
connections and the capacitance €, is the junction capacitance of the reverse-bi
collector-substrate junction. The dependent current source. g, Vi.-. is the collect
current in the transistor, which iscontrolled by the internal base-emitter voltage.
resistance ry is the inverse of the output conductance gy and is primarily due to
Early effect.

Finaly, Figure 10.39¢ shows the equivalent circuit of the reverse-biased B'-C'
junction. The C, parameter is the reverse-biased junction capacitance and r, is
reverse-biased diffusion resistance. Normally, r,, ison the order of megohmsand can
be neglected. The value of €, is usually much smaller than €' but, because of the
feedback effect which leadsto the Miller effect and Miller capacitance, C,, cannot be
ignored in most cases. The Miller capacitance is the equival ent capacitance between
B' and E’ due to C,, and the feedback effect, which includes the gain of the transistor.
TheMiller effect alsoreflectsC, between theC' and E terminal sat the output. How-
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 usualy required for this complete model because of the large number of
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 fre-
quency effectsin the transistor, which meansthat the gain, for example, isafunction
of the input signal frequency.

EXAMPLE 10.11

I

Objective

To determine, to afirst approximation, the frequency a which the small-signal current gain
decreasesto 1/+/2 of itslow frequency value.
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Figure1041 1 Simplified hybrid-pi
equivalent circuit.

Consider thesimplified hybrid-pi circuit shown in Figure 10.41. We areignoring C,,, €.
ru. C,y 1o, and the series resistances. We must emphasize that thisis a first order calculation
and that C,, normally cannot be neglected.

1 Solution
At very low frequency, we may neglect Cx so that

We can then write

whereh . is the low-frequency, small-signa common emitter current gain
Taking into account C,, we have

Then

or the small-signal current gain can be written as

The magnitude o the current gain drops to l/ﬁ of its low-frequency value at f =
1/2ar,C,.

If, for example, r; = 2.6 k&2 and C» = 4 pF then
f = 153 MHz

1 Comment

High-frequency transistors must have small diffusion capacitances, implying the use of small
devices.
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10.6 | FREQUENCY LIMITATIONS

The hybrid-pi equivalent circuit, devel oped 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 isafigure of merit for atransistor.

10.6.1 TimeDelay Factors

Thebipolar transistor is a transit-time device. When the voltage across the B-Ejumne
tion increases, for example, additional carricrs from the emitter are injected into th
base, diffuse across the base, and are collected in the collector region. As the fre-
quency increases, this transit time can become comparable to the period of the
signal. At this point, the output response will nolonger bein 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

7. = emitter-to-collector time delay

7, = emitter—base junction capacitance charging time
1, = base transit time

74 = collector depletion region transit time

. = collector capacitance charging time

The equivalent circuit of the forward-biased B-E junction was given in
ure 18.3%a. The capacitance C;,. isthe junction capacitance. If we ignore the
resistance, then the emitter—base junction capacitance charging time is

where r;, isthe emitter junction or diffusion resistance. The capacitance C,, includes
any parasitic capacitance between the base and emitter. The resistance 7. is found as
the inverse of the slope of the I, versus Vg curve. We obtain
o kT (1088)
e g i{
where /£ is the dc emitter current.

The second term, 7;,. iSthe base transit time, the time required for the minority
carriers to diffuseacrossthe neutral base region. The base transit time is related to the
diffusion capacitance C; of the B-E junction. For the npn transistor, the el ectron cur-
rent density in the base can he written as
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“where v(x) isan average velocity. We can write
] wxy=dx/dt  of  dr=dxfvix) (10.90)

The transit time can then be found by integrating, or

The electron concentration in the baseis 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

Thethird time-delay factor is z,. the collector depletion region transit time. As-
suming that the electrons in the npn device travel acrossthe B-C space chargeregion
a their saturation velocity, we have

where x4, isthe B-C space charge width and u,, isthe electron saturation velocity.

The fourth time-delay factor, z,., isthe collector capacitance charging time. The
B-C is reverse biased so that the diffusion resistance in parallel with the junction
capacitanceis very large. The charging time constant isthen a function of the collec-
tor series resistance r.. We can write

where C, isthe B-C junction capacitance and C, isthe collector-to-substrate capaci-
tance. The series resistance in small epitaxial transistors is usualy small; thus the
timedelay r. may be neglected in some cases.

Example calculations of the various time-delay factors will he given in the 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 10.11 so th
we can also write the common base current gain as

where o is the low-frequency common base current gain and f, is defined as the
alpha cutoff frequency. The frequency £, is related to the emitter-to-collector time
delay 7.. as

When the frequency is equal to the alpha cutoff frequency, the magnitude o the
common base current gain is 1/+/2 of itslow-frequency value.

We can relate the alpha cutoff frequency to the common emitter current gain by
considering

o

ﬁ:

l —«

We may replace u in Equation (10.99) with the expression given by Equation (10971
When the frequency f isof the same order of magnitude as f, then

where we have assumed that ap ~ 1. When the signal frequency isequal to thedpha
cutoff frequency. the magnitude of the common emitter current gain isequal to unity.
Theusua notation isto definethis cutoff frequency as fr, so we have

From the analysis in Example 10.11, we may also write the common-emitter
current gain as

where f iscalled the beta cutoff frequency and is the frequency at which the magni-
tude of the common-emitter current gain 4 dropsto 1/+/2 of itslow-frequency value
Combining Equations (10.99) and (10.97). we can write

1
on !
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Figure 10.42! 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 fs and fr usualy have
significantly different values.

Objective

To caculate the emitter-to-collector transit time and the cutoff frequency of abipolar transis
tor, given the transistor parameters.
Consider asilicon npn transistora& T = 300 K. Assumethe following parameters:

fr=1mA Cie = | pF

xg =0.5um D, = 25cm’/s
Xy =24 um r.o =208

C, =0.1pF C, =0.1pF
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H Solution
We will initialy calculate the various time-delay factors. If we neglect the parasitic
tance, the emitter-base junction charging time is

where

Then
7, = (2590107 ")y =259 ps

The base transit timeis

The collector depletion regiontransit timeis

The collector capacitance charging time is
7, =r(C, T C,) = 20{0.2 x 107'%) = 4ps
The total emitter-to-collector time delay is then
T. =259+ 50424 +4 = 103.9ps
so that the cutoff frequency is calculated as

| 1

= = = 153 GHz
277, 2a(103.9 x 10-12)

fr

If we assume a low-frequency common-emitter current gain of 8 = 100, then the beta cutoff
frequency is

B Comment
The design of high-frequency transistors requires small device geometries in order to reduce
capacitances, and narrow base widths in order to reduce the base transit time.

TEST YOUR UNDERSTANDING

ElO0. 17 A silicon npn bipolar transistor isbiased at 7 = 0.5 mA and has a junction capaci-
tance of C;, = 2 pF. All other parameters are the same as listed in Example 10.12.
Find the emitter-to-collector transit time, the cutoff frequency, and the beta cutoff
frequency. (ZHIW ¥ 11 = #f ‘ZHD $T'1 = £/ ‘sd 9 181 = ™1 'suy)
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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
of thesignal.

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 processestaking place in the transistor during the switching cycle.

Consider, initially, the case of switching from cutoff to saturation. Assume that
in cutoff Vg = Vg < 0, thus the B-E junction is reverse biased. At r = 0, assume
thet Vg5 switchesto avalue of Vggq as shown in Figure 10.43b. We will assumne that
Veao is sufficiently positive to eventually drive the transistor into saturation. For
0 <t < 1;, the base current supplies charge to bring the B-E junction from reverse
biasto 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
chargeis 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 10.431 (a) Circuit used for transistor switching. (b) Input hasc drive for transistor
switching. (c)Collector current versustime during transistor switching.
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During the next time period, #; <t < 1,, the base current is supplying ch
which increases the B-E junction voltage from near cutoff to near saturation
thistime, additional carriers are being injected into the basesothat the gradie
minority carrier electron concentration in the base increases, causing the collec
current toincrease. Werefer tothistime period asthe risetime, during which the ¢
lector current increases from 10 percent to 90 percent of the fina value. For ¢ >
the base drive continues to supply base current, driving the transistor into saturati
and establishing the final minority carrier distribution in the device.

Theswitchingof the transistor from saturation to cutoff involves removing al c'
the excess minority carriers stored in the emitter, base, and collector regions. H
ure 10.44 shows the charge storage in the base and collector when the transistor is
saturation. The charge Q5 is the excess charge stored in aforward-activetrans
and Qgx and Q. arethe extracharges stored when the transistor is biased in sa
tion. Att = 5, the basevoltage Vg5 switchesto anegative value of (— V). The
current in the transistor reversesdirection as was the case in switching a pnjun 1w
diode from forward to reverse bias. The reverse base current pulls the excess store?
carriers from the emitter and base regions. Initidly, 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
uration, both the B-E and B-C junctions are forward biased. The charge Qgx in th
base must be removed to reduce the forward-biased B- C voltage to zero volts before#
the collector current can change. Thistime delay iscalled the storage rime and isde<
noted by r,. Thestorage time is the time between the point at which Vzp switchestor
the time when the collector current is reduced
tion value. The storage timeis usually the most
speed of the bipolar transistor.

Thefinal switching delay time is the fall time ¢, during which the
rent decreases from the 90 percent to the 10 percent value. During thistime, theB-§

Emitter Collector a

Minority
carrier
concentration

Figure10.44 | Charge storagein the base and collector a
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 Ejunction 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.

1072 The Schottky-Clamped Transistor

Ore method frequently employed to reduce the storage time and increase the switch-
ing speed is the use of a Schottky-clamped transistor. Thisisa norma npn bipolar
devicewith a Schottky diode connected between base and collector, as shown in Fig-
we 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 isreverse biased; hence, the Schottky diode is reverse biased and effectively out
d thecircuit. The characteristics of the Schottky-clamped transistor—or simply the
Schottky transistor — arethose of the normal npn bipolar device.

When the transistor isdriven into saturation, the B- Cjunction becomes forward
biased; hence the Schottky diodeal so becomesforward 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. Thedifterence in turn-on voltage
meansthat most of theexcess 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 isdrastically reduced. The excess minority carrier concentration in the base
ad collector at the B- Cjunction isan exponential function of V¢. If Vg is reduced
from 0.5 volt to 0.3 volt, for example, the excess minority carrier concentration is
reduced by over 3 orders of magnitude. Thereduced excessstored chargein thebaseof
theSchottky transistor greatly reducesthe storage time— storagetimeson the order of
1nsor lessarecommon in Schottky transistors.

Figure1045 | (a) The Schottky-clamped transistor. (b) Circuit
symbol o the Schottky-clampedtransistor.
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*10.8 | OTHER BIPOLAR TRANSISTOR }
STRUCTURES H

This section isintended to briefly introduce three specialized bipolar transistor struc-
tures. The first structure is the polysilicon emitter bipolar junction transistor (BJT}),
the second is the SiGe-base transistor, and the third is the hetercjunction bipolar tran-
sistor (HBT). Thepolysilicon emitter BJT isbeing used in somerecent integrated dr-
cuits, and the SiGe-base transistor and HBT are intended for high-frequency/high-
speed applications.

i
10.8.1 Poalyslicon Emitter BJT

The emitter injection efficiency is degraded by the carriers injected from the bese
back into the emitter. The emitter width, in general, is thin, which increases gead
and reduces parasitic resistance. However. a thin emitter increases the gradient in the
minority carrier concentration, asindicated in Figure 10.19. The increase in thegra
dient increases the B-E junction current, which in turn decreasesthe emitter injection
efficiency and decreasesthe common emitter current gain. Thiseffect is aso showmn
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 nt single crystal
silicon region between the p-type base and the n-type polysilicon. Asafirst approxi-
mation to the analysis, we may treat the polysilicon portion of the emitter as low-
mobility silicon, which means that the corresponding diffusion coefficient issmall.

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 belinear in each region. Both the minority
carrier concentration and diffusion current must be continuousacross the polysilicon/
silicon interface. We can therefore write

p base
n collector

Figure 10.46 Simplified Crosssection of an npn polysilicon
emitter BJT.
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p base

Metal l 1 poly ’ n” silicon
emitter emitter

Figure1047 | Excess minority carrier hole
concentrationsin n* pelysilicon and n* slicon emitter.

Since Doty < Dewts. then the gradient of the minority carrier concentration at the
emitter edge of the B-E depletion region in the n* region isreduced as Figure 10.47
shows. Thisimplies that the current back-injected from the base into the emitter isre-
duced so that the common-emitter current gain is increased.

10.8.2 Silicon-GermaniumBase Transistor

Thebandgap energy of Ge(—0.67 eV) is significantly smaller than the bandgap en-
ergy of 8i(—1.12eV). By incorporating Ge into Si, the bandgap energy will de-
crease compared to pure Si. If Ge isincorporated 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—collector 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 alinear 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. Thischange in bandgap energy will influence the collector current.
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Concentration

Boron

Emitter Base

SiGe base

(b}

Figure 10.48 i (a) Assumed boron and germanium concen-
trationsin the base of the SiGe-base transistor. (b) Energy
bend diagram o the Si- and SiGe-base transistors.

Collector Current and Current Gain Effects Figure 10.49 shows the them
equilibrium minority carrier electron concentration through the base region of t
SiGe and Si transistors. This concentration is given by
n%
ngy — ——
BO Na
where N is assumed to be constant. Theintrinsic concentration, however, isafunc-i
tion of the bandgap energy. We may write

where n; (SiGe) is the intrinsic carrier concentration in the SiGe material, n;(Si} is
the intrinsic carrier concentration in the Si material, and AE, is the changein the
bandgap energy of the SiGe material compared to that of S

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
concentration

Figure 10.49 | Thermal equilibrium minority carrier electron
concentration through the base of the Si- and SiGe-base
transistors.

E junction. This means that the value of ng, in the collector current expression in
Equation (10.37) isthe value at the base—collector junction. Sincethis 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 islarger. If the bandgap narrowing is 100 meV, then theincrease
in the collector current and current gain will be approximately afactor of four.

Early Voltage Effects The Early voltage in a SiGe-base transistor is larger than
thet 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 abandgap nar-
rowing of 100 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 Timeand 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 10* V/em. Thiselectric field reduces the base-transit time by
approximately afactor 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 agiven
hasecurrent. the emitter current in the SiGe-base transistor islarger, since the current
gainislarger. Theemitter—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 Hetergjunction Bipolar Trandstors

Asmentioned previously, one of the basic limitations of the current gain in the bipolar
transistor isthe emitter injection efficiency. The emitter injection efficiency y canbe
increased by reducing the value of the thermal-equilibrium minority carrier con-
centration pgq in the emitter. However, as the emitter doping increases, thebaxjgﬁ
narrowing effect offsets any improvement in the emitter injection efficiency. O
possible solution is to use a wide-bandgap material for the emitter, which will
mize theinjection of carriers from the base hack into the emitter. i
Figure 10.50a shows a discrete aluminum gallium arsenide/gallium arsenidehet-
erojunction bipolar transistor, and Figure 10.50b shows the band diagram o the

w

Base

Collector

Figure1050 ! (a) Crosssection of AlGaAs/GaAs hetero-
junction bipolar transistor showing a discreteand integrated
structure. (b) Energy-band diagram of then AlGaAs emitter
and p GaAs basejunction.

(From Tiwari et al. [19].)
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n-AlGaAs emitter to p-GaAs base junction. The large potential barrier ¥, limits the
number of holes that will be injected back {rom the base into the emitter.
Theintrinsic carrier concentration isafunction of bandgap energy as

or a given emitter doping. the numher of minority carrier holes injected into the

; emitter is reduced by a factor of
i

inchanging from a narrow- to wide-handgapemitter. If AE, = 0.3(}eV, for example,
[ n? would hereduced by approximately 10° at T = 300 K. Thedrastic reduction in "r2
" 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
lower emitter doping reduces the handgap-narrowing effect.
Theheterojunction GaAsbipolar transistor has the potential of being a very high
, frequency device. A lower emitter doping in the wide-bandgap emitter leads to a
[ smaller junction capacitance, increasing the speed of the device. Also, for the GaAs
npn device. the minority carriers in the base arc electrons with a high mobility. The
electron mobility in GaAsisapproximately 5 timesthat in silicon; thus, the base tran-
sit time in the GaAs base is very short. Experimental AlGaAs/GaAs heterojunction
transistors with hase widthson the order of 0.1 ;zm have shown cutoff frequencieson
the order of 40 GHz.

One disadvantage of GaAs is the low minority carrier lifetime. The small
lifetimeis not a factor in the base of a narrow-base device, but results in alarger B-E
recombination current. which decreases the recombination factor and reduces the
current gain. A current gain of 150 has been reported.

b

109 | SUMMARY

B Thereare two complementary bipolar transistors—npn and pnp. Each transistor has
three separately doped regionsand two pn junctions. The center region (base)is very
narrow. so the two pn junctions are said to he interacting junctions.

m Intheforward-active mode. the B-E junction is forward hiascd and the B-C junction is
reverse biased. Majority carriers from the emitter arc injected into the hase wherc they
become minority carriers. These minority carriers diffuse across the base into thr B-C
space charge region where they are swept into the collector.

m  When atransistor is hiased 1n the forward-active mode of operation, the current at one
terminal of the transstor (collector current) is controlled hy the voltage applied across
the other two terminals of the transistor (hase—emitter voltage). This 1s the basic
transistor action

m The minority carricr concentrations were determined 1n each region of the transistor.
The principal currents in the device are determined hy the diffusion of these minority
carriers.
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The common-base current gain, which leads to the common-emitter current gain, isa
function of three factors—emitter injection efficiency, base transport factor, and
recombination factor The emitter injection efficiency takes into account carriers fro
the base that areinjected back into the emitter, the base transport factor takes into
account recombination in the base region. and the recombination factor takes into
account carriers that recombine within the forward-biased B-E junction.

B Several nonideat effects were considered: #

1 Base width modulation, or Early effect —thechangc in the neutral base width wi
achange in B-C voltage, producing a change in collector current with a changein
B-C or C-E voltage.

2. High-injection effects that cause the collector current to increase at a slower rate
with base-emitter voltage. !

3. Emitter bandgap narrowing that produces a smaller emitter injection efficiency
because of a very large emitter 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 figld in the base
region, which aidsthe flow of minority carriers across the base. i

6. Two breakdown voltage mechanisms— punch-through and avalanche.

B Threeequivalent circuits or mathematical modelsof the transistor were considered. The
Ebers—Moll model and equivalent circuit are applicable in any of the transistor
operating modes. The Gummel-Poon model is convenient to use when nonuniform
doping exists in the transistor. The small-signal hybrid-pi model applies to transistors
operating in the forward-active mode in linear amplifier circuits.

The cutoff frequency of atransistor, a figure of merit for the transistor, is the frequency
a which the magnitude of the common-emitter current gain hccomes equal to unity.
The frequency responsc isafunction of the emitter—base junction capacitance charging
time, the base transit time, the collector depletion region transit time, and the collector
capacitance charging time.

B Theswitching characteristics are closely related to the frequency limitations although
switching involves large changesin currents and voltages. An important parameter in
switching is the charge storage time. which applies to a transistor switching from
saturation to cutoff.

GLOSSARY OF IMPORTANT TERMS

alphacutoff frequency Thefrequency at which the magnitude of the common base current
is | /2 of its low-Srequency value; also equal to the cutoff frequency.

bandgap narrowing The reduction in the forbidden energy bandgap with high emitter
doping concentration.
hasetransit time Thetime that it takes a minority carricr to cross the neutral base region.

basetransport factor Thefactor in the common base current gain that accounts for recom-
bination in the neutral base width.

base width modulation The changc in the neutra 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 1/+/2 of itslow frequency value.
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collector capacitancecharging time Thetime 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 Thetime that it takesacarrier to be swept across the
B-C space charge region.

common-base current gain  The ratio of collector current to emitter current.

rommon-emittercurrent gain - Theratio of collector current to base current.

current crowding  The nonuniform current density across the emitter junction areacreated by
alateral voltage drop in the base region dueto afinite base current and base resistance.

cutoff The bias condition in which zero- or reverse-bias voltagesare applied to both transis-
tor junctions, resulting in zero transistor currents.

cutofffrequency Thefrequency at which the magnitude of the common emitter current gain
is unity.

early effect Another term fur base width modulation.

early voltage Thevalue of voltage (magnitude) at the intercept on the voltage axis obtained
by extrapolating the /¢ versus V¢ curvesto 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 changein 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-Cjunction is reverse biased.

inverse active The bias condition in which the B-E junction is reverse biased and the
B-Cjunction isforward biased.

output conductance The ratio of a differential change in collector current to the corre-
sponding differential change in C-E voltage.

CHECKPOINT

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

B Describethe basic operation of the transistor.

B Sketch the energy bands of the transistor in thermal equilibrium and when biased in the
various operating modes.

B Calculate, to agood hrst approximation, the collector current as a function of
base-emitter voltage.

B Sketch the minority carrier concentrations throughout the transistor under the various
operating modes.

B Definethe various diffusion and other current components in the transistor from the
minority carrier distribution curves.

B Explain the physical mechanisms of the current gain limiting factors.
Define the current-limiting factors from the current components in the transistor.

B Describe the physical mechanism of base width modulation and its effect on the
current—voltage characteristics of the transistor

B Describethe voltage breakdown mechanisms in a bipolar transistor

B Sketch the simplified small-signal hybrid-pi equivalent circuit of the transistor biased in
the forward-active mode.
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CHAPTER 10 The Bipolar Transistcr

B Describe qualitatively the four time-delay or time-constant components in the frequen.
response of the bipolar transistor.

