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a) We know that
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If we use equation B, = Qw.‘__)‘m .-’(_)‘.“,J_FJ‘,,I for calculation, we will get
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The error rate for this equation is
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So this is a very good approximation.
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We know that
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Sowe can get B, asa function of time as below,

The time interval until [ drops to unity is 88.8 days, and at that time the base lifetime is

1, =1 exp(~t/t,)=1.39x10"s

Problem 3

Sub Collector

a) The grading of composition from GaAs to Al,Gay..As in base and the grading of composition in
emitter can reduce the effect of the spike in the conduction band. Plot ¢ -E-B diagram of BJT and
HBT as below:
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And we can get the depletion width in emitter
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The sketch is as below
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The purpose of the heavily doped sub-collector is to d the resist in collect

To get the quasi-electric field in HBT, we have

x2¢=—Noc e oo Mob o 3‘&[—] fsites )(P},,-Zki") =13nm
N+ Noe Nyg+Npe\ g (Npe Ny

Also, X:‘ =1.4nm
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Also, in emitter, the depletion width is
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which shows the grading region is totally depleted.
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Band gap change over Wy is AE:'" % 00 e
nm



Now since base is doped p-type, Ev is flat, AE. = AE ,
And we get the quasi electric field
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Using 1-D Poisson to verify the result
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b) Inside base, we have drift-diffusion equation
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So HBT has a much larger current gain.
e) The pros and cons of BJT and HBT
pros cons
BIT Cheap Large base resistance
Can't have too high frequency
HBT Large current gain Complex manufacture
Low base resistance
High frequency operation

f) A SiGe HBT is similar to a conventional Si bipolar transistor except for the base. SiGe, a
material with narrower band-gap than Si, is used as the base material. SiGe HBT has a higher gain,
lower RF noise, and low 1/f noise than an identically constructed Si BJT, and higher raw speed
can be traded for lower power consumption as well. So SiGe is mainly used in high frequency
application. Also, unlike other technologies like GaAs, SiGe has the ability to integrate analog, RF
and digital on a single chip using existing CMOS fabs, this leads to massive drive toward
BiCMOS technology. SiGe HBTs can be used in making low-cost, lightweight, personal
communications devices like digital wireless handsets, as well as other entertainment and
information technologies like digital set-top boxes, Direct Broadcast Satellite (DBS), automobile
collision avoidance systems, and personal digital assistants. SiGe extends the life of wireless
phone batteries, and allows smaller and more durable communication devices.



Problem 4 MKC 6.19
2) We know that in the base, we have continuity equation
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And considering steady state, we can get an equation for excess density
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b) Using the expression in (a), we can get the slope of the distribution at x=0 and x=xg, since we
know the relation of current and the slope is
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The difference of the current is caused by recombination, and we can get the expression as

S



——

_ Mo Vg (T _ Xp | _ h X5
- L [e‘ 2)((:0'({1[1‘“] csC [Lm]]

ek ! ~0.974

GN,D,. 107 x lumx8
LN
Ll!

GN,D,, 10" x lum =3
kT _ o | X
e o )
x x
[e"’"““r—l)m [L—i]-&csch(ﬁ-] l

(e"" ~2)(coth(0.18)-esch (018)) v, _ x, _ o
(" ~1)coth (0.18) +csch(0.18) |' L, “Jbr.

coth(0.18) —csch (0.18)| Ve o
coth(0.18) |

1+

JRB
J,(0)

"

gr=-]_

coth
th

=1

=0.984
ay = yay =0.9584

[#4
P =—5t—=23.04
: l—a,

'n

2 [csch[
L

Moo { abeliT Xp | X T
J”:J"(G}—Jn(xajz-;?(e -l)[mth[1] csch[i—]]+

X
L

—coth
b L

Xg

)



Problem 5 (Textbook problem 6.30)
‘ {(Problow~ 6°50)

As indicated in the example, the emitter cfficiency ¥y is typically the factor that lim-
its the size of the common-emitter current gain B in a BJT. Furthermore, as described
above, both bandgap narrowing and Auger recombination limit the improvement in ¥ that
can be obtained by increasing the emitter Gummel number.

We saw in the dwcussmn lcadmg to Equation 6.2.9 mal the gain of a modcm tran-
sistor is limited by reve

mjcclmn is proportional to the hole-density gradient at the edge of the emitter guasl nculrn]
region. ion. Figure 6.6b showed that the slope of the hole density in the emitter region de-
pends on the concentration at the surface of the emitter region when x; << L, the hole dif-
fusion ]r.ngth For a typical metal contact to the emitter region, the excess holc density at
the contact is virtually zero, and the hole-density gradient in the emitter is maximum, lim-
iting the emitter injection cfficicncy and the transistor gain. If the hole density at the sur-
face of the single-crystal emitter can be increased, the gradient decreases: the reverse hole
m_]ecuon decreases, and the transistor gain increases markedly.
sired increase in hole density can be achieved by placing a layer of n” poly-
cry: sta!lml: silicon (polysilicon—Sec. 2.6) belween the metal contact and the heavily doped.
smg]gcg_stal emitter region. The hole density at the single-crystal/polysilicon interface
can be high, reducing the hole-density gradien in.the.cmitier and the tmycrsg holg.injec-

l.l on from the base. The resulting ing n emlller ase the
transistor gain as an order of ma; e\

Several phy\u.a] mechanisms have been suggested to explain this improvement. The
dominant mechanism has not been firmly determined and probably depends on the details
of the fabrication process. One mechanism suggests that a very thin barrier (=1 nm), prob-
ably of residual silicon dioxide, blocks the flow of holes from the single-crystal emitter
into the polysilicon, without severely impeding the flow of electrons from the polysilicon
into the single-crystal emi [This mechanism relies on the lower barrier for electrons
than holes (£, .4 — E 5 < E, g — E, ..s)]. Another explanation relies on the shorter dif-
fidsion length of minority-carricr holes in polycrystalline silicon (with its highly imperfect
crystal structure) than in single-crystal silicon. In both cases, the gradient of the nunor-
ity-carrier hole density in the single-crystal emitter decreases, reducing hole injection from
the base into the emitter and improving the emitter injection efficiency. The fabrication
of this “polysilicon-emitter” bipolar transistor will be discussed in Sec, 6.5, JL—E dj_( ‘;A VW

The theory that we developed in this section applies to dc bias conditions, and the
equations have been derived for total currents. For application to amplifiers, we need | D'ﬁ iy fm ¢ Nl
equations that express the response to incremental changes in voltage around a dec bias n M?
point. We will consider such small-signal variations in Chapter 7, where we derive several . ) :
equivalent circuits that describe transistor behavior in a way useful for circuit design. We | npré  ymap2l!
will also consider frequency effects in transistors at that time. Our analysis thus far has . W
considered only the de (and low-frequency) case. §1‘D ffd N {t& G

Before resuming our discussion of transistor action, we should point out that the
analysis of hole injection into the emitter that we carried out for the case of nonuniform {(Q {K 0’9\' -1 )

carmers

doping applies in general to pn junctions in integrated circuits. For example, the injected
hole current given by Equation 6.2.18 is analogous to the result for electron injection into
the p-type region in the diffused pn-junction diode considered in Sec. 5.6 (Figure 5.19h). sl s QPE ‘T i
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Problem 6 (Textbook Problem 6.36)
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The real reduction in gain can be found accurately by setting Lgr=0 in the expressions
derived above.



