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EE 121B Quiz 3 Solution

You have 1 hour to finish the quiz. There are 4 problems (8%+10%+12%+70%).

Use T=300K unless specified otherwise. Make appropriate assumptions when necessary.
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Hyperbolic functions

Hh() = S(eF—e ) = v+ s T B =S en =14 Xy

sin (x)—z(e —e )—x+§+a+... cos (x)—z(e e ™M)= TIRY
sinh(x) cosh(x) _ _
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UlD:

What is different between 2 back-to-back diodes and the npn BJT? Draw the npn BJT model that
is based on 2 back-to-back diodes. What is this model called? How does the model take the into
account the difference between 2 back-to-back diodes and a npn BJT? (8%)

Solution: OR'R

The npn BJT is two back-to-back diodes I l
that interact with each other. For E I Vi ' ¢

example the “forward active mode” of ,'<,‘

two back-to-back diodes will essentially 7 Iy

be one diode “on” and one diode “off”. Vg eV
PN IAT . Ip= ’/?,\‘[C"P (_ - ) - I] Iy = ’(‘.@[L’XP( % ) - ']
The “off” diode does not pass significant KT kT

O O
current. B

AVAS

The Ebers-Moll model uses 2 back-to- Figure 12.37 | Basic Ebers-Moll equivalent circuit.

back diodes, but it adds two current sources that are individually coupled to the diode on the
other side. So now the two diode parts can effectively interact with each other considering the
current source in the model.

Draw the I-(Vg) characteristics of the npn BJT. Show the cases of cutoff, forward-active and
saturation in your plot. Show the effect of increasing Iz. Show the Early effect and label the
Early voltage in your plot. (10%)

Solution:
Vi ;
. . C . Increasing I
Forward-active region —— o
] e
Saturation region {4 / |
g = -/ J "‘
—I’f_’;:—"‘ c J /
’_,.—’:..’-’::-::—" ] !
B 1 ¥ |
| guES===—= 7 /thoff
—Va VCE
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3.

UlD:

Draw a p channel MOSFET and show the lateral BJT it has. What is the type of this BJT? What
role does this BIT play in this MOSFETs operation’? What limitation does this BJT impose on the
MOSFET operation? (12%)

Solution: 0
Consider the source as the emitter, substrate
channel as the base and the drain as the / /

collector.
pr P |

The lateral BJT is the pnp BJT.

This BJT is responsible for the subthreshold n
drain current of the MOSFET. At subthreshold,
the gate is (slightly) negatively biased, source is
grounded and the E-B is forward biased. As the

drain voltage decreases, the C-B junction is l
reverse biased and the current in this BJT Body (B)
becomes the subthreshold current of the

MOSFET.

This diffusion nature of the BJT’s forward-active current limits the subthreshold swing of the
MOSFET to In(10) kq—T ~ 60mV /dec at 300K.
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r

UID:
n*t Emitter p™T Base n Collector
We Wg ’- We
| N |
| aB |
Nag, Dpg, Dng | DD | Nac, Dyc, Dnc
i pB'“nB ||
TpE) TnE l l TpcC) Tnc
| ‘1' T |
: pB’ *nB ||
x' = xg x¥=0x=0 X = xg x"'=0 . x" = xc
x' x x'

4. Along-emitter, short-base, long collector n**p*n BJT with a constant cross-sectional area of 4,
has the doping concentrations N, N;g and N, in each region. The diffusion coefficients and
the carrier lifetimes are Dyg, Dy, Dy, Dnpg, Dpc) Dnc @nd Tpp, Tng, Tpg) Tnes Tper Tne- 1L S
operating in forward-active mode by Vg and V.

Answer the following questions with the parameters and dimensions given in the figure. You can
make appropriate first order assumptions and approximations. (70%)

a.

What do you know about Vg and Vg in this forward-active BJT? Sketch its band
diagram. (8%)

Solution: Forward-active means B-E (pn) is forward biased and B-C (pn) is reverse
biased. Therefore Vg > 0, Vg, < 0.

Forward active

What are the limitations on Wjy for this short-base BJT? (8%)

Solution:
Because xg > 0, so Wy should be larger than the depletion width in the base region
1/2 + {ZES(Vbi'BC+VCB) (Ndc }1/2

2
Nap

26s(Vy; pr=VBE) . 1
Wg > xppp + Xpc5 = { PR (_NaB)}

Also W < L.
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c. Tothe first order, derive the excess minority carrier profile in all neutral regions. (14%)
Solution:

To apply the ambipolar transport equation, we can assume E = 0 in the neutral regions.
The generation and recombination g’ can be neglected and in the steady state the time
differential term is zero.