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. Definethe common-emitter current gain and explain why, to afirst approximation, the_|
current gain is aconstant.

Explain the conditions of the cutoff, saturation, and inversc-active modes.

Sketch the minority carrier concentrations in a pnp bipolar transistor biased in the
forward-active mode.

Define and describe the three limiting factors in the common-base current gain.
What is meant by base width modulation? What is another term used for this effect?
What is meant by high injection?

Explain emitter current crowding.

Define frgo and Icen, and explain why feeo > Iego

10. Sketch asimplified hybrid-pi model for an npn bipolar transistor and explain when
equivalent circuit is used.

11. Describe the time-delay factorsin the frequency limitation oi the bipolar transistor.
12. What is the cutoff frequency of a bipolar transistor?

13. Describe the response of a bipolar transistor when it is switching between saturation
and cutoff.

A w

© 0N O !

PROBLEMS

(Note: In the following problems, use the transistor geometry shown in Figure 10.13. Assu
T = 300 K unless otherwise stated.)

Section 10.1 TheBipolar Transistor Action

101  Fur auniformly doped n**p¥n bipolar transistor in thermal equilibrium, (a) sketch
the energy-band diagram, (£) sketch the electric ficld through the device, and
(c) repeat parts (a)and (h) for the transistor biased in the forward-active region.

102  Consider ap** n+p bipolar transistor, unitormty doped in each region. Sketch the
energy-band diagram for the case when the transistor is (a) in thermal equilibrium,
(b) biased in theforward-active mode, (¢) biased in the inverse-active region, and
() biased in cutoff with both the B-E and B-C junctions reverse biased.

103  The parametersin the base region of an npn bipolar transistor are D, = 20cm’/s,
ngo = 10° = 1 um,and Az = 10°* cm’. (@) Comparing Equations (10.1)
and (10.2), calculate the magnitude of 4. (b} Determine the collector current for
Dvpe =05V, (ii)vpeg =06V, and (|||) vpe =0.7V.

104  Assume the common-base current gain for the transistor described in Problem 10.3
isa = 0.9920. {a) What is the common-emitter current gain 87 [Note that § =
/(1 — a).] (b) Determine the cmitter and base currents corresponding to the collector
currents determined in Problem 19.3b.
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" 105

106

107

Problems

(a) In abipolar transistor biased in the forward-active region, the base current is

ig = 6.0 A and the collector current isi¢ = 510 uwA. Determine 8, o, and ig.
(Notethat iz = ic Fiz.) (b) Repeat part (a) if iz =50 A and i = 2.65 mA.
Assume that an npn bipolar transistor has acommon-emitter current gain of # = 100.
(u) Sketch theideal current—voltage characteristics (i versus ve ), like thosein
Figure 10.9, as iz varies from zero t0 0.1 mA in 0.01-mA increments. Let v-¢ vary
over therange 0 < v¢, < 10 V. (b)y Assuming Vo = 10V and R = 1 k&2 inthe
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 i~ and v¢ ¢ corresponding to
ip = 0.05mA.

Consider Equation (10.7). Assume V-~ = 10V, Ry =2k, and Vzzr = 0.6 V.

(a) Plot Vg versus I overtherangeO < I = 5 mA. (h)At what value of /- does
V(‘g = 07

Section 10.2  Minority Carrier Distribution

108

10.9

10.10

1011

10.12
*10.13

10.14

A uniformly doped silicon npn bipolar transistor isto he biased in the forward-active
mode with the B-C junction reverse hiased by 3V The metallurgical base width

is 1.10 ym. The transistor dopings are Ng = 10'7 em™?, Nz = 10" em—, and

Ne = 10" em™3, (@)For T = 300K, calculate the B-E voltage at which the minority
carrier electron concentration at x = Ois 10 percent of the mgority carrier hole
concentration. (b) At this bias, determine the minority carrier hole concentration a
x' = 0. (c) Determine the neutral base width for this bias.

A silicon npn bipolar transistor is uniformly doped and biased in the forward-active
region. The neutral base width isxz = 0.8 um. The transistor doping concentrations
areNg =5x 107 em™3, Nz = 10" cm 3, and Nc = 10" cm™3. (n) Calculate the
valuesof peg. fige. and pey. (B) For ¥z, = 0.625V , determineng at X = 0 and pg
at x' = 0. (c) Sketch the minority carrier concentrations through the device and label
each curve.

A uniformly doped silicon pnp transistor is biased in theforward-active mode. The
doping concentrations are Ny = 10" cm™, Ny =5 x 10 em™3, and N¢ =

10% c¢m . (a) Calculate the values of n g, pgo, and reg. (B) For Ves = 0.650V,
determine pg at x =0and », at x' = 0. {r) Sketch the minority carrier concentra-
tions through the device and label each curve.

Consider the minority carrier electron concentration in the base of an npn bipolar
transistor asgiven by Equation (10.15a). In this problem, we want to compare

the gradient of the electron concentration evaluated at the B-C junction to that
evaluated at the B-E junction. In particular, calculate the ratio of d{8nz)/dx at

x =xgtod(dng)/dx atx =0for(a) xy/Lg = 0.1, () xg/Lp = 1.0, and

(C) .\’B/Lg = 10.

Derive the expressions for the coefficients given by Equations (10.14a) and (10.14b).
Derive the expression for the excess minority carrier hole concentration in the base
region of auniformly doped pnp bipolar transistor operating in the forward-active
region.

The excess electron concentration in the base of an npn bipolar transistor is given
by Equation (10.15a). The linear approximation is given by Equation {10.15b). If
8ngy(x} is the linear approximation given by Equation (10.15b) and én,4(x) isthe
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actual distribution given by Equation {10.15a), determine

ax =uxg/2for(e)xp/Ly =0.1 and (b) xp /Ly = 1.0. Assume Vyp > kT /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 §p5 (0) =
8 x 10" em™* and 8pg (xp) = —2.25 x 10* cm™?, respectively. Plot, on the same
graph, 3pg(x} for («) theidea case when no recombination occurs in the base, and
(&) the case when xz = Lg = 10 um. {c} Assuming D; = 10 cm?/s, caculate the
diffusion current density at x = 0 and x = xy for the conditions in parts (a)and (b)
Determine theratio J(x = xg)/J (x = 0) for thetwo cases.

*10.16 (a) A uniformly doped npn bipolar transistor at 7 = 300K 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

forxg /Ly < | where xp isthe neutral base width. (4) Show that the minority
carrier diffusion current in the basc is then given by

(¢ Show that the total excess minority carrier charge (C/cm?) in the base region is
given by

*10.17 Consider asilicon pnp bipolar transistor at 7 = 300 K with uniform dopings of
Ng=5x10% em™3, Np = 107 cm . and Np =5 x 10" cm ™. Let Dy =
10 em?*/s, xg = 0.7 um, and assume x; < I, The transistor is operating in
saturation with J, = 165 A/cm? and Ve 4 = 0.75 V. Determine (a) V5.

(b) Vec(sat), (c)the #/cm’ of excess minority carrier holes in the base, and
(d) the #/cm? of excess minority carrier electrons in the long collector. Let
Lc =35um.

10.18 An npn silicon bipolar transistor at 7 = 300 K has uniform dopings of Nz =
10¥ cm™*, N = 10" em™*. and N¢ = 7 X 10" em ™. The transistor is operat-
ing in the inverse-active mode with V. = —2 V and V4 = 0.565 V. (a) Sketch
the minority carrier distribution through the device. (5} Determine the minority
carrier concentrationsat x = xz and x” = 0. (c)If the metallurgical base widthis
1.2 um, determine the neutral base width.

1019 A uniformly doped silicon pnp bipolar transistor at 7 = 300 K with dopings of
Ne=5x10" em™, Ny = 10" cm™?*, and ¥ =5 x 10" 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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Section 10.3 L ow-Frequency Common-Base Current Gain
1020 Thefollowing currents are measured in a uniformly doped npn bipolar transistor:

I, = 1.20mA l,, =0.10 mA
I,e = 1.18mA Iy = 0.20mA
I; =000l mA . =0.001mA

Determine (a)a. (&} y, {c)er, {d} 3, and (e) B.

1021 A silicon npn transistor at T = 300 K has an areaof 10~* cm?, neutral base width
of | wem, and doping concentrations of N = 10'8 cm™3, N = 107 em™3, N =
10'® cm~*. Other semiconductorparametersare Dg = 20cm?/s, Tep = tg = 1077 s,
and tep = 107 s, Assuming the transistor is biased in the active region and the
recombination factor is unity, calculate the collector current for: (¢} Vyr = 0.5V,
(b) I; = 1.5mA, and(c) Iz = 2 uA.

1022 Consider auniformly doped npn bipolar transistor a 7 = 300 K with the following
parameters:

For Vg, = 0.60V and V¢ = 5V, calculate {a) the currents J, ¢, J,£. e, and Jg
and (b) the current gain factors y, o7 . 8, a.and f.

1023 Three npn bipolar transistors have identical parameters except for the bass doping
concentrations and neutral base widths. The base parameters for the three devices are
asfollows:

Device  Baseduping Base width

A Ng = Ny Xp = X0
B Ng = 2Ny Xp = Xpo
C Ng = Ngo X = Xgu/2

(Thebase doping concentration for the B device istwice that of A and C, and the
neutral base width for the C device is half that of Aand B.)
(¢) Determine theratio of the emitter injection efficiency of (i) device B to device A
and {ii) device C to device A.
(h) Repeat part (a)for the base Iranspon factor.
(¢) Repeat pan (a)for the recombination factor.
() Which device has the largest common-emitter current gain 57
1024 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 Ni = Ngo X =Xgo
B Ne =12Ngo Xg = Xgg
C Ng = Neo Xg = Xgo/2
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10.25 Annpnsilicon transistor is biased in theinverse active mode with Vg, = —3 Vand
Vyc = 0.6V Thedoping concentrations are N = 10"® em=3. Ay = 107 em™3,
Ne = 10" ¢m?, Other parametersare x5 = | um, 7z = Tgo = Tep =2 X 1077
Dy = 10em?/s, Dy = 20 ecm*/s, D¢ =15 cm?/s,and A = 10~ cm'. (a) Calcul
and plot the minority carrier distribution in the device. (#) Calculate the collector
and emitter currents. (Neglect geometry factors and assume the recombination
factor is unity.)

1026 (&) Calculate the basetransport factor, o7, for xg /Ly = 0.01.0.10. 1.0. and 10.
Assuming that y and & are unity, determine 8 for each case. {5) Calculate theemitter
injection efficiency, y. for Ng/Ng = 0.01,0.10, 1.0, and 10. Assuming that oy and
& are unity, determine 8 for cach case. (c)Considering the results of pans (a)and (b).
what conclusionr can be made concerning when the base transport factor or when the
emitter injection efficiency are thelimiting factorsfor the common-emitter current
gain?

10.27 1a) Calculate the recombination factor for Vg, = 0.2,0.4, and 0.6 V. Assumethe
following parameters:

Dy = 25¢em*/s Dy =10 cm’/s
Ne=5x 10% em™3 Ny =1x 107 em™?
Ne =5x 109 em™? xg =07 pm

tgo = Tpo = 10/7 S J,-() =2x 10*9 Amez

n, = 15 x 10" cm™?

(b} Assuming the base transport and emitter injection efficiency factors are unity,
calculate the common-emitter current gain for the conditions in part (). (¢) Cond-
dering theresults of part (5), what can be said about the recombination factor being

the limiting factor in the commeon emitter current gain. u
10.28 Consider an npn silicon bipolar transistor ar T = 300 K with the following
parameters:

Dy = 25cm’ls D = 10cm?fs

Tao = Tep =5 X
Ny = 10% e xg =05um

The recombination factor, 8, has been determined to he 5 = 0.998. We need a
common-emitter current gain of g = 120. Assuming that a7 = y. determine the
maximum base width, x5, and the minimum emitter doping, &, to achieve this
specification.
*10.29 (a) Therecombination current density, J.4, in an npn silicon bipolar transistor a
T =300K is .o =5 X 10~% Afem?. The uniform dopings are Ny = 10" cm™,
Ny =5 x 10' cm™3, and N = 10'° ¢m™*. Other parameters are D = 10 cm®/s,
Dy = 25cm?s. teq = 107% 5, and 70 = 10" 7 5. Determine the neutral base width
so that the recornbination factor is 8 = 0.995 when Ve = 0.55V (#) If J,4 remains
constant with temperature, what isthe value of § when v, = 0.55 V for the case
when the temperature is T = 400 K'? Use the value of x determined in pan (a).
- 10.30 (a)Plot, for abipolar transistor, the base transport factor. o7 . asafunction of {(xz/Lg)
over therange 0.01 < {xp /L) < 10. (Usealog scale an the horizontal axis.)
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i10.32

1033

P

(b) Assuming that the emitter injection efficiency and recombination factorsare
unity, plot the common emitter gain for the conditions in part (a).(c)Considering the
results of pan (b),what can be said about the base transport factor being the limiting
factor in the common emitter current gain?

(a) Plot the emitter injection efficiency asa function of thedoping ratio, Nz /N g .over
therange0.01 < Ng/Np < 10. Assumethat Dy = Dy, Ly = Lp, andxp = xp.
(Usealog scale on the horizontal axis.) Neglect bandgap narrowing effects. (4) 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 resultsof part (&),
what can be said about the emitler injection efficiency being the limiting factor in the
common emitter current gain.

(a) Plot the recombination factor as afunction of the forward-bias B-E voltage for
0.1 < Vgg = 0.6. Assume thefollowing parameters:

Dy = 25cmls Dy = 10cm¥s
Ne=5x10%em™? Ng =1x 107 em™?
Ne = 5x 108 em™ xp =0.7um

Tao =Tgg = 10 7s Jo=2x 1077 Alem?

n =15x 10" em™?

(b)Y 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 results of part (4}, what can be said about the recombination factor being the
limiting factor in the common emitter current gain.

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 Ny = 100N,
Dr = Dg.andLg = Lg. Alsoletxy = 0.1L . Plot the emitter injection efficiency
for 0.01L; < xz < 10Lg. From these results, discuss the effect of emitter width on
the current gain.

Section 104 Nonideal Effects

10.34

*10.35

A silicon pnp bipolar transistor a T = 300K has uniform dopings of ¥ = 10'% cm™3,
Ng = 10" em™3, and N¢ = 10% ecm~?. The metallurgical hase width is 1.2 qm.
Let Dp = 10 cm?/s and 1z = 5 x 1077 s. Assume that the minority carrier hole
concentration in the hase can be approximated by a linear distribution. Let Vep =
(.625V {a) Determine the hole diffusioncurrent density in the basefor Vac =5V,
Vie = 10V, and Ve = |5V (b) Estimate the Early voltage.

The base width of a bipolar transistor is normally small to provide alargecurrent
gain and increased speed. The hase width also affectsthe Early voltage. In asilicon
npn bipolar transistor at T = 300 K, the doping concentrations arc &y = 10 cm~?,
Ny =3x 10" em, and N = 5 x 10" em~>. Assume Dy = 20 cm?/s and

Ty =5 x 1077 s, and let Vz = 0.70 V. Using voltages Ve =5V and Ve = 10V
as two data paints. estimate the Early voltage for metallurgical base widths of

(a) 1.0 gm. (b} 0.80 pm, and (¢) 0.60 rem.
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CHAPTER 10 The Bigolar Transistor

10.36 Annpnsilicon bipolar transistor has a base doping concentration of Ny = 10'7 em
acollector doping concentration of ¥~ = 10'® cm~3, a metallurgical base width of
1.1 um, and abase minority carrier diffusion coefficient of gz = 20 cm?/s. The
transistor is biased in the forward-active region with Vz; = 0.60 V. Determine
(a)thechangein the neutral base width as V-5 changes from | V to5V, and (b)the
corresponding change in the collector current.

1037 Consider a uniformly doped silicon npn bipolar transistor in which xz = xp,

Ly =Lg,and Dy = Dy, Assume that ooy = 5 = 0.995and let Ny = 10'7 em™?,
Calculate and plot the common emitter current gain g for Ng = 107, 102, 10",
and 10% c¢m™*, and for the case( a) when the bandgap narrowing effect is neglected.
and (b) when the bandgap narrowing effect is taken into account.

10.38 Asilicon pnp bipolar transistor at T = 300 K isto bedesigned so that the emitter
injection efficiency isy = 0.996. Assumethat xg = x5, Lg = Lg, Dy = Dy, ad
let Np = 10" cm—>. (a) Determine the maximum base doping, taking into account
bandgap narrowing. (h) If bandgap narrowing were neglected, what would he the
maximum base doping required?

10.39 A first-approximation type calculation of the current crowding effect can be made
using the geometry shown in Figure 10.51. Assume that one-half of the base current
enters from each side of the emitter strip and flowsuniformly to the center of the
emitter. Assume the base is p type with thefollowing parameters:

gLl

Ng =10" cm™ xpg =070 um
#, = 400 cm?/V-s §$=8um
Emitter length L =100 um

(a) Calculate the resistance between x = 0 and x = §/2. () If 3 15 = 10 uA,
calculate the voltage drop between x = 0andx = §/2. (¢} If V3 = 0.6 Vatx =
estimate in percent the number of electrons being injected into the base at x = §/2
comparedtox = 0.

1040 Consider the geometry shown in Figure 10.51 and the device parametersin
Problem 10.39 except the emitter width S. The emitter width S is to be changed 0
that the number of electronsinjected into the hase at x = Sf2 is no more than 10
percent less than the number of electrons injected into the base a x = 0. Calculates1

. Collector L
r=0 x5 x=572

Figure10.51 | Figure for Problems 10.39
and 10.40.
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#10,41 The base doping in adiffused n* pn bipolar transistor can be approximated by an
exponentia as

Ng = NH(O)exp(:ﬂ)

Xg

wherea isaconstant and is given by

(u} Show that, in thermal equilibrium, the electric field in the neutral base region isa
constant. (b) Indicate the direction of the electric field. Does this electric tield aid or
retard theflow of minority carrier electrons across the base'?(c} Derive an expres-
sion for the steady-state minority carrier electron concentration in the base under
forward bias. Assume no recombination occurs in the base. (Express the electron
concentration in terms of the electron current density.)

1042  Consider a silicon npn bipolar transister with uniform dopings of Nz =5 x 10'* cm=3,
Nz = 10" em™.and N = 5 x 10 cm™*. Assume the common-base current gain is
o = 0.9920. Determine (a) B Vego . (b) BVero. and (¢) the base-emitterbreakdown
voltage. (Assumer == 3for theempirical constant.)

1043 A high-voltage silicon npn bipolar transistor is to be designed such that the uniform
base doping is Ny = 10 and the common-emitter current grain is 8 = 50.
The breakdown voltage BV xs isto he at least 60 V. Determine the maximum
collector doping and the minimum collector length to support this voltage. (Assume
n=23)

1044 A uniformly doped silicon epitaxial npn bipolar transistor is tabricated with a base
doping of ¥y = 3 x 18" em~* and a heavily doped collector region with ¥ =
5x 10" ¢cm™*. The neutral base width isxs = 0.70 #m when Vg2 = Vg = 0.
Determine V. & which punch-through oceurs. Compare this value to the expected
avalanche breakdown voltage of thejunction.

1045 A silicon npn bipolar transistor has a base doping concentration of Ny = 107 ¢cm™,
acollector duping concentration of N == 7 x 10" cm~*, and a metallurgical base
width of 0.50 um. Let Vg = 0.60 V. (¢) Determine V¢ at punch-through.

(b) Determine the peak electric field in the B-C space charge region at punch-through.

1046 A uniformly doped silicon pnp bipolar transistor is to be designed with ¥ =

10" ¢ m* and N = 10" em~. The metallurgical base width is 0.75 um. Deter- T
mine the minimum base doping so that the punch-through voltage is no less than
V,y =25V

Section 105 Equivalent Circuit Models

1047 The V¢ g(sat) voltage of an npn transistor in saturation continues to decrease slowly as
the base current increases. In the Ehers-Moll model. assumeea= = 0.99. ez« = 0.20.
and J¢ = | mA. For T = 300 K, determine the base current, {5, necessary to give
(a) Veg(sat) = 0.30 V, (b) Veg(sat) = 0.20 V, and (c) Ve p(sat) = 0.10 V.

1048 Consider an npn bipolar transistor biased in the active mode. Using the Ebers—Moll
model, derive the equation for the basecurrent, /. interms of ar,a,, fes, fcs. and
VBE .
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10.49 Consider the Ebers-Moll model and let the base terminal be open so iz = 0. §
that. when a collector-emitter voltage is applied. we have

1050 In the Ebers-Moll model. let o, = 0.98./,, = 10 Y A,and I, , =5x 10 " A.
T =300 K. Plot /¢ versus V 5 for —Vz, < Vg < 3V and for Vi = 0.2,0.4,
and 0.6 V. (Note that V-5 = —Vg¢.) What can be said abour the base width modu
lation effect using this model ?
- 1051 The collector—emitter saturation voltage. from the Ebers—-Mull medel, js given by
Equation (10.77). Consider a power BJT in which a; = 0.98. @, = 0.20. and 4
= | A. Plat V- (sat) versus fy over therange 0.03 < {5 < 1.0 A.

Section 10.6 Frequency Limitations

10.52 Consider asilicon npn transistor st 7 = 300 K. Assume thr following parameters:

Iz =0.5mA Ciez O8pF
xg =07 ym D, =25 cm’fs
Xae = 2.0 um r, =30%2

C, =C, =008pF B=50

(a)Calculate the transit time factors. (#) Calculate the cutoff and beta cutoft fre-
quencies. f; and fy. respectively.

10.53 In a particular bipolar transistor, the base transit timeis 20 percent of the total delay
time. The base width is 0.5 xm and the base ditfusion coefficient is £y = 20 cm*/:
Determine the cutotf frequency.

10.54 Assume the base transit time of a BJT is 100 psand carriers cross the 1.2 pin 8-C
space charge region at a speed of 10" cm/s. The emitter—base junction charging tir
is 25 ps and the collector capacitance and resistance are G.10 pF and 10 2. respec
tivcly. Determine the cutoff frequency.

Summary and Review

*10.55 (a) A silicon npn bipolar transistor at 7 = 300 K is to be designed with an Early
voltage of at least 200 V and a current gain of at least 8 = 80. (b) Repeat pan («) far
S pnp bipolar transistor,

*10.56 Design a uniformly doped silicon npn bipolar transistor sothat # = 10¢ a7 =
300 K. The maximum CE voltage is 10 be 15 V and any breakdown volage isto be
at least 3times this value. Assume the recombination fuctor is constant at § = 0.995.
The transistor is to be operated in low injection with @ maximum collector current of
I = 5 mA. Bandgap narrowing effects and base width modulation effects areto ke
minimized. Let D = 6cm?/s, Dg = 25 em?/s, 1e0 = 107% s.and 75 == 10 7 s
Determine duping concentrations, the metallurgical base width, the active area. and
the maximum allowable V.

= *10.57 Deign apair of complementary npn and pnp bipolar transistors. The ransistors are

to have the same metallurgical base and emuter widthsof Wy = 0.75 um and
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xg = 05 um. Assume that thefollowing minority carrier parameters apply to each
device.

D, = 23cm’/s Top = 1077 s
D,, = 8cm*/s Ty =5x 107%s

The collector doping concentration in each deviceis5 x 10' em~* and the recom-
bination factor in each device isconstant a 8§ = 0.9950. (a)Design, if possible, fhe
devicesso that # = 106 in each device. If this is not possible. how close a match can
be obtained'! (#) With equal forward-bias base—emitter voltages applied. the collector
currents areto he /¢ = 5 mA with each device operating in low-injection. Determine
the active cross-sectional areas.
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Fundamentals of the
M etal -Oxide-Semiconductor
Fied-Effect Transstor

PREVIEW

Transistor (MOSFET)is developed in thischapter. Although the bipolar tran-

sistor was discussed in the last chapter, the material in this chapter presumes
aknowledge only of the semiconductor material properties and characteristics of the
ph junction.

The MOSFET, in conjunction with 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 MOSdesignation isimplicity used only for the metal —silicon dioxide (S103)-
silicon system. The more general terminology is metal —insulator—semiconductor
(M1S), wherethe 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

T he fundamental physics of the Metal —Oxide—Semiconductor Field-Effect
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an inversion charge density at the semiconductor surface. The threshold voltageis
defined as the applied gate voltage required to create the inversion layer chargeand
isone of the important parameters of the MOSFET.

The various types of MOSFETs are examined and aqualitative discussion of the
current-voltage characteristics isinitially 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 thistext,
thereisan MOS technology that should be considered, sinceit 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. B

111 I THE TWO-TERMINAL MOSSTRUCTURE

The heart of the MOSFET is the metal-oxide—semiconducter capacitor shown in
Figure 11.1. The metal may be aluminum or some other type of metal, although in
many cases, it isactually ahigh-conductivity polycrystalline silicon that has beende-
posited on the oxide; however, the term metal is usualy still used. The parameter t,,
in the figure is the thickness of the oxide and e, is the permittivity of the oxide.

1111 Energy-Band Diagrams

The physics of the MOS structure can be more easily explained with the aid of the
simple parallel-plate capacitor. Figure 11.2a shows a parallel-plate capacitor with the
top plate at a negative voltage with respect to the bottom plate. An insulator materid
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 areafor thisgeometry is

Semiconductor |

Figure111 | The basic MOS capacitor
structure.
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Figure11.2 1 (a) A paralldl-platecapacitor showing the electric field and conductor charges. (b) A corresponding
MOS capacitor with a negative gate biasshowing the electricfidd and charge Row. (¢) TheMOS capacitor with
an accumulation layer of holes.

I where € is the permittivity of the insulator and « is the distance between the two
plates. The magnitude of the charge per unit areaon either plateis

Q=cCv (11.2)

where the prime indicates charge or capacitance per unit area. The magnitude of the
. eectricfield 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. 1f the electric field were to penetrate into the
semiconductor, the majority carrier holes would experience a force toward the
oxide—semiconductor interface. Figure 11.2c shows the equilibrium distribution of
charge in the MOS capacitor with this particular applied voltage. An accumulation
layer of holes 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 sameM OS 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 forem
away from the oxide—semiconductor interface. As the holes are pushed away
the interface, a negative space chargeregion is created because of the fixed io
acceptor atoms. The negative charge in the induced depletion region correspon
the negative charge on the bottom " plate” of the M OS capacitor. Figure 11.3b sho
the equilibrium distribution of charge in the MOS capacitor with this applied volta

The energy-hand diagram of the M OScapacitor with the p-type substrate, for
casewhen anegativevoltageisapplied tothetop metal gate, isshownin Figure1l.4aj
The valence-band edgeiscloser to the Fermi level at the oxide—semiconductor in
face than in the bul k 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 apo
tive voltage is applied to the gate. The conduction and valence band edges bend

Figure 11.3 1 The MOS capacitor with a moderate positive gate bias, showing (a) the electric fieldand charge flow and
(b) the induced space charge region.

Accumulation layer of holes Induced space charge region

(a) (b)

Figure 11.4 | 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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nin the figure, indicating a space charge region similar to that in a pn junction.
he conduction hand and intrinsic Fermi levels move closer to the Fermi level. The
induced space charge width is x,.
Now consider the case when a still larger positive voltage is applied to the top
_ metd gate of the MOS capacitor. We expect the induced electric field to increasein
magnitude and the corresponding positive and negative charges on the MOS capaci-
} tor to increase. Alarger negative chargein the M OS capacitor impliesalarger induced
spacecharge region and more band bending. Figure 11.5 shows such acondition. The
intrinsic Fermi level at the surface is now below the Fermi level: thus, the conduction
bend is closer to the Fermi level than the valence band is. Thisresult implies that the
surfacein the semiconductor adjacent to the oxide-semiconductorinterface is n type.
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
inversion laver of electrons at the oxide-semiconductor interface.
In the MOS capacitor structure that we have just considered, we assumed a p-
’ type semiconductor substrate. The same type of energy-band diagrams can be con-
structed for an M OS capacitor with an n-type semiconductor substrate. Figure 11.6a
shows the M OS capacitor structure with a positive voltage applied to the top gate ter-
minal. Apositive chargeexists on the top gate and an electricfield isinduced with the
direction shown in the figure. An accumulation layer of electrons will be induced in

version layer of el ectrons

Figurell.5 | Theenergy-band diagram of the MOS capacitor
with ap-typesubstratefor a"'large’" positivegate bias.

P e
e e

I nduced positive space | 1
o dedtrons

(@ (b)
Figure 116 | The M OS cgpacitor with an n-typesubstrate for (a) a positivegate biasand (b) amoderate negativegate bias.
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the n-type substrate. The case when a negative voltage is applied to the top gae i
shown in Figure 11.6b. A positive space charge region isinduced in the n- typesaml-
conductor in this situation.

The energy-band diagrams for this MOS capacitor with the n-type suhstraﬁe
shown in Figure 11.7. Figure 11.7a shows the case when a positive voltage is
plied to the gate and an accumulation layer of electrons is formed. Figure il.
shows the positive space charge region induced by an applied negative gate volt
in it the conduction and valence band energies bend upward. Figure i1.7¢ shows
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

Accumuldion of electrons

Gate

Induced positive space
charge region

Inversion layer of holes

Figure 11.7 | The energy-band diagram of the MOS
capacitor with an n-type subgtrate for (a) a positive
gate hias. {b) amoderate negative bias, and (¢ a
"large’ negetive gate bias.
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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
inverted from n type to p type. An inversion layer of holes has been induced at the
oxide-semiconductor interface.

1112 Depletion Layer Thickness

We may cal culate the width of theinduced 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@ isthe difference(in volts) between Er; and E,.
and isgiven by

where N, is the acceptor doping concentration and n; is the intrinsic carrier
concentration.

The potential ¢; iscalled the surface potential; it is the difference (in volts) be-
tween Er; measured in the bulk semiconductor and £ ¢; measured at the surface. The
surface potentia 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.
Wecan write that

where e, 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 ¢, = 2¢;,. The Fermi
level at the surface isasfar above the intrinsic level as the Fermi level is below the

Figure 118 [ The energy-band diagram in the p-type
semiconductor, indicating surface potential.
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Figure 11.% | Theenergy-handdiagram in the p-type
semiconductor & the threshold inversion point.

intrinsic level in the hulk semiconductor. The electron concentration at the surfaceis
the same as the hole concentration in the bulk material. This condition is known as
the threshold inversion point. The applied gate 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 surface is now only a slight function of g
voltage. The electron concentration at the surface. however, is an exponentia fu
tion of the surface potential. The surface potential may increase by a few (kT
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 maximum space charge width, x,;y . at thisinversion transition point can
calculated from Equation (11.5) by setting ¢ = 2¢;,,. Then i

EXAMPLE 11.1 | Objective

To caculate the maximum space charge width given a particular semiconductor doping
concentration.

Consider silicon at T == 300K doped to #, = 10 cm~*. The intrindic carrier concer,
trationisn, = 1.5x 10" cm™*.

m Solution
From Equatiun (11.4), we have

Page 476 of 566



11.1 The Two-Terminal MOS Structure

the maximum space charge width is

(1.6 x 10-1°)(105)

xr = 0.30x 107* ¢m = 0.30um

1 Comment
The maximum induced space charge width is on the same order of magnitude as m junction
space charge widths.

We have been considering a p-type semiconductor substrate. The same maxi-
mum induced space charge region width occursin an n-type substrate. Figure 11.10
istheenergy-band diagram at the threshold voltage with an n-type substrate. We can
write

Notethat we are always assuming the parameters ¢, and ¢, to be positive quantities.
Figure 11.11 isaplot of x;r a T = 300 K asafunction of doping concentration
in silicon. The semiconductor doping can be either n-type or p-type.

Figure11.10 | The energy-band diagrem in the n-type
semiconductora the threshold inversion point.
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s ]015 1016 ].0” T.()]S
N. samiconductor dopi ng {em ™ %)

Figure11.11 | Maximum induced space charge region width
versus semiconductnr doping.

TEST YOUR UNDERSTANDING

El1.1 (e) Consder as oxide-to-p-typeslicon junction & 7 = 300 K. The impurity doping
concentration in thedlicon iSN, = 3 x 10" cm~*. Calculate the maximum space-
charge width in the silicon. (&) Repest part (a)for an impurity concentration of
N, = 10" ¢m~3, [w £98'0(q) "W g1 ¢ (v} suy]

E1Z Consider an oxideto-n-typesilicon junction a 7 = 300 K. The impurity doping
concentration in thesilicon is ¥; = 8 x 10 em~*. Calculate the maximum pece:
charge width in the silicon. (w7 ¢€°0 'suy)

11.1.3 Work Function Differences

We have been concerned. so far. wtth the energv-band diagrams of the semicondug-*
tor material. Figure 11.12a shows the energy levelsin the metal, silicon dioxide, and.
silicon relative to the vacuum level. The metal work function is ¢, and the electropj
affinity is x. The parameter yx; is the oxide electron affinity and, for silicon dioxidei
Xi = 09 V. '

Figure 11.12b shows the energy-band diagram of the entire meta-oxide-
semiconductor structure with zero gate voltage applied. The Fermi level is aconstant
through the entire system at thermal equilibrium. We may define ¢, as a modifi
metal work function—the potential required to inject an electron from the metal ir
the conduction band of the oxide. Similarly, ¥ is defined as a medified eectron
affinity. The voltage V.o is the potential drop across the oxide for zero applied gate
voltage and is not necessarily zero because of the difference between ¢,, and x.
potential ¢sq is the surface potential for this case.
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Vacuum level

p-type SEMiconductor

Vacuum level

Figure 11.12 | (a) Energy levelsin an MOS system pnor to contact and (b) energy-handdiagram through the
MOS structurein thermd equilibrium after contact.

If we sum the energies from the Fermi level on the metal side to the Fermi level
 the semiconductor side, we have

E
ed):ﬂ + eVOXO =ex' + ?Z — ey + e¢fp (1 19)

Equation (11.9) can be rewritten as

We can define a potential ¢, as

which is known as the metal —semiconductor work function difference

Objective I EXAMPLE 11.2

To caculate the metal —semiconductor work function difference ¢... for a given MOS system
ad semiconductor doping.
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For en auminium-silicondioxide junction, ¢, = 3.20 vV and for asilicon-silicon dios-

idejunction, " = 3.25 V. We mey assumethat E, = |.11 eV. Let the ptype doping e N, =
10" em™*,
W Solution
For silicona 7 = 300 K, we may calculate gy, as
1014 )
— ] =0228V
(1.5 x 10" 8

Then the work functiondifferenceis

=3.20 - (3.25+0.555 4+ 0.228)

or

Pms = 083V

» Comment
The valued ¢,,, will become more negative as the doping of the p-type substrate increases. §

Degenerately doped polysilicon deposited on the oxide is also often used asthe
metal gate. Figure 11.13a shows the energy-band diagram of an MOS capacitor wit"
an n* polysilicon gate and a p-type substrate. Figure 11.13b shows the energy-ba
diagram for the case of ap™ polysilicon gate and the p-type silicon substrate. In the
degenerately doped polysilicon, we will initially assume that £z = E, for the n-
caseand Er = E, for the p* case.

For the n* polysilicon gate, the metal-semiconductor work function difference
can be written as

| o

(@) )

Figure 11.13 | Energy-band diagram through the MOS structure with a p-type subdtrate at zero gate biasfor (a) ann*
polysilicon gate and (b) a p* polysilicon gate. i
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ad for the p* polysilicon gate, we have

However, for degenerately doped nt polysilicon and p™ polysilicon, the Fermi level
can be above E. and below E,, respectively, by 0.1 to 0.2 V. The experimental ¢y,
values will then be slightly different from the values calculated by using Equa-
tions (11.12) and (11.13).

We hare been considering a p-type nemiconductor substrate. We may also hair
an n-type semiconductor substrate in an MOS capacitor. Figure 11.14 shows the
energy-band diagram of the MOS capacitor with s 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 defined as

where ¢, isassumed to be a positive value. We will have similar expressionsfor n*
ad 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 ¢, for
the polysilicon 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

Figure1114 | Energy-band diagram through ihe MOS
structurewith an n-typesubstratefor anegative applied
gate bias.
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p* poly (n Si)
0.8
02
Au {p 8D
<
-0.2
-04
-0.6 Al in Si)

Figure 11.15| Metal-semiconductor work
function difference versus doping for
aluminum, gold. and n* and p*
polysilicon gates.

{From Sze 1161 and \rner [194.}

energy for then™ gate and is not equal to the valence band energy for the p* gate.
The metal -semiconductor work function difference becomesimportant i n theflat-band
and threshold voltage parameters discussed next.

TEST YOUR UNDERSTANDING i

E11.3 Thesilicon impurity doping concentration in an aluminum-silicon dioxide-silicon |
MOS structureis N, = 3 x 10°® em~*. Using the parameters in Example 11.2, deter-
mine the metal-semiconductor work function difference @,,,,\A 186'0— = "' @3uV)

E11.4 Consider an n™ polysilicon gate in an MOS structure with a p-type silicon substrate.
The doping concentration of thesilicon is N,, = 3 x [0'* ¢cm’ *. Using Equa-
tion (11.12), find the value of dy,,. (A 1€6'0— = "¢ "suy)

E115 Repeat El i 4 forap* polysilicon gate using Equation ¢11.13).{A 611 (+ = "¢ suy)

11.1.4 Flat-Band Voltage

The flu-band voltage 15 defined as the applied gate voltage such that there i s no band
bending in the semiconductor and, as a result, zero net space charge in this region.
Figure 11.16 showsthis Rat-band condition. Because of the work function difference
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Figure 11.16 | Energy-band diagram of an
MOS capacitor & flat band.

[ and possible trapped charge in the oxide, the voltage across the oxide for thiscase 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 vaid—a net fixed charge density, usu-
aly positive, may exist in the insulator. The positive charge has been identified with
broken or dangling covalent bonds near the oxide-semiconductor interface. During
thethermal formation of Si0,, oxygen diffuses through the oxide and reacts near the
Si-8i0; interface to form the Si0,. 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 astrong
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 chargeisrarely zero.

The net fixed chargein the oxide appears to be located fairly closeto the oxide~
semiconductor interface. Wewill assume in the analysis of theM OS structurethat an
equivalent trapped charge per unit area, ., islocated 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 @;, is usualy given
in terms of number of electronic charges per unit area.

Equation (11.10), for zero applied gate voltage, can be written as

If agate voltage is applied, the potential drop across the oxide and the surface poten-
tid will change. We can then write

Vo = AV + Ads = (Vox — Voxo) + (& — ¢} (1116)
Using Equation (11.15), we have
Vo=V T ¢ + o (11.17)

Figure 11.17 shows the chargedistribution 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 chargedensity existsin the oxide. The charge density on the
metd is (,,, and from charge neutrality we have

0,+@, =0 (11.18)
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, petype
Metd Oxide semiconductor

Figure11.171 Charge distribution in
an MOS capacitor at flat band.

We can relate {’

"

to the voltage across the oxide by

P
' COX

where C; is the oxide capacitance per unit area.' Substituting Equation (11.18) in
Equation (11.19), we have

=8
Cox

In the flat-hand condition, the surface potential is zero, or ¢, = 0. Then from Equa-
tion (11.17). we have

V(u =

(112

Equation (11.21) isthe flat-band voltage for this MOS device.

EXAMPLE 11.3

Objective

Tocalculate 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, =
10'* em~?, asilicon dioxide insulator with a thickness of 7,, = 500 A. and an n™ polysilic
gate. Assumethat @), = 10! electronic charges percm'.

Solution
The work function difference, from Figure 11.15, is¢,,. = —1.1 V. The oxide capacitancecan
be found as
€ (39(BB3 x 10~y
lw 500X

C, = = 6.9 x 107* Flem®
1

' Although We Will. in general, 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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Theequivalent oxide surface charge density is
0, =(10")(1.6 x 10 ") = 1.6x 107" Clem?
The Hat-band voltage is then calculated as

® Comment
Theapplied gate voltage required 0 achieve the fat-band condition for this p-type substraic is
negative. If the amount of fixed oxide charge increases, the Hat-band voltage becomes even
more ncgative.

TEST YOUR UNDERSTANDING

E11.6 Consider the MOS structure described in EIl 1.3. Far an oxide thickness of £, =
200 A and an axide charge of ¢/, = 8 X 10'" em~2, calculate the flat-band voltage.
(A 90 1= = Y44 suy) '

BlL7 Repeat E11.6 for the MOS device described in El 1.4, (A 10°[— = 974 "suy)

E11.8 Repeat El 1.6for the MOS device described in E11.5. (A S01°0+ = T94 suy)

1115 Threshold Voltage

The threshold voltage was defined as the applied gate voltage required to achieve the
threshold inversion point. Thethreshold inversion point, in turn, isdefined asthecon-
dition when the surface potential is@ = 2@, for the p-type semiconductor and @ =
2¢;,, for the n-type semiconductor. These conditions were shown in Figures [1.9a
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 device at the
threshold inversion point for a p-type semiconductor substrate. The space charge

Figure11.18 | Charge distribution in an
MOS capacitor with a p-type substrate &
the threshold inversion point.
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width has reached its maximum value. We will assume that there is an equivalent
oxide charge @, and the positive charge on the metal gate at threshold is @;,; .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 chargea
this threshold inversion point. From conservation of charge, we can write

Qnr + @i, = |Qp(max)| (11.22)
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-
ageisshown 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-
ation (11.16) that

At threshold, we can define V; = Vry, Where Vyy is the threshold voltage that
creates the electron inversion layer charge. The surface potential is ¢, = 2¢y, a
threshold so Equation (11.16) can be written as

where V7 is the voltage acrossthe oxide at this threshold inversion point.

Figure 11.19 Energy-band diagram through the MOS
structurewith apositive gpplied gate bias.
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The voltage V,,xr can be related to the charge on the metal and to the oxide capa-
citance by

f where again C,, isthe oxide capacitance per unit area. Using Equation (11.22), we
, can write

Finally, the threshold voltage can be written as

Using the definition of flat-band voltage from Equation (11.21), we can also express
the threshold voltage as

_1Qp(maxn))
T B

For agiven semiconductor material, oxide material, and gate metal, thethreshold volt-

ageisafunction of semiconductor doping, oxide charge (', and oxide thickness.

Vin + Veg + 2¢p, {(11.27¢)

b.ective
O’
To design the oxide thickness of an MOS system to yield a specitied threshold voltage.
Consider an n* polysilicon gate and a p-type slicon substrate doped to N, =3 X

2

10" cm™% Assume @], = 10" em ™2, Determinetheoxidethicknesssuchthet v; y = +0.65V.

# Solution
Fom Figure 11.15, the work function differenceis ¢,,, = —1.13 V. The various parameters
can becaculated as

[ p{max)| = eN,x,r = (L6X 107733 x 10'%)(0.18 x 107%)
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The oxide thickness can be determined from the threshold voltage equation

Then

or
0.65 = 2.0 x 10°¢,, — 0.378
which yields
fyy =504 A
B Comment
Thethreshold voltage for chiscase isa positivequantity, which meansthat the MOS deviceis

an enhancement mode device: a gate voltage must he applied to create the inverson layer
charge, whichis 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 M OS transistor, the threshold
voltage is the point at which the transistor turnson. If acircuit isto operate between
0 and 5V and the threshold voltage of aMOSFET is 10V, for example, the device
and circuit cannot be turned "on" and "' off." Thethreshold voltage, then, isone of the
important parameters of the MOSFET.