In neutral base (p) region, the minority carrier distribution follows the ambipolar

2
transport equation D,z %AnB (x) — AT;L(JC) = 0, with L25 = D,,5Tgo.
Bo
The boundary conditions are Ang(x = 0) = ng(x = 0) — ngy = nge[exp (qz%) —1]
and Ang(x = x5) = 0 — ngy = —ngo.

Because it is short-base the profile of the excess minority carrier is approximately linear

Thus Ang(x) = ng, [exp (qZ§E) — 1] — é [ngo [exp (qZ§E) — 1] — (—npo)]

= n—iz{[exp (q;:%) - 1] (xp —x) — x}.

NgpXp

In neutral emitter (n) region, the minority carrier distribution follows the ambipolar

. 92 A ! .
transport equation Dy, ﬁApE(x’) - @ = 0, with L%E = Dy Tro.
Eo0

Boundary conditions are Apg (x’ = 0) = pgo[exp (qZ§E) —1]and Apg(x' > xg) =0

Because it is long-emitter, the excess minority carrier is approximately exponential

2 12
The solution is Apg (x') = 1\7" [exp (‘i?) — 1]exp(— Lx—)
dE PE

In neutral collector (n) region, the minority carrier distribution follows the ambipolar
. 9? p Apc(x'") _ . 2 _

transport equation D)¢ ﬁApC(x ) — T T 0, with Ly,c = DpcTeo-

The boundary conditions are Apq(x"" = 0) = —pco and Apc(x"" = xc) =0

Because it is long-collector, the excess minority carrier is approximately exponential

n

The solution is Ap-(x"") = —

2 X!
—exp(——
N P
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d. Sketch the profile of the minority carriers in this device based on your solution from (c).
Show the equilibrium concentrations in the sketch. (8%)

Solution
ntt Emitter pt Base n Collector
Wg Wg We
T T
1 1
i ng(x) i
' ' B . Pco
pE(x ) 1 n 1
P | R N : pc(x)
: i
1 1
x' =xg x'=0x=0 X =Xp x"=0 x'"=x¢

e. Assume negligible generation and recombination current. Let the current going into the
device to be positive. Derive the current in each terminal I, I, Ig. (12%)

Solution:

The current at the emitter and at the collector can be derived using the similar
argument used for diode current derivation. Then we canuse KCL Iz + Iz + I = 0 to
get the current at the base terminal.

d d
JE :]n(x =0) +]p(x, =0)= qDnp aAnB(x =0)+ quEWApE(x, =0)
2

2
n; qVeE n; qVsE
Iy ~ —qAD - ( )— AD
£~ —qADns o exp (T 94Dpe N Ly exp(— )
Similarly,
14 a a n
Jo =Jn(x = xp) +]p(x =0) =—qDyp ox Ang(x = xp) + quC e Apc(x" = 0)
2 2
n; qVgE n;
I ~ qAD : ( ) + gAD,, ——
Cc q nB NanB exp kT q pC NdCLpC
2 2
n; qVgE n;
Ig = -1y — 1, = gAD L ( )—AD—
B E — 1lc = qADpEg NagLpg exp kT qAaUyc NacLpc

f. Based on the derivation from (e), what is the common emitter current gain of this BJT?
From a device designer’s perspective, how can you improve it? (10%)

Solution:
AD nis (qVBE)
B = e _ UAZnB N px5 “PURT ) DppNaglpe  DnpNagy/Tpe
_IB~ niZE qVsE B DpgNapxp " /DopN,px
pENGBXB
qAD,E Naglog exp( T )
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UlD:

We can increase the difference in the doping level of the emitter and base to make
larger Ny /Ny and decrease Dy, /Dy at the meantime.

We can make the base shorter (within the limitation)

We can use other materials in the emitter that has larger T,

Based on the previous derivations, how can you show the Early effect? You don’t need
to get the exact answer but you need to show the equations to use and the result to
expect. (10%)

Solution:

1

; vV 2e(Vy; gr—VBE)
secase e~ 04D s exp (128) 5y = W (072 () -

Napxp kT q aB
{ZES(VM'BC+VCB) Nac }1/2
q Nag
As V¢ increases for a fixed I, the forward bias on the B-E junction stays constant but
the reverse bias on C-B junction increases and consequently increases the depletion
width of the C-B junction and decreases the neutral base width.
Therefore,

61(; _ alc 6xB
BVCE B axB 6VCE
1

1
__ I_c d W — {ZES(Vbi,BE = Vge) (i)}E B {zes(vbi,BC +Vep) (%)}E
xpdVeg\ P q N q Nig

1
_ Ic o 2€5(V ) pc + Ven) (Ndc> 2
T xpdVgg q Nzp

1
Ie 0 (26,50 +Ver =Vir) (Nyo\ |2
_Ic < bi,BC CE BE (ﬂ) S0

xg WVcg q NZp

Thus, I increases as Vg increases and the BJT has a finite output resistance.
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