To calculate thethreshold voltage of an MOS system using the auminum gate.

Consider a p-type silicon substrate & T = 300K doped to &, = 10" cm™, Le
g, = 10" cm™2,1,, =500 A, and assumethe oxide is silicon dioxide. From Figure 11.15,
we havetha ¢, = —0.83V.

B Solution
We can start cal culating the various parametersas
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Then
(@ p(max)| = eN,xgr = (L6 x 107" }(10Y)(2.43 x 107!} = 3.89 x 107 Clem’
W\ can now cal culate the threshold voltage as

= - 0341v

m Comment

In this example, the semiconductoris very lightly doped which, in conjunction with the posi-
tive charge in the oxide and the work function potentia difference,is sufficient to induce an
dectron inversion layer charge even with zero applied gate vohage. This condition makes the
threshold voltage negative.

A negative threshold voltage for a p-type substrate implies a depl etion 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 alarger inver-
son layer charge.

Figure 11.20 is a plot of the threshold voltage Vi as afunction 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 o 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 isgiven by

where
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Figure11.20! Threshold voltage of an n-channel MOSFET
versus the p-type substrate doping concentration for various
values of oxide trapped charge (z,, = 500 A, aluminum gate).

and

We may note that xy7 and ¢y, are defined as positive quantities. We may also note
that the notation of Vrp is the threshold voltage that will induce an inversion layer of
holes. We will later drop the N and Psubscript notation on the threshold voltage, but,
for the moment, the notation may be useful for clarity. ‘

DESIGN
EXAMPLE 11.6

Objective

To design the semiconductor doping concentration to yield a specified threshold voltage.

Consider an duminum-silicon dioxide-siliconMOS structure. The silicon isn type, the
oxide thickness is #,, = 650 A, and the trapped charge density is @, = 10" cm™. Deter-
mine the doping concentration such that ¥rr = —1.0V.

{

m Solution

The solution te thisdesign problem is not straightforward, since the doping concentration go-
pears in the terms ¢, . x47. Q5 p{max) and ¢, . The threshold voltage, then, is a nonlinear
function of #,. Without a computer-generated solution, we resort to trial and error.
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For N; = 2.5 x 10" em~?*, wefind

Then
|Q, (max)| = eNgisr = 6.48 x 107> Clem?
From Figure 11.15,
P =—0.35V
The threshold voltageis
which yields
Vip = —~1.008 V

ad is essentially equal to the desired result.

B Comment

The threshold voltageis negative, implying that this MOS capacitor, with the n-typesubstrate,
isan enhancement mode device. Theinversion layer chargeis zero with zero gate voltage, and
anegative gate voltage must he gpplied to induce the hole inversion layer.

Figure 11.21 isa plot of Vp versus doping concentration for several values of
0... Wemay note that, for al values of positiveoxide charge, this MOS capacitor is
aways an enhancement mode device. As the @}, charge increases, the threshold
voltage becomes more negative, which means that it takes a larger applied gate volt-
ageto create the inversion layer of holes at the oxide-semiconductor interface.

11.1.6 ChargeDistribution

We've discussed the various chargesin 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?/N,)
exp{¢,/ V:). For silicon at T = 300K with an impurity doping concentration of
N, =1x 10" cm™>, the surface potential at the threshold inversion point is
¢, = 2y, = 0.695 V. The electron concentration at the oxide interface at this sur-
face potential isjust z; = 1 x 101 ¢m™> as we have discussed before. Figure 11.22
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Figure11.211 Threshold voltage of ap-channcl MOSFET
versus the n-type substrate doping concentration for
various values of oxide trapped charge (#,, = 500A.
aluminum gate).

Figure11.22 | Electron inversion charge
density asafunction of surface
potential.
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Figure11.23 | Variation of surface charge dendity (accumulationcharge
and inversion charge) as atunction of surfecepotential.
(From Sze [16].)

showstheincreasein electron concentration at the surface with an increasein 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 (C/cm?) in the silicon asafunction
d the surface potential. At flat band. the total charge is zero. For 0 < ¢, < ¢y, we
are operating in the depletion mode since the inversion charge has not yet been
formed. For ¢y, < ¢ < 2¢4,, the Fermi energy at the surfaceisin the upper haf of
the band diagram, which impliesan n-type material, but we have not yet reached the
threshold inversion point. Thiscondition isreferred to as weak inversion. The condi-
tion for ¢, > 2¢y, is caled strong inversion, since the inversion charge density in-
creases rapidly with an increase in surface potential. as we have seen.

TEST YOUR UNDERSTANDING

E119 An MOS devicehas the followingparameters. aluminum gate, p-type substraie with
W = 3x 10" em™3, £, = 250A. and @, = 10" ¢ m*. Determine the threshold
voltage. (A [T+ = 444 'Suy)
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E1l.10 Consder an MOS device with the following parameters. p* polysilicon gate,
n-typesubstrate with &, = 101 cm?, r,, = 220A, and Q;, = 8 x 10" cm ™2,
(Use Figure 11.15). Determine the threshold voltage. (A +22 0+ = <A suy)

*E11.11 Thedevicedescribedin E11.10 is to be redesigned by changing the ntype doping con-
centration such thet thethreshold voltageisin therange—0.50 < Vyp < —0.30V.
(WO 401 X § = 7N IO} A SOP'0~ = 914 J0Ua PUR RLY Ag "SUY)

11.21 CAPACITANCE-VOLTAGE
CHARACTERISTICS

The MOS capacitor structureis the heart of the MOSFET. A great deal of informa-
tion about the MOS device and the oxide-semiconductor interface can be obtai
from the capacitance versus voltage or C-V characteristics of the device. The
itance of a device is defined as
d .
c-4Q 11
dv (

where 4 Q is the magnitude of the differential change in charge on one plate &
function of the differential change in voltage 4V across the capacitor. The capaél
tance isasmall-signal or ac parameter and i s measured by superimposing asmall 8
voltage on an applied dc gate voltage. The capacitance, then, is measured as a fur€:
tion of the applied dc gate voltage.

11.21 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 isno
charge trapped at the oxide—semiconductor interface.

There are three operating conditions of interest in the MOS capacitor: accumu-
lation, depletion, and inversion. Figure | 1.24a shows the energy-band diagram of an
M OS capacitor with a p-type substrate for the case when a negative voltage is ap-
plied to the gate, inducing an accumulation layer of holesin 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 meta gate and dso
in the hole accumulation charge, as shown in Figure 11.24b. The differential changes
in charge density occur at the edges of the oxide, asin aparallel-plate capacitor. The
capacitance C' per unit areaof the MOS capacitor for thisaccumulation modeis just
the oxide capacitance, or

E(!’.

C'lace) = Cop = = (11.31)

ox

Figure 11.25a shows the energy-hand diagram of the MOS device when a
small positive voltage is applied to the gate, inducing a space charge region in the
semiconductor; Figure 11.25b shows the charge distribution through the device for
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Metal Oxide p-type Semiconductor

@ ®

Figure 11,24 | (a) Energy-band diagram through an MOS capacitor for the accumulation mode. (b} Differential
charge distribution at accumulation for adifferential change in gate voltage.

Meta Oxide p-type semiconductor

Figure 11.25 (a) Energy-band diagram through an MOS capacitor for the depletion mode. (b) Differential
charge distribution at depletion for a differential change in gate voltage.

this condition. The oxide capacitance and the capacitance of the depletion region
are in series. A small differential change in voltage across the capacitor will cause
a differentia] 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 Cox = €ox/fox and Cyp, = €, /x4, Equation (11.32b) 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 de+
sity. This condition will yield a minimum capacitance C~. which isgiven by

min

Figure 11.26a shows the energy-band diagram of this MOS device for the inver-
sion condition. In the ideal case, asmall incremental change in the voltage acrossthe
MOS capacitor will cause a differential change in the inversion layer charge density
The space charge width does not change. If the inversion charge can respond to the
change in capacitor voltage as indicated in Figure i1.26b, then the capacitance I
again just the oxide capacitance, or

Cllinv) = Cox = 2
tDX

Figure 11.27 shows the ideal capacitance versus gate voltage, or C-V, characte™
istics of the MOS capacitor with a p-type substrate. The three dashed segments ca™
respond to the three components Coy, C5,, and Cp;,.. The solid curveis theideal rét
capacitance of the MOS capacitor. Moderate inversion, which isindicated in thefi€"
ure, is the transition region between the point when only the space charge dens

Metal Oxide p-type semiconductor

Figure 11.26 | (a) Energy-band diagram through an MOS capecitor for the inverson mode. (b Differential charge
distributiona inversion for alow-frequency differentialchangein gate voltage.
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\_._.—’_-J
Strong
inversion
Moderate
Depletion inversion

Figure11.27 | Ided low-frequency capacitanceversusgae
voltage of an MOS capacitor with a p-type substrate.
Individual capacitance components are al so 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.
Theflat-band condition occurs between the accumulation and depletion conditions.
The capacitance at flat band isgiven by

EOX
€ox kT €
+(2) (5) )
We may note that the flat-band capacitance isa function of oxide thickness as well as

semiconductor doping. Thegeneral location of this point on the C-Vplot isshown in
Figure 11.27.

,
Crp =

Objective | EXAMPLE1L7

Tocalculate . €7, ad €, fOr an MOS capacitor.

Consider ap-typesilicon substratea T = 300K doped to ¥, = 10'® em™*. Theoxideis
slicon dioxide with athickness of 550 A and the gate is auminum.

B Solution

The oxide capacitanceis

ox . . 10— 2
o = Con 2 BB XD g 1078 Frem?

T 550 x 10-%
To find the minimum capacitance, we need to calculate
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Then

We may note that

The Rat-hand capacitance is

€
’ _ ox
CH; S

B Comment #
Theratiosof C.,, to C, and of €}, 10 Cox aetypica values obtained in C-V plots

min

TEST YOUR UNDERSTANDING
E11.12 For the device described in EI1.9, determine €7,/ Cox @ Crp/ Cox -

min
it

(9£L°0 = *2/ %10 ‘w60 = *0/ ™0 suy)

Typica values of channel length and width are 2 ;sm and 20 pm, respectively.
The total gate oxide capacitance for this example is then

Coxt = (6.28 x 107%)(2 X 107%)(20 x 10 *) = 0.025 x F = 0.025pF

Thetotal oxide capacitancein atypical MOS device is quite small.
The same type 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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. . Accumulation
INVErsIon

Moderate
inversion

Figure 11.28 | Idedl low-frequency capacitanceversus gate
voltage of an MOS capecitor with an n-type substrate.

condition is obtained for a positive gate bias and the inversion condition is obtained
for a negative gate bias. Thisideal curve isshown in Figure 11.28.

; 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-

i age in the ideal case causes a differential change in the inversion layer charge den-
sty. However, we must consider the source of electrons that produces achangein the
inversion charge density.

There are two sources of electrons that can change the charge density of the
inversion layer. Thefirstsource is by diffusion of minority carrier electronsfrom 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
theinversion 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-V characteristics 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 adifferential changein capacitor voltage. Figure 11.29 shows the charge distribu-
tion in the MOS capacitor with ap-type substrate. At ahigh-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 .., which we dis-
cussed earlier.

The high-frequency and low-frequency limits of the C-V characteristics are
shownin Figure 11.30. In general, high frequency correspondsto avalue on the order
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Metal Oxide p-type semiconductor

Figure 11.29 | Differential charge distributiona inverson
for a high-frequency differential changein gate voltage.

Low

frequency
[ 4
Accumulation 9
’

I High
] frequency
[

Inversion

Figure 11.30 | Low-frequency and high-frequency capacitance
versusgate voliage of an MOS capacitor with a p-type substrate.

of 1 MHz and low frequency corresponds5 to values in the range of 5 to 100 Hz, Typ-
icaly, the high-frequency characteristics of the MOS capacitor are measured.

11.2.3 Fixed Oxideand Interface ChargeEffects

Inall of thediscussion concerning C-V characteristics sofar, we have assumed an ided
oxide in which there are no fixed oxide or oxide-semiconductor interface charges.
These two types of charges will change the C-V characteristics.

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 (11.21) was given by

where Q7 is the equivalent fixed oxide charge and ¢,., i s the metal —semiconductor
work function difference. The flat-band voltage shiftsto more negative voltages for
apositive lixed oxide charge. Since the oxide chargeis not afunction of gate voltage,
the curves show a parallel shift with oxide charge. and the shape of the C-V curves
remainsthe same as the ideal characteristics. Figure 11.31 shows the high-frequency
characteristics of an MOS capacitor with a p-type substrate for several values of
fixed 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 -V curve and the value of fixed oxide charge can
then be determined. The C-V measurements are a valuable diagnostic tool to charac-
terizean MOS device. Thischaracterization isespecially 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 imerface 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 interface. The periodic nature of the
semiconductor is abruptly terminated at the interface so that allowed electronic
energy levels will exist within the forbidden bandgap. 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
statesis afunction of the position of the Fermi level in the bandgap.

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 Fermi level

¢ Acceptor stares

| 1
——————— A= EF:
states Donor states
! E;
Figure 11.31 | High-frequency capacitanceversus gate Figure 11.32 | Schematic diagram
voltage of an MOS capacitor with a p-type substrate showing interfacestates & the oxide-

for severdl values of effectivetrapped oxide charge. semiconductor interface.
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is below the state, and becomes negatively charged if the Fermi level is abovethe
state. A donor state is neutral if the Fermi level is above the state and becomes pos-
tively charged if the Fermi level is below the state. The charge of the interface Sates
isthen afunction of the gate voltage applied across the MOS capacitor.

Figure 11.33a shows the energy-band diagram in a p-type semiconductor o an
MOS capacitor biased in the accumulation condition. In thiscase, there is a net pos-
itive charge trapped in the donor states. Now et the gate voltage change to produce
the energy-band diagram shown in Figure 11.33b, The Fermi level corresponds o
the intrinsic Fermi level at the surface; thus, al interface states are neutral. This

Neutral =
acceptors "

acceptors { - S
Negative I
acceptors

Neutral
donors

Figure 11.33 | Energy-band diagram in a p-type semi-
conductor showing the charge trapped in the interface states
when the MOS capacitor is biased (a) in accumulation,

(b) at midgap, and (c) & inversion.

Page 502 of 566



11.3 TheBasic MOSFET Operation

interface Midgap
states

Figure11.34 | High-frequency C-¥ characteristics of an
MOS capacitor showing effects of interface states.

particular bias condition is known as midgap. Figure 11.33¢ 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 voltage sweeps from the accumulation, depletion, to theinversion condition. We
noted that the C-V curves shitted in the negative gate voltage direction due to posi-
tive fixed oxide charge. When interface states are present, the amount and direction
o the shift changes as we sweep through the gate voltage, since the amount and sign
o the interface trapped charge changes. The C-V curves now become™ smeared out™
asshown in Figure 11.34.

Again, the C-V measurements 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
amount of smearing out can be used to determine the density of interface states.
These types of measurement are extremely useful in the study of radiation effectson
MOS devices, which we will consider in the next chapter.

11.31THE BASIC MOSFET OPERATION

Thecurrent in an MOS field-effect transistor is due to the flow of chargein theinver-
sion layer or channel region adjacent to the oxide-semiconductor interface. We have
discussed the creation of the inversion layer charge in enhancement-type M OS ca-
pacitors. We may atso have depletion-type devices in which achannel already exists
a zero gate voltage.

11.31 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 isthe idea
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voltage. Apositive gate voltageinducestheelectron inversion layer, which then*con-

nects' then-type sourceand the n-typedrain regions. The sourceterminal isthesource
of carriers that flow through the channel to the drain terminal. For this n-channel de-
vice, electronsflow from the sourceto the drain so the conventional current will enter ;
the drain and |eave the source. The conventional circuit symbol for this n-channel |
enhancement mode device is also shown in thisfigure.

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:

that the semiconductor substrateisnot inverted directly under the oxide with zero gate |
1
i

Source ()  Gate(G)  Drain ID)

? ? ? P

-
Substrate o1

body (B)

Figure11.351 Cross section and circuit symbol for an
n-channel enhancement-mode MOSFET.

Source (8) Gate(G)y Drain (D}

b

Bod) (B)

Figure 11361 Cross sectiun and circuit symbol for an
n-channel depletion-modeMOSFET.
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negative; this means that an electron inversion layer already exists with zero gate
voltage applied. Such adevice is also considered to be adepletion mode device. The
n-channel shown in thisfigure can be an electron inversion layer or an intentionally
doped n-region. The conventiona circuit symbol for the n-channel depletion mode
MOSFET is also shown in the tigure.

Figures 11.37a and 11.37% show a p-channel enhancement mode M OSFET 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 sourceand drain regions. Holes flow from the sourcetothedrain,
so the conventiona 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 symbolsareshown in thefigure.

Source(S) Gate (G) Drain (D)
Q Q Q

6
Body (B)

(a}

Source {S} Gm$(0) Drain (D)

Figure 11.37 { Cross section and circuit symboal for (a) ap-channel en-
hancement mode MOSFET and (b) ap-channel depletion mode MOSFET
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11.3.2 Current-VoltageRéationship—Concepts

Figure 11.38a shows an n-channel enhancement mode MOSFET with a gate-
source voltage that is less than the threshold voltage and with only a very sn
drain-to-source voltage. The source and substrate, or body, terminas are hed
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
Vs > Vr. An electron inversion layer has been created so that, when a small dr
voltage is applied, theelectrons in the inversion layer will Row from the source to
positive drain terminal. Theconventiona current enters thedrain terminal and leavi
the sourceterminal. In thisideal case, thereis no current through the oxide to theg%j
terminal.

For small V¢ values, the channel region hasthe characteristics of aresistor,
we can write

where g, is definedas the channel conductancein thelimit as Vs — 0. Thechann
conductance isgiven by

where 1, is the mobility of the electronsin the inversion layer and | 2, | isthe magl
nitude of the inversion layer charge per unit area. The inversion layer charge isa
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 tu;
determines the drain current. We will initially assume that the mobility is a constant;
we will discuss mobility effects and variations in the next chapter.

Figure 11.38 1 The n-channd enhancement mode MOSFET (&) with an gpplied gate voltage Vs < Ve, and (b) withan
gpplied gate voltage Vs > Vr.
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The I, versus Vs characteristics, for small values of Vag, are shown in Fig-
ure 11.39. When Vs < Vr, the drain current is zero. As Vs becomes larger than
Vr, channel inversion charge density increases, which increases the channel con-
ductance. A larger value of g4 produces a larger initial slope of the I versus Vps
characteristic as shown in the figure.

Figure 11.40a shows the basic MOS structure for the case when Vgs > Vr and
the applied Vps voltage is small. The thickness of the inversion channel layer in the
figurequalitatively indicates the relative charge density, which isessentially constant
aongthe entire channel length for this case. The corresponding {p versus Vs curve
is shown in the figure.

Figure 11.40b showsthesituation when the Vps valueincreases. Asthedrain volt-
age increases, the voltage drop across the oxide near the drain terminal decreases,
which means that the induced inversion charge density near thedrain also decreases.
Theincremental conductance of the channel at the drain decreases, which then means
thet the slope of the I versus Vpy curve will decrease. Thiseffect is shown in the
I versus Vg curve in thefigure.

When Vs increases to the point wherethe potential drop acrossthe oxide at the
drain terminal isequal to V7, theinduced inversion chargedensity iszero at thedrain
terminal. This effect i s 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 7, ver-
us Vpg curve is zero. We can write

Vs — Vps(sat) = Vr (11.392)
or

where V5 (sat) is the drain-to-source voltage producing zero inversion charge den-
Sty at thedrain terminal.

Figure 11.391 /;, versus Vs charac
teristics for smdl valuesof V5 a
three v;; 5 voltages.
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Figure1140 ! Crass section and {5 versus Vs curvewhen Vs < Vr for (a) asmall Vg
value, (b) alarger Vpg value, (c) avalueof Vs = Vps(sat), and (d)avalued Vps > Vps(sat).
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When Vps becomes larger than the Vs (saty value, the point in the channel at
which the inversion charge is just zero moves toward the source terminal. 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 issmall compared to the original
length L. then thedrain current will beaconstant for Vps > Vpg(sat). The region of
the Ip versus Vs characteristic isreferred to as the saturation region. Figure 11.40d
shows this region of operation.

When V;;5 changes, the 7, versus Vs curve will change. We saw that. if Vs
increases, the initial slope of Ip versus V5 increases. We can also note from
Equation (11.39b) that the value of Vp5(sat} isafunction of V5. 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 Vy
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 ¢. must be less than the maximum induced
space charge width in order to be able to turn the device off. The general /5 ver-
sus Vps family of curves for an n-channel depletion mode MOSFET is shown in
Figure 11.43.

B
Figure 11.41 | Family of I, versus Vps
curves for an n-channe enhancement- Figure 11.42 I Cross section of an
mods MOSFET. n-channel depletion-mode MOSFET,
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Figure 1143 | Family of I, versus Vs
curvesfor an n-channel depletion-mode
MOSFET.

In the next section we will derive the ideal current—voltage relation for the n-

channel MOSFET. In the nonsaturation region, we will obtain §
Wi, C.
Ip = % [2(Vgs — Vr)Vps — Vi)

and, in the saturation region, we will have
Vip= —— (Vg5 = V1) (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 mathematical 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 usein thisderivation.

In thisanalysis, we will make the following assumptions:

1. Thecurrent in the channel is dueto drift rather than diffusion.

Thereis no current through the gate oxide.

A gradua channel approximation is used in which 3E,/dy > 8E, /dx.
This approximation means that E, isessentially a constant.

4. Any fixed oxide charge is an equivalent charge density at the oxide-
semiconductor interface.

5. Thecarrier mobility in the channel isconstant.
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Channel

region

Figure 11.44 | Geometry of aMOSFET for 7, versus Vps
derivation.

Westart theanalysis with Ohm's law, which can be written as

where a is the channel conductivity and E, is the electric field along the channel
created by the drain-to-source voltage. The channel conductivity is given by a =
eian(y) where i, is the electron mobility and n(y) is the electron concentration in
theinversion layer.

Thetota channel current isfound by integrating J, over the cross-sectional area
in they- and z-directions. Then

We may write that

where 9, istheinversion layer charge per unit area and isa negative quantity for this
case.
Equation (11.43) then becomes

where Wisthe 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
Vss > Vr. The charges are al given in terms of charge per unit area. Using the
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Metal Oxide p-type semiconductor

| | Inversion”
layer charge €,
Figure 11.45 | Chargedistributionin the
n-channel enhancement mode MOSFET Figure 11.46 | Geometry for applying
for Ves > Vr. Gauss's law.

concept of charge neutrality, we can write

@, T 0,0, + 0p(max) =0 (1.
The inversion layer charge and induced space charge wili be negative for this
channel device.
Gauss's law can be wntten as

GEM d§ = QT (1147)

wheretheintegral isover aclosed surface. Qr isthe total chargeenclosed by thesur-
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 x-y plane. However, there is no z-component of the electric field so these two
end surfaces do not contributeto the integral of Equation {11.47).

Now consider the surfaces labeled 1 and 2 in Figure 11.46. From the gradua
channel approximation, we will assume that E, is essentially a constant along the
channel length. Thisassumption means that E. into surface 2 isthe sameasE., out of
surface |. Sincetheintegral in Equation (11.47) involves the outward component of
the E-field, the contributionsof surfaces 1 and 2 cancel each other. Surface 3isin the
neutral p-region, so the electric field is zero at this surface.

Surface4 istheonly surfacethat contributes to Equation (11.47). Taking into ac-
count the direction of theelectric field in the oxide, Equation (11.47) becomes
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where e, isthe permittivity of the oxide. Thetotal chargeenclosed is
Combining Equations (11.48) and (11.49), we have

We now need an expressionfor E,,. Figure 11.47a shows the oxide and channel.
We will assume that the source is at ground potential. The voltage V. isthe potential
in the channel at a point x along the channel length. The potentia difference across
the oxide at x is a function of Vs, V., and the metal-semiconductor work function
difference.

The energy-band diagram through the MOS structureat point x is shown in Fig-

ure 11.47b. The Fermi level in the p-type semiconductor is Er, and the Fermi level
in the metal is Ex.,. We have

Considering the potential barriers, we can write

which can also be written as
Vs — Vo = Vox + 2¢’fp + Pms (1153)

where ¢,,,, is the metal —semiconductor work function difference, and ¢s = 2¢y, for
theinversion condition.

The electric field in the oxide is

Figure1147 | (a) Potentids a a point x along the channel. (b) Energy-band diagram through the MOS
structurea the point x.
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Combining Equations (11.50), {11.53). and (11.54). we find that

—€oxBox = 7%[(‘/65 = Vi) — (@ + 2‘1’]‘/:)]

=0, 1 0, + 0p(max) (1L.55)
The inversion charge density, ;. from Equation (11.55) can he substituted in

"

Equation (11.45) and we obtain

dV,
:AWHnCuxﬁT[(V(}S Voo Vrl (115

where E, = —dV,/dx and V7 isthe threshold voltage defined by Equation (11.27).1
We can now integrate Equation ( 1 1.56) over the length of the channel. We have,

We are assuming a constant mobility j,. For the n-channel device, the drain current
enters the drain terminal and is a constant along the entire channel length. Letti
Ip = —1I,, Equation (11.57) becomes ]

Equation (11.58) isvdlid for V;5 > Vy and for 0 < Vs = Vpg(sat). ]
Figure 11.48 shows plots of Equation (11.58) as a function of Vs for severd

values of Vss. We can find the value of Vps a the peak current value from

8fp/dVps = 0. Then, using Equation (11.58), the peak current occurs when

Vos = Vs — Vr (1159)
This vaue of V5 isjust Vps(sat), the point a which saturation occurs. For Vps >
Vps(sat), theideal drain current isaconstant and is equal to

Figure 11481 Plotsof 75 versus ¥ps
from Equation (11.58).

Page 514 of 566



11,3 The Basic MOSFET QOperation

Using Equation ({1.59) for Vps(sat), Equation (11.60) becomes

Equation (11.58) is the ideal current-voltage relationship of the n-channel
MOSFET in the nonsaturation region for 0 < V5 < Vpg(sat), and Equation (11.61)
istheideal current-voltage relationship of the n-channel MOSFET in the saturation
region for Vpg = Vpg(sat). These |-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 Vr is a negative
quantity.

Objective

Todesign the width of a MGSFET such that a specified current isinduced for a given applied
bias.

Consider an ideal n-channel MOSFET with parameterst = 1.25um, #, = 650cm?/V-s,
Co. = 6.9 x 107% Flem®, and Vr = 0.65V Design the channel width W such that I, (sat) =
AmAfor Vg =5V.

& Solution
We have, from Equation (11.61),

Wﬁu'n Cﬂx

Ip(sat) = oL

(Vgs —

Then
W =1L8 um
1 Comment

The current capability of a MOSFET isdirectly proportional to the channel width w. The cur-
rent handling capability can beincreased by increasing w.

TEST YOUR UNDERSTANDING

E11.13 The parameters of an n-channel MOSFET are g, = 650em>/V.s, |, = 200 A,
W/L =50, and Vr = 0.40 V. If the transistor is biased in the saturation region,
find thedrain current for Vgs = 1,2, and 3 V. (VW GL PUB "g]°L 10| = *| 'Suy)

E11.14 The n-channel MOSFET in E11.13 is to be redesigned by changing the W/ L ratio
such that 7, = 100 pA when the transistor is biased in the saturation region with
Vey = L75V. (9460 = T/ M "suv)
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,  Very small V,y T

[

e

Figure11.491 (a) I versus Vi s (for small ¥p) for enhancement mode MOSHET.
(b) Ideal /Ip VErsus Vg in saturation region for enhancement mode (curveA) and
depletion mode (curveB) n-channe MOSFETSs,

We can use the I~V relations to experimentally determine the mobility
threshold voltage parameters. From Equation (11.58), we can write, for very sm
values of Vs,

Wlu‘ll COX -
Ip=——=

(Vas — Vi)Vng

Figure 11.49a showsaplot of Equation (I |.62a) asafunction of Vi for constant Vp

A straight line is fitted through the points. The deviation from the straight linea lo

values of Vg5 isdue to subthreshold conduction and the deviation at higher values

Vs isduetomobility being afunctionof gate voltage. Both of these effectswill be ¢

sidered in the next chapter. The extrapolation of the straight line to zero current giv

the threshold voltage and the slopeis proportional to the inversion carrier mohility.
If we take the square root of Equation (I 1.61), we obtain

Figure 11.49h isaplot of Equation (I t.62b). In theideal case, we can obtain the sam
information from both curves. However, as we will see in the next chapter. thethresh=
oldvoltage may beafunction of V5 in short-channel devices. Since Equation (11.62b)
appliestodevicesbiased in the saturation region. the V; parameter in this equation may
differ from the extrapolated value determined in Figure 11.49a. In general, the nonsat- ;
uration current—voltagc characteristics will produce the morereliable data. )

EXAMPLE 119 | Objective

To determine the inversion carrier mobility from experimental results.

Condgder an n-channel MOSFET with W =15 um, L =2um. and C,,=69x
10~# F/em?. Assume that the drain current in the nonsaturation region for Vg = 0.10 V is
I, =3BuAat Voo =15Vand I, =75 uAat Vg = 2.5 V.
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1 Solution
FrmEquation (11 62a). we can wrie

Wi, Co
Ips —Ipy = if—*(vcsz = Vasi)Vps
o that
15
75x 107" -35x 10 = (7) 1, (6.9 x 10 *)(2.5 — 1.5)(0.10)

which yields

iy = 773cm*/Ves
W& can then determine

Vr = 0625V

1 Comment
The mobility of carriers in the inversion layer is less than that in the bulk semiconductor due
to the surface scattering effect. We will discuss thiseffectin the next chapter.

The current-voltage relationship of a p-channel device can be obtained by the
sametype 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 rniote 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 | Cross section and bias
configuration for a p-channel
enhancement-mode MOSFET.
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for 0 = Vsp < Vsp(sat), and

for Vso > Vsp(sat), where

Note the change in the sign in front of V7 and note that the mobility is now the mo-
bility of the holes in the hole inversion layer charge. Keep in mind that Vy isnegad
tive for a p-channel enhancement mode MOSFET and positive for a depletion m
p-channel device.

| TEST YOUR UNDERSTANDING

E11.15 The parametersof ap-channgl MOSFET are i, = 310 cm?/ Vs, 1, = 2204,
W/L =60.and V;y = —0.40 V. If the trangistor is biased in the saturation regi
find the drain current for Vs; =1, 1.5. and 2 V.
(VW pL g PUR 7] 97670 = TF suy)

E11.16 The p-channd MOSFET in E11.15 isto be redesigned by changing the (W/L)
ratiosuch that 7, = 200 A when the transistor is biased in the saturation region
With Ve = 125 V. (F'11 = T/M "SUV)

One assumption we made in the derivation of the current-voltage relationshipl
was that the charge neutrality condition given by Equation {11.46) was valid over the
entire length of the channel. We implicitly assumed that Q' ,(max) was constant;
along the length of the channel. The space charge width, however, varies betwee:
source and drain due to the drain-to-source voltage; it is widest at the drain when:
Vps > 0. Achangein the space charge density along the channel length must be ba-
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 thet
thedrain current and drain-to-source saturation voltage are less than the ideal vaues.
The actual saturation drain current may be as much as 20 percent less than the pre-
dicted value dueto this bulk charge effect.

11.34 Transconductance 1

The MOSFET transconductanceis 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.

Page 518 of 566



11.3 Thr Basic MOSFET Operation

If we consider an n-channel MOSFET operating in the nonsaturation region,
thm. using Equation (11.58). we have

The transconductance increases linearly with Vps hut is independent of Vi in the
nensaturation region.

The I-V characteristics of an n-channel MOSFET in the saturation region were
given by Equation (11.61). Thetransconductancein thisregion of operation isgiven by

In the saturation region, the transconductance is alinear function of V;5 and isinde-
mmt of Vn_g.

The transconductance is a function of the geometry of the device as well as of
carrier mobility and threshold voltage. The transconduciance increases as the width
of the device increases, and it alse increases as the channel length and oxide thick-
nersdecrease. In the design of MOSFET circuits, the sire of the transistor. in partic-
ular the channel width W. is an important engineering design parameter.

11.35 Substrate Bias Effects

Indl of our analyses so far, the substrate, or hody, has been connected to the source
and held at ground potential. In MOSFET circuits. the source and hody may not he
& the same potential. Figure 11.51a shows an n-channel MOSFET and the associated
double-subscripted voltage variahles. The source-to-substrate pn junction must al-
ways he zero or reverse biased, so V55 must always he greeter than or equal to zero.

If Vss = 0. threshold is defined as the condition when ¢, = 2¢,, as we
discussed previously and asshown in Figure 11.51b. When Vs > 0 the surface will
dill try to invert when ¢, = 2¢,. However, these electrons are at a higher potential

Figure 11511 (a) Applied voltages on an n-channe MOSFET (b) Encrgy-band diagram & inverson
point when ¥, = 0. (¢) Energy-band diagram at inversion point when Vs, = 0 isapplied.
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energy than are the electrons in the source. The newly created electrons will move
laterally and Row out of the source terminal. When ¢, = 2¢¢, + Vsg. the surf
reaches an equilibrium inversion condition. The energy-band diagram for thiscondi
tion isshown in Figure 11.51¢. Thecurverepresented as E ¢, is the Fermi level fr
the p substrate through the reverse-biased source-substrate junction to the source
contact.

The space charge region width under the oxide increases from the original x,7
value when a reverse-biased source-substrate junction voltage is applied. With an
applied Vsz > O, there is more charge associated with this region. Considering the
charge neutrality condition through the MOS structure, the positive chargeon thetop
metal gate must increase to compensate for the increased negative space chargein
order to reach thethreshold inversion point. So when Vs > O, the threshold valtage
of the n-channel MOSFET increases.

When V53 =0, we had

Qsp(max) = —eNyxar = —\/2ee, Nu(24y,) (11.69)

When Vsz > O, the space charge width increases and we now have

Q:S‘D = _eN!Txd == 2(,’6.‘ Na(chfp + VSB) (1170)

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 g

where AVy = Vy{Vgg > 0) — Vo (Vsp = 0). We may note that Vgz must alwaysbe
positive so that, for the n-channel device, A Vy isaways positive. Thethreshold volt-
age of the n-channel MOSFET will increase as a function of the source-substrate
junction voltage. i

EXAMPLE 11.10

Objective i

To calculatethe change in the threshold voltage due to an applied source-to-body voltage.

Consider an n-channd silicon MOSFET a& T = 300 K. Assume the substrate is doped to
N, = 3 x 10" ¢cm? and assume the oxideis silicon dioxide with athickness o ¢,, = 500A.
LetVep =1 V.

H Solution
We can calculatethat
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Vg {volts) —p=—

Figure 1152 | Plotsof /7, versus
Vs at several values of Vgp foran
n-channel MOSFET.

We can also find

o Lox 500 x 1078
Then from Equation (11.72), we can obtain

€x  (3.9)(8.85 x 107 = 6.9 x 10~ Fem?

Comment
Figure 11.52 shows plots of versus Vy; s for various vduesof gpplied Vsz. The orig-
ind threshold voltage, V¢y, iS0.64V.

If abody 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
madefor the n-channel MOSFET.

TEST YOUR UNDERSTANDING

ElL 17 A ssilicon MOS device has the following parameters: ¥, = 10*° em~* and
tw = 200A. Calculate(a) the body-effectcoefficientand (&) the changein
threshold voltagefor (i) Vsz = 1V and (ii) Vs = 2V.

[AGITG =24V (N'AGCTO= 1AV (@ oA £E80 = A (7) suy)
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El1 18 Repesdt exerciseEl 1.17 for asubstrateimpurity doping concentrationof N, =
1015cm -3 LA 88800 = AV UN)'A ZSO'0 = AV (D (@) /A SOI 0= A(D)s

1141 FREQUENCY LIMITATIONS

In many applications,the MOSFET isused in alinear amplifier circuit. A small-sig
equivalent circuit for the MOSFET is needed in order to mathematically anayze
electronic circuit. The equivalent circuit contains capacitances and resistances
introducefrequency effects. Wewill initially developasmall-signal equivalent circ-*™
and then discuss the physical factors that limit the frequency response o
MOSFET. A transistor cutoff frequency, which isafigureof merit, will then bedefinam
and an expression derived for thisfactor.

1141 Small-Signal Equivalent Circuit

The small-signal equivalent circuit of the MOSFET is constructed from the bas
MOSFET geometry. A model based on the inherent capacitances and resistan
within the transistor structure, along with elements that represent the basic de
equations, isshown in Figure 11.53. One simplifying assumption we will make in
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
capacitancesare C,, and C,s. Which represent the interaction between the gate ana
the channel charge near the source and drain terminals, respectively. The remainin
two gate capacitances, C,,, and C,q,, are parasitic or overlap capacitances. Inr
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—C,qp.
particular — will lower the frequency response of the device. The parameter Cj; is

Figure 11.53 | Inherent resistances and capacitancesin the
n-channel MOSFET structure.
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drain-to-substrate pn junction capacitance, and r; and r, are the series resistances as-
sociated with the sourceand drain terminals. Thesmall-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
isshown in Figure 11.54. The voltage Vsij isthe internal gate-to-source voltage that
controls the channel current. The parameters C,,r and Cgyr are the total gate-to-
source and total gate-to-drain capacitances. One parameter, ry4;, shown in Fig-
ure 11.54, is not shown in Figure 11.53. This resistance is associated with the slope
Ip versus Vpg. Intheideal MOSFET biased in the saturation region, I isindepen-
dent of ¥p5 sothat r,; would beinfinite. In short-channel-length devices, in particu-
lar, ras isfinite 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
Figure11.55. The seriesresistances, r, and r,, have been neglected, so thedrain cur-
rent is essentially only afunction of the gate-to-source voltage through the transcon-
ductance. The input gate impedance isinfinitein 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 r4,. Thedrain current isgiven by

Figure 11.54 | Smal-signal equivalent circuit of acommon-
source n-channel MOSFET.

Figure 1155 | Simplified,low-frequency
small-signal equivalent circuit of a
common-source n-channgl MOSFET.
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Figure 11.56 | Simplified,low-
frequency small-signal equivalent circuit
of common-sourcen-channe MOSFET
including source resistance r,

and the relation between V,, and Vg’s can befound from
Vg.s = V,:S + (gy,:Vé.\)F.x = (l + gmrs) Vg!s (1174)

Thedrain current from Equation (11.73) can now be written as

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 al voltage polarities and current directions are reversed.
The same capacitances and resistances that are in the n-channel model apply to the
p-channel model.

1142 Freguency Limitation Factorsand Cutoff Frequency

There are two basic frequency limitation factors in the MOSFET. The first factoris
the channel transit time. If we assume that carriers are traveling at their ﬁurationji
drift velocity v, then the transit time is t, = L /v, where L is the channel length.
If vea = 107 cmfs and L = 1 um, then r, = 10 ps, which translates into a maximum
frequency of 100 GHz. Thisfrequency is much larger than the typical maximum fre- |
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.

Thesecond limiting factor is the gate or capacitance charging time. If we neglect
e, ras Fay, and Cgq. the resulting equivalent small-signal circuit is shown in Fg-
ure 11.57 where Ry isaload resistance.

The input gate impedance in this equivalent circuit is no longer infinite. Sum-
ming currents at the input gate node, we have i
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Figure11.57 | High-frequency smail-
sgnd equivalent circuit of common- Figure 1158 | Small-signd equivalent
source n-channel MOSFET. circuit including Miller capacitance.

where |, is the input current. Likewise, summing currents at the output drain node,
we have

Combining Equations (11.76) and (11.77) to eliminate the voltage variable V,;, we
can determine the input current as

Normally, wR; Ceyy is much less than unity: therefore we may neglect the
(jwR;Cysy) term in the denominator. Equation (11.78) then simplifies to

Figure 11.58 shows theequivalent circuit with theequivalent input impedance de-
scribed by Equation (11.79). Theparameter C, isthe Miller capacitanceand isgiven 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
C,4p is @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 deviceis unity, or when the magnitude of the input current
I; isequal to the ideal load current f;. From Figure 11.58, we can see that

I = jo{Cor + Cap) Vy, (11.82)
and the ideal load current is
It = gu Vg-s (11.82)

The magnitude of the current gain isthen
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Setting the magnitude of the current gain equal to unity at the cutoff frequency,
find

Em — Bm

Jr= 2m(Coer + Cy)  27Cg

where Cg; s the equivalent input gate capacitance.

In the ideal MOSFET, the overlap or parasitic capacitances, Cysp and Cyap.
zero. Also, when the transistor isbiased in the saturation region, C,; approaches zero
and C,, is approximately Cyx WL. The transconductance of the ideal MOSFET bi-
ased in the saturation region and assuming a constant mobility was given by Equa-
tion (11.68) as

Wi, C
Ems = E = (Vs — Vr)

Then, for thisideal case, the cutoff frequency is

Wit Cox (vigs _ i)

— #atVes — V1) 11
fr= nCe  WCuWL) — 2nL2 ( '&‘)

EXAMPLE 11.11

Objective i
To calculate the cutoff frequency of an ideal MOSFET with a constant mobility.

Assume that the electron mobility in an n-channel device is pt, = 400 cm?/V-s and that
the channel length isL = 4 xm. Alsoassume that vy = | Vand let Vg5 = 3 V.

W Solution
From Equation (11.85), the cutofffrequency is

Comment i
In an actual MOSFET, the effect of the parasitic capacitance will substantially reduce the cut-
off frequency from that calculated in this example.

TEST YOUR UNDERSTANDING

E11.19 An n-channel MOSFET hasthe following parameters: u, = 400 cm?/V-s, f,; =
200 A, W/L = 20.and Vi = 0.4 V. Thetransistor ishiased at V;5 = 25 Vinthe
saturation region and isconnected to an effective load of R, = 100k$2. Calculate
theratio of Miller capacitance C to gate-to-drain capacitance €47 . (76T "suy)

E11.20  An n-channel MOSFET has the same parameters as described in E11.19. The
channel length isL = 0.5 um. Determine the cutoff frequency. (ZHD S ES 'Suv)
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*11.5| THE CMOSTECHNOLOGY

Theprimary objectiveof thistext istopresent the basic physicsof semiconductormate-
ridsand devices without considering in detail the various fabrication processes; this
important subject is|eft to other texts. However, there isone MOS technology that is
usedextensively, for which the basi c fabrication techniques must be considered in order
tounderstand essential characteristicsof these devicesandcircuits. The one M OStech-
nology wewill consider briefly isthe complementary 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 befabricated. 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.
Thelarger p doping can easily compensate the initial n doping to form the pwell. A
simplifiedcross section of the p-well CMOS structureisshown in Figure 11.5%a. The

Poly-Si gate——_ /—PnlySi gate ~—.__

_———Poly-Si gate

porn substrate

Figure 1159 | CMOS structures: (a) p well, (b) nwell, and {c) twin well
(From Yang (21] }
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notation FOX stands for field oxide, which isa 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 thy
p well and n suhstrate can be electrically connected to the appropriate voltages. Thé
n substrate must always be at a higher potential than the p well; therefore, thismn
junction will always be reverse biased.

With ion implantation now being extensively used for threshold voltage control,
both the n-well CM OS processand twin-well CM OS process can be used. The n-well
CMOS process, shown in Figure 11.39b, starts with an optimized p-type suhstrate}
that is used to form the n-channel MOSFETs. (The n-channel MOSFETS, in generd,
have superior characteristics, so this starting point should yield excellent n-channel
devices.) The nwell isthen added, in which the p-channel devicesare fabricated. The
n-well doping can be controlled by ion implantation.

Thetwin-well CMOS process, shownin Figure 11.59¢, allows both the p-well an
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 refersto
high-current, low-voltage condition that may occur in a four-layer pnpn structure.
Figure 11.60a showsthecircuit of a CMOS inverter and Figure 11.60b shows asimpli-
fied integrated circuit layout of theinverter circuit. In the CMOS layout, the p*-source
to n-substrate to p-well to n+-source forms such afour-layer structure.

The equivalent circuit of thisfour-layer structureis shown in Figure 11.61. T
silicon controlled rectifieraction involvesthe interaction of the parasitic pnp and non
transistors. The npn transistor corresponds to the vertical n* sourcetop well ton sub
strate structure and the pnp transistor corresponds to the lateral p-well to n-substrat
to p*-source structure. Under normal CM OS operation, both parasitic bipolar tran-
sistors are cut off. However, under certain conditions, avalanche breakdown may
occur in the p-well to n-substrate junction, driving both bipolar transistors into satu-
ration. This high-current, low-voltage condition—Ilatch-up—can sustain itself by

p channel

Output

n channel

Figure 11.60 | (@) CMOS inverter circuit. (b) Smplified integrated circuit crosssection of CMOS inverter.
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Figure11.61! (a) The splitting of the basc pnpn structure. (b) The
two-transistor equivaent 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 burn-out of the circuit.

Latch-up can be prevented if the product A, 8, is less than unity at all times,
where 8, and 8, are the common-emitter current gains of the npn and pnp parasitic
bipolar transistors, respectively. One method of preventing latch-upisto "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-upis 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, allowsthe n-channel and the p-channel
MOSFETs to beisolated from each other by an insulator. Thisisolation decouplesthe
parasitic bipolar transistors.

11.61 SUMMARY

m Thefundamenta physicsand characteristicsof the metalkoxide—semiconductor field-
effect transistor (MOSFET) have been considered in thischapter

1 The heart of the MOSFET is the MOS capecitor. The energy handsin 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 & the surfaceis afunction of the MOS capacitor voltage.

1 Thesemiconductorsurfaceat the oxide-semiconductor interface can be inverted from

p type ton type by applyinga postive gate voltage, or from n type top type by applying
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anegative gate voltage. Thus, an inversion layer of mobile charge can be created
adjacent to the oxide. The basic MOS field-effect actionis the modulation of the
inversion charge density, or channel conductance. by the gatc voltage.

The C-V characteristics of the MOS capacitor were considered. The amount of equival
oxide trapped charge and the density of interfuce states, for example. can be determi
from the C-V measurements.

Two basic types of MOSFETs are the n channel. in which current is due to the flow of
electrons in the inversion layrr. and the p channel, in which current is due to the flow
of holesin the inversion layer Each of these devices can be cither enhancement mode,
in which the device is normally "off"" and is turned on by applying a gate voltage. or
depletion mode. in which the device is nornally "on'™ and is turned ett hy applying a
gate voltage.

B The flat-band voltage is the gate voltage that must be applied to achieve the flat-bandi
condition, in which the conduction and valence bands n the semiconductor do not be
and there is no space charge region in the semiconductor. The Hat-hand voliage is a
function of the metal-oxide barrier height. the semiconductor-oxide barrier height, 8
the amount of fixed trapped oxide charge.

The threshold voltage is the applied gate voltage required to reach the threshold
inversion point. which is the condition at which the inversion charee densitv is eaual -
in magnitude to the semiconductor doping concentration. The threshold voltage is a
function of the flat-band voltage. semiconductor doping ¢oncentration, and oxide
thickness. |
The currentin a MOSFET is due lo the flow of carriers in the inversion layer between ‘
the source and drain terminals. The inversion layer charge density and channel |
conductance are controlled by the gate voltage. which means that the channel current isi‘
alse controlled by the gate voltage. !
When the transistor is biased in the nonsaturation region (Vps < Vpg(sat)), the 4
inversion charge extends completely across the channel from the source to the drain f
terminals. The drain current is a function of bath the gate-to-source and drain-to-source
voltages. When the transistoris biased in the saturation region (¥p5 > Vpg(sat)}, the
inversion charge density is ginched oif near the drain terminal. and the ideal drain
currentis only a function of the gate-to-source voltage.

The MOSFET is actually a four-terminal device. with the substrate or body being the
fourth terminal. As the magnitude of the reverse-bias source-to-substrate voltage
increases. the magnitude of the threshold voltage increases. The substrate bias effect
may become important in integrated circuits in which the source and substrate are not
electrically tied together.

A small-signal equivalent circuit. including capacitances, of the MOSFET was developed
The various physical factors in the MOSFET that affect the frequency limitations were
considered. In particular, the drain overlap capacitance may be a limiting factor in the
frequency response of the MOSFET because of the Miller effect. The cutoff frequency,

a figure of merit for the frequency response of the device. is inversely proportional to
channel length: thus. a reduction in channel length resultsin an increased frequency I
capability of the MOSFET.

The CMOS technology, in which both n-channel and p-channel devices are fabricated
in the same semiconductor chip, was briefly considered. Electrically isolated p- and
n-substrate regions arc required to accommodate the two types of transistors. Various
orocesses are used to fabricate this structure. One potential problem encounteredin the
CMOS structure js latch-up —the high-current, low-voltage condition that may occur in
a tour-layer pnpn structure.

Page 530 of 566



I Glossary of Important Terms

GLOSSARY OF IMPORTANT TERMS

accumulation layer chargc Theinduced charge directly under an oxide that isin excess of
the thermal-equitibrium 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
VHS - 0.

channel conductance modulation The process whereby the channel conductance varies
with gate-to-source voltage.

CMOS Complementary MOS; the technology that uses both p- and n-channel devicesin an
electronic circuit fabricated in a single semiconductor chip.

cutoff frequency Thesignal frequency at which the input ac gate current isequal 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, @
cent to the oxide—semiconductor interface.

flat-band 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 Thetime 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 layer charge Theinduced 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 occur in afour-layer pnpn struc-
ture such asin CMOS.

maximum induced space charge width The width of the induced space charge region
under the oxide at the threshold inversion condition.

metal - semiconductor werk function difference  The parameter ¢.,,. 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 is at or near the threshold voltage and the inversion charge
density isof 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, €y

saturatien The condition 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.

stronginversion Theconditionin which theinversion charge density islarger 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.

Page 531 of 566

directly adja-

'
s8!



CHAPTER 11 Fundamentalsd the Metal-Oxide-Semiconductor Field-Effect Transistor

threshold voltage The gate voltage that must be applied to achieve the threshold 'mvers!
point.

transconductance The ratio of an incremental change in drain current to the correspondid§
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:

B Sketch the energy band diagrams in the semiconductor of the MOS capacitor under
various bias conditions.

M Describe the process by which an inversion layer of charge is created in an MOS
capacitor.

B Discuss the reason the space charge width reaches a maximum value once the inversion
layer isformed.

B Discusswhat is meant by the metal-semiconductor work function difference, and

discuss why this value is different between aluminum. n* polysilicon, and p

polysilicon gates.

Describe what is meant by flat-band voltage.

Define threshold voltage.

Sketch the C-Vcharacteristics of an MOS capacitor with p-type and n-type

semniconductor substrates under high-frequency and low-frequency conditions.

B Discussthe effectsof fixed trapped oxide charge and interface states on the C-V

characteristics.

Sketch the cross-sections of n-channel and p-channel MOSFET structures.

Explain the hasic operation of the MOSFET. '

Discuss the /-V characteristics of the MOSFET when biased in the nonsaturation and

saturation regions.

B Describe the substrate bias effects on the threshold voltage.

B Sketch the small-signal equivalent circuit. including capacitances, of the MOSFET, and

explain the physical origin of each capacitance.

Discuss the condition that defines the cutoff frequency of a MOSFET. l

Sketch the cross section of a CM OS structure. ;

Discuss what is meant by latch-up in aCMOS structure.

REVIEW QUESTIONS

1. Sketch theenergy band diagrams in an MOS capacitor with an n-type substrate in
accumulation, depletion, and inversion modes.

2. Describe 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 space-charge region in the semicunductor of an MOS capacitor reach a
maximum width once the inversion layer is formed?
Define electron affinity in the semiconductor of an MOS capacitor

5. Sketch the energy band diagram through an MOS structure with a p-type substrate and
an n™ polysilicon gate under zero bias.
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Define the Rat-band voltage.

7. Define the threshold voltage.

8. Sketch the C-¥ characteristics 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-V characteristic of an MOS
capacitor with a p-type substrate under the high-frequency condition.

10. What is the effect on the C-V characteristics of an M OS capacitor with a p-type
substrate if the amount of positive trapped oxide charge increases?

11 Qudlitatively sketch the inversion charge density in the channel region when the tran-
sistor is biased in the nonsaturatsion region. Repeat for the case when the transistor is
biased in the saturation region.

12. Define Vps(sat).

13 Defineenhancement mode and depletion mede for both n-channel and p-channel devices.

14.  Sketch 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 to a MOSFET.

PROBLEMS

(Note: In the following problems, assume the semiconductor and oxide in the M OS system
aresilicon and silicon dioxide, respectively. and assume the temperature is 7 = 300 K un-
less otherwise stated. Use Figure 11.15 to determine the metal-scimiconductor work func-
tion difference.)

Section 11.1 The Two-Terminal MOS Structure

111

112

113

114

115

The dc charge distributions of four ideal M OS capacitors are shown in Figure 11.62.
For each case: (a} |s the semticanductor n- or p-type? {4} Is the device biased in the
accumulation. depletion. or inversion mode'?(¢) Draw the energy-band diagram in
the semiconductor region.

(a)Calculate the maxtmum space charge width x;~ and the maximum space charge
density [Q, (max)( in p-type silicon. gallium arsenide, and germanium semiconduc-
torsof an MOS structure. Let T = 300 K and assume N, = 10'® cm'. () Repeat
part {a) if T = 200 K.

(a) Consider n-typesilicon in an MOS structure. Let ¥ == 300 K. Determine the
semiconductor doping so that | Q% , (max)| = 7.5 x 107% C/em®. {6} Determine the
surface potential that resultsin the maximum space charge width.

Determine the metal-semiconductor work function difference @,,, in an MOS
structure with p-type silicon for the case when the gate is (@) aluminum. (&) n*
polysilicon, and (¢) p* polysilicon. Let N, = 6 X 10'¥ cm~?

Cansider an MOS structure with n-type sikicon. A metal —semiconductor work function
differenceof ¢,,, = —0.35 V isrequired. Determine the silicon doping required to
meet this specification when the gatsis (a) n* polysilicon, (h)p* polysilicon. and
(e} auminum. If a particular gate cannot meet this requirement, explain why.
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Figure11.621 Figure for Problem 11.1

11.6  Consider ann™ polysilicon—silicon dioxide-n-type silicon MOS capacitor. Let
Ns = 1015 cm 3, Calculate the flat-band voltage for (a) t,, = 500 A when Q! is
(£) 10" em~2, (i) 10" em™?, and (i} 5 x 10" cm~?. (b) Repeat pan (a)when
tox = 250 A.

11.7  Consider an aluminum gate-silicon dioxide—p-typesilicon M OS structure with
f., = 450 A. Thesilicon dopingis N, = 2 x 10" cm~3 and theflat-band voltage
is Vg = —1.0V Determine the fixed oxide charge ¢, .

118 AnMOStrandistor isfabricated on a p-type silicon substratewith &, = 2 x 10'* cm™2,
The oxide thicknessisze. = 450 A and the equivalent fixed oxide chargeis ¢/, =
2 x 10" em~2. Calculate the threshold voltage for (a)an aluminum gate, () ann*
polysilicon gate, and (¢} ap™ polysilicon gate.

119  Repeat Problem 11.8 for an n-typesilicon substrate with Ny = 10" cm™>.

11.10 A400 A oxide is grown on p-type silicon with N, = 5 x 10 cm~*. Theflat-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 ist,x = 750 A, and the equivalent fixed oxide charge is @7, =
10" em~2. The measured threshold voltage is V; = +0.80 V. Determine the p-type
doping concentration.
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*11.12

1113

1114

1115

1116

1117

1118

1119

Kepeat Problem 11,11 for an n-type silicon substrate if the measured threshold
voltage is Vr = —1.50V. Determine the n-type doping concentmtion.

An Al-silicon dioxide-silicon MOS capacitor has an oxide thickness of 450 Aand
adoping of N, = 10" em~?, The oxide charge density is 07, = 3 x 10'' em™2.
Calculate (a) the flat-band voltage and (%) the threshold voltage. Sketch theelectric
field through the structure at the onset of inversion.

An n-channel depletion mode MOSFET with an n* polysilicon gate is shown in
Figure 11.42. The n-channel doping is Ny = 10'* em™~?, and the oxide thicknessis

tox = 500 A. The equivalent fixed oxide chargeis ¢, = 10" em~2. The n-channel
thickness, is equal to the maximum induced space charge width. (Disregard the space
charge region a the n-channel —p-substratejunction.) (&) Determine the channel thick-
nesst,, and (&) calculate the threshold voltage.

Consider an MOS capacitor with an n' polyrilicon gate and n-type silicon substrate.

Assume N, = 10" cm~* and let Er — E, = 0.2 eV inthen® polysilicon. Assume
the oxide has a thicknessof I,,, = 300 A. Also assume that ' (polysilicon) = x’
(single-crystal silicon). (0) Sketch the energy-band diagrams (i} for V; = 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.

The threshold voltage of an n-channel MOSFET is given by Equation (11.27). Plot
V, versus temperature over the range 200 = T = 450 K. Consider both an alu-
minum gate and an n* polysilicon gate. Assume the work functions are independent
of temperature and use device parameters similar to those in Example 11.4.

Plot the threshold voltage of an n-channel MOSFET versus p-type substrate doping
concentration similar to Figure 11.20. Consider hoth n* and p~ polysilicon gales.
Usereasonable device parameters.

Plot the threshold voltage of ap-channel MOSFET versus n-type substrate doping
concentration similar to Figure 11.21. Consider both n' and p™ polysificon gates.
Use reasonable device parameters.

Consider an NMOS device with the parameters given in Problem 11.10. Plot V;
versust,, over therange 20 < 1., < 500 A..

Section 11.2 Capacitance-VoltageCharacteristics

11.20

1121

#11.22 Using superposition, show that the shift in the Rat-band voltage due to a fixed charge

Anideal MOS capacitor with an aluminum gate has asilicon dioxide thickness of
l,, = 400 A on a p-type silicon substrate doped with an acceptor concentration of
N, = 10" cm™*. Determine the capacitances Cox, Crp. Copy,r @nd C'(inv) at

(@) f = 1 Hzand (b) f = | MHz. (¢) Determine V¢ and Vr. Sketch C'/ C,
versus Vi for parts (a) and (b).

Repeat Problem 11.20 for an n-type silicon substrate duped with a donor concentra-
tionof Ny =5 x 10" em™,

distribution g{x) in the oxide is given by

*11.23 Using the results of Problem 11.22, calculate the shift in the flat-band voltage for

the following oxide charge distributions: (@) ¢}, =5 x 10! cm™* isentirely
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11.24

11.25

11.26

11.27

located at the oxide-semiconductor interface. Let 7o, = 750 A. (b} g, =

5 x 10! ¢m~? is uniformly distributed throughout the oxide. which has a thicky
Of tox = 750 A, (€)Q,, = § x 10! cm~* formsa triangular distribution with the
peak at x = 1,, = 750 A (the oxide—semiconductor interface) and which goestc
zero at x = 0 (the metal-oxide interface).

An ideal MOS capacitor is fabricated by using intrinsic silicon and an n™ polysilic
gate. (&) Sketch the energy-band diagram throngh the MOS structure under flat-
conditions. (b) Sketch the low-frequency C-V characteristics from negativeto
positive gate voltage.

Consider an MOS capacitor with a p-type substrate. Assume that donor-type
interface trapsexist only at midgap (i.e., a Er;). Sketch the high-frequency C-V
curve from accumulation to inversion. Compare this sketch to the ideal C-Vplot.
Consider an SOS capacitor as shown in Figure 11.63. Assume the Si0- is ideal (no
trapped charge) and has a thickness of £,, = 500 A. The doping concentrations are
Ny = 10" em~? and N, = 10'¢ em—3, (a) Sketch the energy band diagram through
the devicefor (7) flat-band, (ii) Vs = +3 V, and (iii) V5 = —3V. () Caculaethe
flat-band voltage. (¢) Estimate the voltage across the oxide for (i) V¢ = +3V ad
(i) V¢ = —3V . (d) Sketch the high-frequency C-V characteristic curve.

The high-frequency C-V characteristic curve of an MOS capacitor isshown in
Figure 11.64. The area of thedeviceis2 x 107" cm'. The metal —semiconductor
work function differenceis ¢,,;, = —0.50 V, the oxide is $iQ;, the semiconductor
issilicon, and the semiconductor doping concentration is2 X 1Q'¢ em~* . (a)Isthe

Figure 11.631 Figure for Problem 11.26. 1

Figure11.64 | Figure for Problem 1127

Page 536 of 566



11.28

Figure 11.65 | Figure for Problem 11.28

semiconductor n or p type'?2(by What is the oxide thickness? (r ) What isthe
equivalent trapped oxide charge density? (¢) Determine the flat-hand capacitance.
Consider the high-frequency C-Vplot shownin Figure 11.65. () Indicate which
pointscorrespond to flat-band, inversion, accumulation, threshold, and depletion
mode. (b) Sketch the energy band diagram in the semiconductor for each condition

Section 11.3  TheBasic MOSFET Operation

1129

11.30

1131

1132

An expression that includes the inversion charge density was given by Equa-
tion (11.55). Consider the definition of threshold voltage and show that the inversion
charge density goes to zero at thedrain terminal at saturation. (Hint: Let v, = Vpg =
Vps{sat}.)
An ideal n-channel MOSFET has the following parameters:

W = 30 um U = 450 cm’/V-s

L=2um tox = 350 A

Ve =+080V
(a) Plot I, versus Vpg for (0 < Vps < 5 Vandfor Vg =0.1,2,3.4,and5 V.
Indicate on each curve the V;, ¢(sat) point. (b} Plot /T (sat) versus Vg5 for0 <
Vies < 5V. (c) Plot Iy, versus Vs for Vps = 0.1Vand for 0 = Vs < 5V.
An ideal p-channel MOSFET hasthe following parameters:

W = 15 um 1, = 300 cm* /V-s
L=15pum tox =350 A
Vy = —0.80 V

(a)Plot i versus Vsp for0 < Vsp <5V andfor Vsg =0,1,2,3,4, and5 V.
Indicate on each curve the Vi p(sat) point. (b) Plot 7 versus Vsgs for Vsp =01 V
andfor0 < Vg; < 5V.

Consider an n-channel MOSFET with the same parameters as given in Problem 11.30
except that Vr = —2.0V. (a) Plot I versus Vs for0 < Vps =5V and for Vs =
—2.—1,0, 41, and +2 V. () Plot /I, (sat} versus Vgs for —2 5 Vs < +3 V.
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Figure 11.66 | Figure for Problem 1133

Figure11.67 1 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, {pversus Vi, for (@) Vep = 0, (b} Vgp =
Vr/2,and(c) Vgp = 2Vr.

11.34 Figure 11.67 shows the cross section of an NMOS device that includes sourceand
drain resistances. These resistancestake into account the bulk n* semiconductor
resistance and the ohmic contact resistance. The current-voltage relations can be
generated by replacing Vs by Vo — Ip Rg and Vps by Vi — In(Rs + Rp)inthe
ideal equations. Assume transistor parameters of ¥V; = | V and K,, = 1 mA/V?

(a) Plot the following curves on the samegraph: 7, versus Vp for Vg = 2V and
Vg =3V overtherangeQ = Vy = 5V for(i) Ry =Rp =0and(ii}Y Rs = Ry =
1 k2. (b) Plot the following curves on the same graph: versus V; for
Vp=0.1Vand Vp =5V overtherange 0 < /p < | mA for (i) R¢ = Rp = 0 and
(it Rs = Rp = 1 k2.

1135 An n-channel MOSFET has the same parametersas given in Problem 11.30. The gate
terminal is connected to thedrain terminal. Plot {5 versus Vps forQ < Vg <5V,
Determine the range of V5 over which the transistor is biased in the nonsaturation
and saturation regions.
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11.36

1137

11.38

1139

1140

1141

Figure11.681 Figure for Problem 11.37.

The channel conduclance for a p-channel MOSFET isdefined as

Plot the channel conductance for the p-channel MOSFET in Problem 11.31 for

0 = VSG = 5V.

The experimental characteristics of an ideal n-channel MOSFET biased in the
saturation region are shown in Figure 11.68. If W/ = 10and #,. = 425 A,
determine ¥y and .

One curve of an n-channel MOSFET ischaracterized by the following parameters:
Ip(sat) =2 X 107* A, Vps(sat) =4V, and V7 =0.8 V.

(a) What isthe gate voltage?

(by What isthe value of the conduction parameter?

(cy Vg =2Vand Vps =2V, determine .

(@) If Vo =3V andVps = 1V, determine I

(e) For each of the conditionsgiven in (c) and (d), sketch the inversion charge
density and depletion region through the channel.

(a) Anideal n-channel MOSFET hasan inversion carrier mobility u, = 525 cm?/V-s,

athreshold voltage Vr = +0.75 V, and an oxide thickness,, = 400 A. When biased

in the saturation region, the required rated current is I (sat) = 6 mA when Vg =

5 V. Determine the required W /L ratio. (b} Ap-channel MOSFET has the same

Consider the transistor described in Problem 11.30. (a)Cdculate g,,,; for Vps = 05V.
(&) Calculate g, for Vgs = 4V.

Consider the transistor described in Problem 11.3[. (a)Cdculate g, for Vs, = 0.5 V.
(b) Calculate g, for Vsg = 4 V.
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1142 An n-channel MOSFET hasthe following parameters: -
for = 400 A N, =35 x 10" em™
Vep = =05V L=2um
W = 10 um i, = 450 cm*/V-g L

Plot /T, versus V¢ over therange0 < 7n < | mA when the transistor is biased
the saturation region for thefollowing values of source-to-bedy voltage: Vsp =0.1,
and 4 V.

11.43 Consider ap-channel MOSFET with 1, = 600 A and Ny =5 x 10'7 em™,
Determine the body-to-sourcc voltage. Vs, such that the shift in threshold voltage.
AVy, from the Vg, = Ocurveis AV = —1.5 V.

11.44 An NMOSdevice has the following parameters: n™ poly gate, 7, = 400A. N, =
10 ¢cm™3, and @/, = 5 X 10'" cm™2. (u) Determine Vr. (b} Isit possible to goply
a V¢p voltage such that Vi = 07 If so, what isthe value of Vi ?

11.45 Investigate the threshold voltage shift dueto substratebias. The threshold shiftis
given by Equation (11.72). Plat AV, versus Vs, over therange 0 < Vsn < 5 Vfor
several valuesof &, and 1,, . Determine the conditions for which AV; islimited to am
maximum value of 0.7 V over therange of Vi

L

.

e

Section11.4 Frequency Limitations

1146 Consider an ideal n-channel MOSFET with a width-to-length ratio of (W /1) = 10,
an electron mohility of j,, = 400 com?/V-s, an oxide thickness of 7, = 475 A, anda
threshold voltage of ¥y = +0.65 V. (a) Determine the maximum value of source
resistance so that the saturation transconductance g, is reduced by no more than
20 percent from its ideal value when Vs = 5 V. i) Using the value of r, caleulat
in part (¢}, how much is g, reduced fromits ideal valuewhen V;5 = 3 V!

1147 An n-channel MOSFET has the following parameters:

iy = 400 cm*/V-s l,, =500A
=2 um W=20pum
Vi = 4075V

Assume the transistor is biased in the saturation region at Vi; ¢ = 4 V. (a) Calculate
the ideal cutoff frequency. (b) Assume thar the gate oxide overlaps both the source
and drain contacts by 0.75 yem. If aload resistanceof 8, = 10 k&2 is connected to the
output. calculate the cutoff frequency.

1148 Repeat Problem | 1.47 for the case when the electrons are traveling a a saturation
velocity of vy = 4 x 10° cm/s.

Summary and Review

*11.49 Design an idedl silicon n-channel MOSFET with apolysilicon gate to have athreshold
voltage of V7 = 0.65 V Assume an oxide thicknessof 1,, = 300 A. achannd length
- of L = 1.25 ym. and a nominal value of @, = 1.5 x 10" cm~ 2. ltis desired to have 1‘
adrain current of /5, == 50 wAat V¢ == 2.5 Vand Vps = 0.1 V. Determine the
substrate doping concentration, channel width. and type of gale required.
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*11.50

*11.51

#11.52

Design an ideal silicon n-channel deplction mode MOSFET with apolysilicon gate to

havc athreshold voltage of vy = —0.65 V. Assume an oxide thickness of ¢,, = 300 A,

achannel length of L = 1.25 m, and anominal value of @, = 1.5 x 10" em “.1t
isdesired to havc adrain current of 7, (sat) = 50 A at V;; s = 0. Determine the type
of gate, substrate doping concentration, and channel width required.

Consider the CM OSinverter circuit shown in Figure 11.60a. Ideal n- and p-channel
devicesarc to bedesigned with channel lengthsof L = 2.5 gmand oxide thicknesses
of 1,, = 450 A. Assume theinversion channel mobilities are one-halithe bulk values.
The threshold veltages of the nand p-channel transistors arc to be+0.5V and —0.5V,
respectively. Thedraincurrentistobe /, == 0.256mA when theinput voltage tothe
inverteris1.5V and1.5V with Vpp = 5V. Thegate materia istobethesamein each

device. Determinethe typeof gate, substrate doping concentrations, andchannel widths.

A complementary pair of ideal n-channel and p-channel MOSFETs are to be
designed to produce the same /-V characteristics when they are equivalently biased.
The devices are to have the same oxide thickness of 250 A and the same channel
length of L = 2 yum. Assume the SiO- layer isideal. The n-channel device isto have
a channel width of W = 20 x¢m. Assume constant inversion layer mobilitiesof y, =
600 cm?*/V-s and ut, = 220 cm?*/V-s. () Determine p-type and n-type substrate
doping concentrations. (5) What are the threshold voltages? (¢) What is the width

of the p-channel device?
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A PPENDIX

Selected List of Symbols

his list does not include some symbols that are defined and used specificaly in

only one section. Some symbols have more than one meaning; however, the
context in which the symbol is used should make the meaning 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 (cm/s)

Distance (cm)

Electronic charge (magnitude) (C), Napierian base
Frequency (Hz)

Fermi-Dirac probability function

Cutoff frequency (Hz)

Generation rate (cm =3 s 1)

Generation rate of excess carriers (cm > $7!)
Density of statesfunction (cm™=3 eV™")

Density of states function in the conduction band and
valence band (cm ™ eV ™!)

Channel conductance(S), small-signal diffusion
conductance(S)

Transconductance {A/V)

Generation rate for electrons and holes (cm s~}
Planck's constant (J1-s), induced space charge width in a
JFET (cm)

Modified Planck's constant (#/27)
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Small-signal common emitter current gain
Imaginary constant, +/—1

Boltzmann's constant (J/K), wavenumber (cm 1)
Conduction parameter (A/V?)

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 in 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—)

Minority carrier electron and minority carrier hole
concentration (cm=")

Thermal-equilibrium minority carrier electron and
minority carrier hole concentration (cm™*)

Density of a two-dimensional electron gas (cm*)
Momentum

Density of bolesin the acceptor energy level (cm™3)
Intrinsic hole concentration (= rn;)(cm ™)

Charge (C)

Spherical coordinates

Small-signal diffusion resistance (£2)
Small-signal drain-to-source resistance (£2)
Surface recombination velocity (cm/s)

Time (s)

Delay time (s)

Gate oxide thickness {cm or A)

Storage time (s)

Periodic wave function

Velocity (cm/s)

Carrier drift velocity (cm/s)
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Carrier saturation drift velocity (cm/s)

Cartesian coordinates

Mole fraction in compound semiconductors

Neutral base, emitter, and collector region widths {cim)
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 (cm®)

Effective Richardson constant (A/K>/cm?)

Magnetic flux density (Wh/m?)

Base, emitter, and collector

Breakdown voltage of collector-basejunction with emitter
open (volt)

Breakdown voltage of collector-emitter

with base open (volt)

Capacitance (F)

Capacitance per unit area (Ffem’)

Diffusion capacitance (F)

Flat-band capacitance (F}

Gate-source, gate-drain, and drain-source capacitance (F)
Junction capacitance per unit area (F/em?)

Miller capacitance (F)

Constants related to capture rate of electrons and holes
Gate oxide capacitance per unit area (F/cm?)
Reverse-biased B-C junction capacitance (F)

Drain, source, and gate of an FET

Ambipolar diffusion coefficient (cm?s)

Base, emitter, and collector minority carrier diffusion
coefficients (cm¥s)

Density of intertace states (#/e V-cm*)

Minority carrier electron and minority cartier hole
diffusion coefficient (cms)

Energy (jouleor eV)
Acceptor energy level (V)

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 levelsfor electrons and holes (eV)
Bandgap energy (eV)

Bandgap narrowing factor (eV), differencein bandgap
energies at a heterojunction (eV}

Trap energy level (V)

Force (N)

Electron and hole particle flux cm=2s~")
Fermi-Dirac integral function

Generation rate of electron-hole pairs (cm=3s71)
Excess carrier generation rate (cm 3 s™)

Thermal equilibrium generation rate for electrons and
holes (cm™*s~1)

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/cm?/s)

Electric current density (A/cm?)

Generation current density (A/em?)

Photocurrent density (A/cm?)

Electron and hole electric current density (A/cm?)
Electron and hole particle current density (cm=2s"")
Recombination current density (A/cm?)
Zero-biasrecombination current density (A/cm?)
Reverse-bias current density (A/cm?)

Ideal reverse-bias saturation current density (A/cm?)

Ideal reversesaturation current density in a
Schottky diode (A/cm?)

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 €lectron and hole diffusion length (cm)
Multiplication constant

Number density (cm )

Density of acceptor impurity atoms (cm=3}

Base, emitter, and collector doping concentrations (cm—>)

Effective density of states function in the conduction band
and valence band (cm™*)

Density of donor impurity atoms (cm™3)

Interface state density (cm=2)

Trap density (cm—>)

Power (watt)

Probability density function

Charge (C)

Charge per unit area (C/cm?)

Gate controlled bulk charge (C)

Inversion channel charge density per unit area (C/cm?)
Signal charge density per unit area (C/cm?)
Maximum space charge density per unit area (C/cm?)
Equivalent trapped oxide charge per unit area (C/cm?)
Reflection coefficient, recombination rate (cm=3 s~1),
resistance (52)

Radial wave function

Specific contact resistance (§2-em?)

Capture rate for electronsand holes (cm =2 s71)
Emission rate for electrons and holes (ecm=3s~!)
Recombination rate for electrons and holes (em—3 s 1)
Thermal equilibrium recombination rate of electrons
and holes (em—3s~1)

Temperature (K), kinetic energy (Jor 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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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 (kT /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~'j. 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 (ecm™>)

Excess minority carrier electron and excess minority
carrier hole concentration (cm—7)

Permittivity (F/em?)

Permittivity of free space (F/cm?)
Permittivity of an oxide (F/em?)

Relative permittivity or dielectric constant
Permittivity of asemiconductor (F/cm?)
Wavelength (¢cm or z:m)

Permeability (H/cm)

Ambipolar mobility (em? V-s)

Electron and hole mobility (cm? V-s)
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Permeability of free space (H/cm)

Frequency (Hz)

Resistivity (R-cm), volume charge density (C/cm?)
Condugctivity (€2~ em™1)

Photoconductivity (€2~ em™)

Intrinsic conductivity (2~ em )

Conductivity of n-type and p-type semiconductor (22! em™")
Lifetime (s}

Electron and hole lifetime (s)

Excess minority carrier electron and holelifetime(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 £¢; and £,
in n-type and p-type semiconductor (volt)

Potential difference (with sign) between E; and E -
in n-type and p-type semiconductor (volt)

Metal work function (volt)

Modified metal work function (volt)

M etal-semiconductor work function difference (volt)
Potential difference (magnitude) between £, and £,
in n-type and between E,. and E ¢ 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

Electricfield (Vicm)

Hall electric field (V/cm)

Critical electric field at breakdown (V/cm)

Angular wave function

Photon flux (cm~2s~")

Angular wave function

Total wave function
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System of Units,
Converson Factors,
and General Congtants

Table B.1 | International system of units*

Quantity Unit Symbol Dimension
Length meter m

Mass kilogram kg
Time second § Or sec
Temperature kelvin K
Current ampere A

Fregquency hertz /s
Force newton kg-m/s*
Pressure pascal N/m?
Energy joule N-m
Power watt Is
Electric charge coulomb A-s
Potential volt Ic
Conductance siemens AN
Resistance ohm VIA
Capacitance farad CN
Magnetic flux weber V-5
Magnetic flux density tesla Whim?
Inductance henrv WhiA

*The am isthe common unit of fength and the electron-volt is the common unit of energy
(see Appendix Fy used in the Sudy of semiconductors. However. the jouleand in some
cases the meter should be used in moat formulas.
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TableB.2 | Conversion factors

Prefixes

I A @angstrom) = 10 cm = 10-" m 10-13 femto-
1 gm (micron) = 107¢ cm 10712 pico-
1mil = 1073 in. = 254 um 107 nano-
2.54cm = 1in. 10-¢ micro-
leV=16x J 1073 milli-
17 =107 erg 10+3 kilo-

10+6 mega-

10+? giga-

10+12 tera

Table B.3| Physical constants

N, =6.02x 1077
atoms per gram
molecular weight

Avogadro’s number

Beltzmann’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 vacuum

Thermal voltage (7 = 300 K)

mp=9.11x10 * kg
o = 4w x 1077 Wm
€y = 8.85 x 10" Flem
=885 x 107" F/m
h=6.625x 10" J-s
=4.135 x 107% eV-s

h
= h = 1054 x

M = 1.67 x 107% kg
¢ =2.998 x 10" cmfs

V, = % = 0.0259 volt
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TableB.4 1 Silicon, gallium arsenide, and germanium properties (7 = 300 K)

Property S GaAs Ge
Atoms {cm %) 5.0 x 10% 4.42 x 10% 4.42 x 1072
Atomic weight 28.09 144.63 72.60
Crysta structure Diamond Zincblende Diamond
Density (g/cm™?) 2.33 5.32 5.33
Lattice constant (A) 5.43 5.65 5.65
Melting point ('C) 1415 1238 937
Dielectric constant 117 131 16.0
Bandgap energy (eV) 112 1.42 0.66
Electron affinity. x (volts) 4.01 4.07 4.13
Effective density of statesin 2.8x 10% 4.7 x 107 1.04 x 10"
conduction band, N, (cm~*)

Effective density of statesin 1.04 x 10* 7.0 x 108 6.0 x 10'®
valence band. N, (em~?)
Intrinsic carrier concentration (cm™) 1.5x 10 1.8 x 10° 2.4 x 104*
Mobility (cm?/V-s)

Electron, i, 1350 8500 3900

Hole, 1, 480 400 1900

m#
Effective mass (—)
Mo
Electrons m; =0.98 0.067 1.64
m! =0.19 0.082
Holes m}, = 0.16 0.082 0.044
m?, =0.49 0.45 0.28

Effective mass (density of states)

Electrons ('l 0.067 055

g 1.08
m*
Holes (—p) 0.56 0.48 0.37
My

Table B.5 | Other semiconductor parameters

Material E (eV) a(A) L x n
Aluminum arsenide 2.16 5.66 12.0 35 2.97
Gallium phosphide 2.26 5.45 10 4.3 3.37
Aluminum phosphide 243 5.46 9.8 3.0
Indium phosphide 135 5.87 12.1 4,35 3.37
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TableR.6t Properties of $i0, and Si,N, (T = 300K)

Property

Si0, Si,N,

Crystal structure

Atomic or molecular
density (cm™*)
Density (g-cm™>)
Energy gap
Dielectric constant
Melting point {°C)

[Amorphous for most integrated
circuit applications]

22 x 102 1.48 x 10%
22 34
~9eV 47eV
39 75
221700 1900




ThePeriodic Table

1902 1931 195.2

Rare earths

VI
57-71

57La 58Ce 59R 6&INd 61Pm 62Sm 63Ew MGd 65Tb 66Dy 67Ho 68Er 69Tm 70¥h 71la
13892 14013 14092 144.27 147 15043 1520 156.9 159.2 16246 16490 167.2 1694 173.04 17499

The numbers in front of the symbols of the clements denote the atomic numbers; the numbers underneath are the atomic weights.
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The Error Function
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" Derivation" of Schrodinger's
Wave Equation

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 ajustification of the Schrodinger’s time-independent wave equation rather
than astrict derivation.

The time-independent classical wave equation, in terms of voltage, is given as

wherew is the radian frequency and v, is the phase velocity.
If we make achange of variable and let v (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 sinceh = 5 we can write
¥ig

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

semiconductor physics and devices. This short discussion may help in " petting
afeel" for the electron-volt.

Consider a parallel plate capacitor with an applied voltage as shown in Fig-
ure F.1. Assume that an electron is released & x =0 at time t = 0. We may write

where ¢ is the magnitude of the electronic charge and E is the magnitude of theelectric
field as shown. Upon integrating, the velocity and distance versus time are given by

FigureE.1| Pardld plae
cgpacitor.
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and

where we have assumed that v = O at ¢ = 0.
Assumethat at ¢t = f, the electron reaches the positive plate of the capacitor so
that X = d. Then

The velocity of theelectron when it reaches the positive plate of the capacitor is

The kinetic energy of the electron at thistimeis

Theelectricfieldis

sothat the energy is

T=e-V (F8)
If an electron is accelerated through a potential of 1 volt, then the energy is
T=e¢-V=(16x 107"(1) =16 x 107" joule (E9)

Theelectron-volt (eV}) unit of energy isdefined as

joule
€

Electron-volt = (F10)

Then, the electron that isaccelerated through a potential of 1 volt will have an energy
of

orleV.

We may note that the magnitude of the potential (i volt) and the magnitude of
the electron energy (1 eV are the same. However, it isimportant to keep in mind that
the unit associated with each number is different.
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ANSWERS TO SELECTED PROBLEMS

Chapter 1
1.1 (a)4aoms. (h) 2 atoms, (¢} 8 atoms
13 (@) 52.4 percent, (h) 74 percent. (c) 68 percent,
(/) 34 percent
15 (@) 2.36A. (55 x 102 atoms/cm?
17 (b)a =2.8 A, (c)2.28 x 10° ¢m~* for both Na
and C1, (d) 2.21 gm/cm’?
19  (a)3.31 x 10" atoms/cm?*; Same for A atoms and
B atoms. (b) Same as (a).(c) Same material.
113 (@5.63 A, (h)3.98A.¢c}3.25 A
115 (4} 6.78 x 10" em™2. (b) 9.59 x 10 em™?,
(¢)7.83 x 10" em™?
117 2 x 10% em™
119 (a)4 x 10 ° percent. (b) 2 x 10~° percent
121 d=7.94X 10 Scmord/ay = 146
Chapter 2
25 4 =0.254 um (gold). 2 = 0.654 p4m (cesium)
27 E, =0.01727 eV,
P, =7.1x 1072 kg-m/s, 1 = 93.3A
29 (@E=114x10 *eV. .
p=182x 107 kg-mfs, A = 364 A
(b) p =5.3x 107 kg-m/s,
v=>582x10° cm/s. E =9.64 x 107 eV
211 (a)Ap=1.054 x 107% kg-m/s
(by AE = 0.198¢V
213 (a)Ap=28.78x kg-m/s
(b) AE = 4.82 x 1077 eV
215 (a) Ap = 1.054 x 107* kg-m/s
(

) Ar = 6.6 x 8
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217
219
221

223

2.25

2.29

231

2.33
2.38

AR =1 or A =—+1. 1. +j. —j

(a) P =0.393. (hi P=0.239,(c) P = 0.865
Wix, 1) = Aexp|—jlkx + wr)] where
k=6.27x 10  m 'and

w =228 x 10" radss

(a)E; = 0.261 eV, E; = 1.04eV,

(BYA = 1.599 um

E; =2.06 x 10° eV (neutron).

E, = 3.76 x 1P eV (¢lectron)

(b) (i) AE = 3.85X 1073 oV,

(ii) AE =246 X 1077 ¢V

(a) P = 0.118 percent.

(b) P =19 x 107" percent

()T =0.138,{0) T = 1.27 x 1077

E; = —13.58¢eV. E, = —3.395 ¢V,
Ey=—151eV, £, =-0849¢V

Chapter 3

3.9

311

313
3.15

317
3.23

(a)AE =0.488¢V, (b) AE = 1.87 eV,
(C)AE = 3.83eV. (d} AE = 627V

(@] AE=0.638eV. (b} AF =236¢cV.
(©) AE =4.73 eV, (d) AE = 7.39 eV

m* (A)< m* (B)

A, B: velocity = —x: C, D: velocity = +x;
B. C: positive mass; A, D: negative mass
A:mjmy = 0.476; B: m/mg = 0.0953
g=23.28x 10'7 cm™?



724 APPENDIX G Answersto Selected Problems

0.15eV, g. = 2.96 x 10% cm™? eV™; 429 (a)py =295 x 10" em™*.

0.20eV, g. = 341 x 10" cm3 eV, no = 1.95 x 10" cm3, (h) g =5 x 10" em™?,
(BYAtLE,, g, =0, po=115x 10" ¢cm ?

—0.05 ¢V, g, = 0.637 x 10" em™ eV~ 431 (gyma =2 x 10 em™, py = 1125 x 10° em™3,
—0.10 eV, g, = 0.901 x 10* em* ev—'; (b) py = 10" em™?, ny = 2.25x 10" em™?,

—0.15eV, g, = L.10 x 10! em 3 eV-!;
—00.20eV, g, = 1.27 x 102! em—3 eV!

3.29 {a) f(E)=0.269, (51— f(E)y=0.269
331 (a)l —f (E) =0.269,

(yrg = po=n; = 15X 10" em™3,
(d) pp = 1.0x 10" em~3,

ny = 5.66 X 10" em™,
(eYne = 1.49 x 10" ¢m 3,

byl — f(E)=6.69X 1073, po = 4.89 x 10" em™3
(&)1 — fF(E) =454 x 10-% 433 (ayptype (h) Si; pg = 1.5 108 em™?,
3.37 (a)f (E) = 6.43 x 107 percent, no=1.5x 107 em™3, ]
(b) f(E) = 4.53 percent, (¢} T =~ 756 K Ge: py = 3.26 X l()iigm**‘,
3.39 (a) Far £ = E,. f (E) =93x ]0—(\; Mo i 1.77 x 1(])3‘ CIIlﬂi , GaAs: -
For £ = E», 1 — f(E)= 1.8 x 1071, po=15x10" cm™, ng = 0.216em
(b) For £ = Ey, F(E) = 845 x 10 *; 435 ny = 1125 x 10 em™. ntype
FOI'E:EZ.l !—f(E)Z 1Y6 X 1077 441 (a)ntype;no:lO‘“ c_;m 3,
343 T ~ 461 K p, = 2.25x 10% cm™3, (b) p-type;

po=2.8x 10" em~, ny = 8.04 X 10° em ™3

443 T = 200K = Er, — E; = 0.1855 eV
T = 400K = E, — £, = 0.01898 eV

Chapter 4 T =600K = Ef;, — Ef =0.000674 ¢V
41 (a)n, = 7.68 X 107 em™*;2.38 x 102 em™; 445 T =~ 762K
9.74 x 10" cm™, 449 Ny =12x10%em™?

451 (a)Er — Ep; =0.2877 eV,
(b) Er, — Er =0.2877 V. (c)For {a)
20 e, ny = 10 ecm™?, For (h)ng = 2.25 x 10° em™
572 x 107 em 453 (a} Ex — Ep, = 0.3056¢V,
45 (aE =E + " BVE=E — > (b) Er; — Er = 0.3473eV,
(()) EF = Eg-'[. (d) EF,' - E/ =0.1291 ¢V,
(e)E,. — Er; =0.0024eV

(cyn, = 1.38cm3;3.28 x 107 cm™;

Ers - Entigy = —0.0128 &V (50) 455 ptype, Er; — £, =0.3294eV

Epi — Emidgap = —0.0077 eV (Ge)

E  — Eniggap = T0.038 eV (GaAs)

Efi — Emiggap = —8.51 meV, —17.0 meV, Chapter 5

—-25.5meV 51 (a)yng=10%cm™3 py =324 x 107" em™
r = 104 A, E = (L0053 eV (b) pt,, = 7500 cm?/V-s S0

po =213 x 10% em™*. ny = 227 x 10* em ™3 J = 120 Afem?, (¢) (i) pg = 10" em ™3,
E.—Er=088¢V,ng=4.9x 10" em™? ng =324 x 107% cm™;

(@) py = 1.33 x 10'2 ¢ 3, (i) wp = 310 cm*/V-s

s0J = 4.96 Afem’
E‘g FEO*; (;)‘: "o gi?z:l\f, 53 (a) 7 =0.44mA, (h) | =44 mA,
0= & .

_ 6 =3 (c)For (a) v, =5.5 x 10' cm/s,
i_or (b;"“ = 8603 3’; ‘8 em For (b) 1, = 5.5 x 10° om/s
o = —U. e
(a0 = 245 x 10" cm~! 55 (a)u, = 3333om'N-s.
0 — . >

po = 9.12 x 10 em~3, (Mvy = 24 x 10 »iws o
(b) g = 1.87 x 10'* em™, 57 (a)o; =439 x 10 . (&2-cm) ;
po = 9.20 x 10" cm™* (b) o; = 1.03 x 107" (©2-cm)~
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5.9

511

513
517
5.19
523
525

527

5.29

531

5.35

5.39
541

5.43

APPENDIX G Answersto Sdected Problems

w300 K) =391 x 10° cm™3, £, = 1.122eV;
n,(500K) = 2.27 x 18" cm~3,

o{500K) =5.81 x 107% (€-cm)~!

() Ny = 9.26 x 10™ em 3,

(b} p(200K) =~ 2.7 Q-cm,

p = 9.64 Q-cm

(a)T =56 x 107 eV, (b)) T =5.6x 10~* eV
@ = 316 cm¥/V-s

i = 167 cm?/V-s

1=18mA

J = 16 Afem?

= A 2
J,, =3.4lexp (22.5) Alem
(@) Jnay = 1.6 eXp (%x) Alem?,

(b) Jetry = 4.8 — 1.6 exp (%x) Alem?

(a@)n =n, exp

0.4 -25x 10%x

by J, = —5.79 X 10~
) exp [ 0.0259

Nilx) = Aexp(—ax) where

a = 3.86 x 10 cm™!

(a) Vg =2.19 mV, (b)Ey = 0.219 Vicm
{e) ptype, (b)p = 8.08 x 10" ¢m3,

() 1, = 387 cm*/V-s

(a)ntype, (b) # = 8.68 x 10" cm—3,

(€) jt, = 8182 cm’/V-s,

() p =0.88 Q-cm

Chapter 6

6.1
6.3

R' =5x 10¥ em™* 57!

() 7,0 = 8.89 x 107% s,

()G = 1.125x 10° cm~¥ 57!,
)G = R= 1125 x 10¥ em™? s~
dF;

L= 2% 1w’ em s
ox
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6.11
6.13
6.15

6.17

6.19

6.29

6.31

6.33

6.37

6.39

7.1

a=840.114(1 — e /™), 1,0 = 1077 5

I = (54F220e 70y mA, 1,0 =3x 107 s
(a) R[’,/R,,(, =4.44 x 10°,

() 10 =225 x 107" s

(@)For0<r1 < 2x

dn = 10"(1 — e~*/™0y where 7, = 107% g
Fort > T =2x ]

5n = 0.865 x 10™ exp\if(t —
Tuo

(&) = 2.25 x 10° cm™,
B 8r0) = —nyy = —2.25x 10°ecm™3,
(€Y dn = —nppe™"tn

GyL
(GL —x);
r

ForL < x < 3L, 8p = =

Er, — Ey; =0.3498 eV,
Ep, — Erp, =0.2877 eV
sn=8p=5x 10" cm™3,
(@) Ep, — Er = 0.0025 eV,
(b) EF,F - EFP = 0.5632 eV
(a)dp =5 x 10" ecm~?,

(&) Epy — Ep; = 0.1505 eV

R |
{(a) For n-type, — = — = 10%7 5™,
én Tpo
R 1
by For intrinsic, — = ————
( ) Sn TP(; + Taty
= 1.67 X 108 57!

ng sinh[(W — x)/L,]
sinh[W/L,]
Sng = 10" ecm—*and L,, = 35.4 urn.

(a)én =

(a) For N; = 10V cm™>; (i) Vi, = 0.575V,
(i) 0.635 V, (1if} 0.695 V. (iv) 0.754 V,

(b) For Ny = 10" cm™?; (1)0.754V,

(it} 0.814 V, (iii) 0.874 V, (iv) 0.933V

725



726

7.7

79

APPENDIX G Answersto Selected Problems

(a)n side. Er — Er; =0.3294 eV;
pside. Er; — Ep = 0.4070 eV

(b)Y Vy, = 0.3294%+ 0.4070 = 0.7364 V
(c) ¥V, =0.7363 V

(d) x, = 0426 pum, x, = 0.0213 um,
|Emex | = 3.29 x 10* Viem

(b){(n region),ny = Ny = 8.43 x 10" ¢m—3,
(pregion), py = Ny = 9.97 x 10" cm™,
([‘) Vg,,‘ = 0690 Vv

(a) Vi = 0.635V, (h) x,, = 0.864 yim,

xp = 0.0864 pm.,

(d) |Emax | = 1.34 X 10° Vicm

711 (a)V,; =0.8556V, (h) T = 302.4K
713 (a) V,; = 0456V, (b)x,, = 2.43 x 10-7 cm,
() x, = 2.43 X 107 cm,
(d){Emux | = 3.75X 10 Vicm
717 (@) V, =0.856 V,
() W = 0.301 x 10~* cm,
(¢} Enax = 3.89 x 10% Vicm,
(d) C=3.44pF
7.19 (a)Neglecting change in Vj,, 41.4 percent
increase; (¥) 17.95 mV increase
721 (@) Ve =73V, (b)) Vp, =7.18V,
(e} Ve = 0370V
725 Ny =324x 10" em?
727 (&) Vi, =0557V, () x, = 532 X 10-% ¢m,
X, =2.66x 107* cm, (¢) Vg = 70.3 V
729 {(a){()C = 1.14pF, (i) C=0.521 pF.
7.33 (a)E(x = 0) = 7.73 x 10* V/cm,
(c) Vg =232V
735 a=11x 10" em™
Chapter 8
81 (ay60mV, (& 120mV

8.7
8.9

811

N, /Ny =0.083

Is =291 x 107% A, (a) T = 6.55 nA,
(hy{=-291nA

{a) Ip0 = 4.02 x A.

(b) 10 =674 X 107 A,
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(©) p,, = 3.42 x 10" em™,
(d) ], =3.43x 107° A

8.13 (a)V, =0.253 V, (b} ¥, = 0.635 V
815 E,» =0.769eV
818 Tmu« 519K
820 For 300K, Vy = 0.60 V; For 310 K,
Vp =0.5827 V: For 320K. V,, = 0.5653 V
8.23 For 10kHz, Z = 25.9— j0.0814:
For 100kHz, Z = 25.9— j0.814,
For 1MHz, Z = 23.6 — i7.41:
For 10 MHz, Z = 2.38 — j7.49
85 Tu=13x107sC,=25x10"°F
827 (a)R=723Q.1 = .38 mA
829 V,=0443V
831 J; =857 x 1078 Afem’.
Joen = 1.93 x 107% Afem?
8.33 (a)ForV, =03V, 1 =7.96x [0~ A;
For¥, =05V.1 =336 x Iir*A
8.39 Vp=0548V
841 N, a3 x 107 A =1.99 X [07% ¢m?
843 Vy, =199V
845 Vi, =554V
847 Vy=~ 15V
849 Ip/ip=1.1 |.f-_s/1',,() ~ (.65
851 W=¢619A
Chapter 9
91 (), =0.206V, ggy =027 V,
Vi = 0064V, |[Epae | = 1.41 x 10% Viem,
(d) ¢pg, =0.55V, |Bpar | = 3.26 x 107 Viem
93  (u) ¢ga =103V, (h) ¢, =0.058 V,
(€) Vi, =0.972V, (dl x; = 0.416 pum,
(€) |Enax | = 2.87 x 10° Viem
95 (a)C=4.75pF (b)C =15 pF
97 {a) Vi =0.334 V. x;, = 0211 um,
|Egax | = 3.26 x 10" Vicm.
(h)A@= 20 mV. x,, = 0.307 x 10~° cm,
(¢) |Emax | = 1.16 X 10° Vicm,
A@= 378 mV, x,, = 0.163X 10~" cm
9.9 (a) Vo =0.812V,x; =0.153 pum,
|Bmax | = 1.06 X 10° V/em,
by Ve =747V
911 (a)¢ze = 1.13V, (b) ¢, = 0.858 V.
(¢) pgo = 0.43 V., pz, = 0.733 V
913 (») @,=0.206V,

(b) Vi, = 0.684 V.



915 (a)V, = 0.603V,(b) AV, =18 mV
917 ¥V = 0474V, {a) Jqr = 152 x 1078 A,
(b) I = 1.86 x 107* A
9.19  For Schottky diode, V,, = 0.467 V; for pn diode.
V. =0.705V
9.21 (&) For Schottky diode, | = 0.5 x 107 A;
for pndiode, | = 1.02 x 1073 A; (b for
Schottky diode. ¥, = 0.239 V; for pn diode,
V, =0.519V
925 (b)N; = 1.24 x 10" ¢m™3 (£)0.20V
927 (B ¢pso = @,=0.138V
Chapter 10
103 (@) lg =32 x HOM A (b)Y (D) ic =775 pA,
(i) ic = 0.368 mA, (i) ir = 17.5 mA
105 (a)B =85,a=0.9884.iy =516 puA;
by =53.a =0.9815,i =2.70 mA
107 (b)lc =4.7mA
10.9 (a) PEn = 4.5 x 10 cm"J,
ngg = 2.25 X 10* em3,
peo = 2.25x 10° em™3
b)Y np(0) =6.80 x 10" em—,
pe(0) = 1.36 x 10" cm™
1011 Assumeexp(Vgg/V,) > coshixg/Ly),
(a)0.9950, () 0.648, () 9.08 x 107°
1015 (cYForxy K Lg, Jxp)/J(0)=1;
Forxg =Lg =10 um,
J(xp)/J{0) = 0.648
1017 (a)Vey = 0.70V, (b) Vee(sath =0.05V,
(c)3.41 x 10" holes/cm?,
(d)8.82 x 10 electrons/em?
10.19 Ve =048V
10.21 (o).’c = 174 pA, (b) a = 0.9067.
=136 mA, (c) Ir = 19.4 uA
1023 (@ LB, Nno Dpoxp
(A) N(‘ Dn XE
.. (IT(B)
(”)y(A) 2y ()—— (A) =1,
(u'):%g)) | +5 L ; () neglect
changesin space charge width,
—Vae
. 8(B)
® s(a) ! eDgnpg

APPENDIX G Answersto Selected Problems

() Js; = 1.3 x 10°% Afem?,
(d)V, = 0488V
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10.25

10.29
10.35

10.39

1043

10.45

727

iz
(d) DeviceC
By Io = 1.19 mA, /z = 0.829 mA

= SS {c)for Vgg < 0.4V,

recombi naI|on factor will be the limiting factor in
current gain.

(@) xp = 0.742 pm, (b) S = 0.9999994

(a) V4 =47.8V,(b) V, =334V,

(0 Vs =190V

() R =893, (A} V = 893 mV,

() 70.8 percent

(¢) Total solution is
E
where A = ¥ and

BVepo = 221V, Ne = 1.5 x 10" cm™?,

xe = 6.75m

(a)V,, = 295 V: however, junction breakdown
for these doping concentrations is ¥y = 70V, 50
punchthrough will not be reached.

1047 (a) iz = 0.105 mA. (b) I =119 LA,
() 1" =10.14 nA

1053 fr =509 MHz

Chapter 11

111 (a)ptype, inversion; (#) p type, depletion;

113

115

117
119

(c) p type. accumulation: (4) n type, inversion
(a) By trid and error,

N, =327 x 10" cm™?

(b ¢, = —0518 V

(a) Ny = 4.98 x 10" em™?, (b) cannot use p+
poly gate, () Ny = 3.43x 10" ¢cm™?

Q. /e =12x10" cm™?

Vip = 144 | ¢y, {a) Vip = —LT6V,
(0)Vyp = — 171V, (¢} Vrp = —0.502 V
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APPENDIX G Answers to Selected Problems

By trial and error, N,, = 1.71 x 10'® ¢cm™
(@) Vig = =1.52V, (b) Vr = —0.764V
B, = 111V, (c) Viny =+0.0012V

(a)C,, =8.63 x 107% Fiem?,

Cr, =342 x 1078 Ffem?,

C., = 0797 x 1078 Flem?,

C'(inv) = Cyy

(b) Same as {a) except C'(inv) = C..
(¢) Vrp = —0.989 V

(a) AVreg —1.74 V,

(h) AVpg = —0.869 V.

()Y AVrg =—1.16V

(@) ntype, (b) tx = 345 A,

() @), =1.875x 10" cm™?,

(dy Crrp = 15h pF

Vs = 1V, Ip(sat) = 0.00592 mA;
Vg = 3V, I (sat) = 0.716 mA;

Vs =5 V. Ip(sat) = 2.6l mA

Vi % 0.2V, ity = 342 cm*/V-s
(W/L =147, () W/L =257

(@) gme = 0.148 mS, (b) g,., = 0.917 mS
Vs = 7.92V

(@) fr =5.17 GHz, (b) f; = 1.0 GHz

Chapter 12

12.1

12.3

12.7

Ip =107 exp ((2‘_/‘;')5‘4 ) r = (1005,
P=1Ir. Von: for Vs =05V,

inp =9.83 pA, IT =9.83 1A,

P =492 uW: for V5 = 0.7V,

Ip = 0.388 nA, Iy = 0.388 mA.

P =194 mW;for Vs =09V,

Ip =154nA. Iy = 154 mA, P =77 mW
(@) AVps = 1 V, AL = 0.0451 um,;

AVps =3V, AL = 0.122 pm;

AVps =5V, AL =0.188 um;

(b) L = 1.88 um

(a) Assume Vyg(sat) = | V then

L =3 um= E, = 3.33 X 10® Vicm

L =1 um = Eg = 10* Vicm
L=05um=E,=2x 10*Vicm

(b) Assume ji,, = 500 cm?/V-s,

v = i, Bgy.

L=3pm=v=167x 10°cm/s
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12.13 {a) Both bias conditions. [, = ki,
b) P~=Kk?P
1215 (a) () 7p = 1.764 mA,
(it} Iy = 0.807 mA:
(b) (i) » = 8.82 mW, (ii) P = 2.42 mW,
(¢} current: 0.457; power: 0.274
1217 L =159 um
1223 AVyr = +0.118V
1227 () Ve =13V, (b)V; =5V
1231 L =0.844 um
12.33 (a) Vy = —0.478V, (b) implant acceptors.
D; =425 x 10" ecm™2
12.35 (a) Vy = —0.624 V, (b) implant acceptors,
D, =437 x 10" em™2, (¢) V7 = 124V
12.37 (a) ¥y = —1.53 V; enhancement PMOS,
(b) implant acceptors,
D, =413 x 10" ecm ™2
1239 AV, =-209V
Chapter 13
133  (a)Vp =4.91V.(b)for Vg =1V,
(iya—h =0.215 um,
(iiYa —h =0.0653 pm,
(iiiya —h = —0.045 wm (zerodepletion width)
135  (a) Veg = 15.5V. (b) Vg, = —4.66 V
137 () Vo= 1.863V, ¥p =0511V;
) (hHa—h=445x 107% cm,
(i)a—h=170x 10-% cm
139 (@) For Vps = 0. Vy5 = —1.125V:
(b For Vp, = 1 V. Vg5 = —0.125V
1311 Vg5 =0,g, = 0.523x 107%; V55 = —0.53V,
24 =0.236 x 1073, Vs = —1.06 V. g, =0
13.13  gn (max) = 1.31 mS/mm
1315 (a) Vpg =259V, Vs =—178Y,
(k) depletion mode
1317 Vps =0,a— it = 0.716 um;
Vps =2V,a — h = 0.545 pm;
VDS =5V, a - h= 0.410,{11‘1‘1
1319 N, A~ 545 x 10" em™?
1321 (@) V,, =0.612V, ¥pg = 2.47V,

L=1pum=v=35x 10°cm/s
L <05 um= v= 107 crov/s

Vy = —186V, Vps(sat) = D.858 V,
(b) add donors, N; = 1.64 x 10'¢ em™;
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Vp, =0628V,V, =387V,
Vis(sat) = 2.87 V

13.23  (a) W = 2h.4 pm: (b) for Vs =04 V
Ipi =788 pA;for Vg =0.65 V.
Ip(sat) = 0.56 mA

13.29 (a) With velocity saturation.
I'ni(sat) = 4.86 mA; without velocity
saturation, {p; (sat) = 18.2 mA

1331 (@) t; = 20 ps, (b) 1 = 20 ps

13.33 (a) g, =2.82 mS, (b) r, = 887 2,
() L =0.67 gt

1335 (g} f+ = 755 GHz, (b) /7 = 159 GHz

13.37 (&) g/ W = 502 mS/mm,
(b) Ip)(sat)/ W = 537 mA/mm

Chapter 14
141 (@)a=124/E
(i) E=0.66 =A=188um
(NE=112=A=1.11um
(i) E = 1.42 = A = 0.873 um
(h) (i) A=570nm = E =218 eV
(if)A=700NnM= E = 1.77 eV
143 dn=g't =144 x 10" em™?
145 ) x =1.98 gm, (b) x =041 um
1411 [, =500 mA, V, = 0577V,
l,, =478.3mA. P, =276 mW
1413 Forhv =17eV,x =23 um;
Forhv =20eV,x =0.23 um
14.15 (a)ép = b6n = 10" cm™>.
() Ac =132 x 107 (-cm)™',
(c) Iy =0.66mA. (d) [, = 4.13
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1417 (a) J., = 9.92 mA/cm’,
(b) J; = 0.528 Alem®

1419 W=I1lum=J, =415 mA,
W=10um= J, = 152 mA,
W =100 gm = Jp = 16 mA,

1421 0.625 < X < 0.871 um

14.23 () 8.83 percent, (b) 5.95 percent

Chapter 15

15.1 I, =533A

15.7 Vee =25V

159 (a7, =184A, 1, =166A I =151 A
P =609 W, P, =548 W, P, =4.98W
(b)0,=216A, 1, = 1.08A, Iy = L7TA;
P =838W. P, =419W, P, =685 W

1511 (B
() Vos =5V.Ip =025 A. Vs =375V,

P=0938W

(ii) Vs =6V, Ip = L0 A, Vs = 30V,
P=30W

(iii) Vas = 7V, I, = 225 A. Vps = 175 V,
P =394W





