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EE121B Mid Term 11.2.15

Assume the temperature T is 300K and the semiconductor is silicon unless otherwise specified.

1. (20%)

A short-based Si p-n junction (width W}, = W}, = 1um) with cross-sectional area A = 0.001 cm? is
formed with N, = 10'%cm® and Ng= 10*cm3. Calculate:

(a) Built-in potential, Vpi. (57

For a normal P-N junction we have

NaNd
Vy; = kT In |~ 081V

i

(b) What are the minority carrier concentrations in P and N quasi-neutral region in equilibrium? (5”)

In p quasi neutral region, the minority carrier concentration is given by
2
n.
ny ~ — = 2.25 x 10*cm™3
N(l
while in n quasi neutral region
2
i 2 00n—3
Po = — = 225X 10°cm
Ny
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(c) When a forward bias of 0.4V is applied, what is the current density for the electrons at the edge of

the depletion in the P region? Assume p,= 600 cm?/V-S, pp = 200 cm?V-S, and t7=1p=25 ps.
(57

The width of the depletion in P and N region is given by

JZE&- (Vy: — 0.4) N,
xn =

—————— =~ 2.3nm
q(Ng + Ng) Ny

— =~ 230nm

v = 2€5;(Vp; — 0.4) Ny
P q(Na + Nd) Na

The neutral region width is can be calculated by

dp =Wy —xy
dp =Wy — xp
qbuni( qV i}
Ja(x,) = (exp——l)z3.7><10 3A4/cm?
S G

The current flows out of p region.

2
_ ﬂ_)~ 11 3
6n—Na(exka 1)=1.1x10"cm

(d) Ignore the recombination/generation current, when the P-N diode is reverse-biased, what is the
saturation current? 5"
As reverse bias >> KT, the saturation current can be approximated

JZESi(Vbi + Vi) Ny

— = 322nm, x, = 3.2nm

X, ~ |—m
Q(Na+Nd) Na

p &

Do Doni
Iy = qA +
e <N‘l(Wn —xn)  No(W, — xp)

) ~82x 107134
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2. (207
A long-based Si p-n junction with cross-sectional area A = 0.001 cm? is formed with N, = 10%’cm3
and Ng= 10%7cm 3, Assume p,= 600 cm?/V-S, pp = 200 cm?V-S, and 1,=1p=25 ps.
(a) At forward bias of 0.5V, calculate the diffusion charge stored in the n and p quasi-neutral region

(57
The diffusion charge stored in the quasi neutral region is given by
n? qv x n? qv 12
Qnairf = qAJn -dx = qAN_anpﬁfO exp (_Z> dx = qA—expﬁLn ~1.7x107C

= Af d Aniz 1 foo X d A— 12 qV 9.9 x 10713 C
Qpaisr =qA | p-dx =q N—dexpﬁo exp Lp X =q ekaT ~ 9.

2
(6n=68p ~ n—"exp% ~ 544 x 10t ¢m™3

Ly, = /Dptn, ~ 1.9 X 1072
L, = /D,7, ~ 1.1 x 1072 )

(b) Find the depletion width and depletion capacitance of this diode when it is forward biased at 0.5V
(69
The built-in potential is given by
NN
Vi = len( ;2") ~ 0.81V
i

2e5;(Vy; =V,
Wd =\/ Sl( bi F) ~ 90.1nm

And the depletion width is

qNaNd/(Na + Nd)
Therefore, the depletion capacitance is

Agg;
Caep = WZI ~ 1.16 x 10~1°F
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(c) Now at t=0, the bias current is reversed and find d‘;—(tt) . (20”)
t=
I(VF=0.5V) \ +
— 2\ v
-I(V_=0.5V)

After time t=0, the current start to discharge the capacitance, as well as the recombination (which has
the same current under the forward bias), i.e.,
av(t) 21 2qAn? ( D, D, ) qVe
. e () 1]

= ~ +
dt |,_, Caep + Cairs (Qn+ Q) \Nalp ~ Ngly kT

q

~ 103V /s

D D qVr
[(Vy = 0.5V) = gAn? | —2 r [ (—) - 1] ~1.1x10774
(Vg ) = qAn; (Nde+NaLn exp\ o= X

3. (20"
Consider the npn BJT below.

(@) Sketch the current components of the NPN bipolar transistor between the emitter, base and
collector. (5)
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(b) Draw and label the band diagrams in the in active, cutoff and saturation mode (20”)
At Ee // N\
E'; » = Tt \\ E( - - ‘:C
! Cin . 7 t'- ? [F "

’/—‘\ \ Et

3 B\ "E 5 Z.

/w\

CL'.“ /s
C—L
G ~——/
= ) % \" Ev K
(c) Draw and label the Ebers-Moll equivalent circuit (5)
T ] 2 T
len %0 o4y Lgg v
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4. (207
A Si NPN BJT has emitter, base, and collector doping levels of 10'°cm3, 10'® cm™, and 10" cm3,
respectively. Assume both the quasi-neutral base and emitter width is 500nm, and the collector width
is large. Approximately consider the widths of quasi-neutral region do not change with depletion
width. Assume electron and hole mobility of 100 and 50 cm?/\V/-s, respectively, in all regions and that
the carrier lifetimes are 1 ps everywhere.
(a) When it is biased in the normal active mode, with an emitter-base voltage of 0.6V, if we have
negligible base recombination, calculate the emitter current density, emitter injection efficiency, and
base transport factor. 5”)
The emitter current density can be calculated as

=0 (gt ) e () 1) 2201050 e
Emitter injection efficiency

1
YBE ® — =~ 0.95
1+(DnWENDE> '
DpWgNyp

As we ignore the recombination in the base region, base transport factor
B=1

(b) Find the emitter(collector) injection efficiency when the collector-base junction is forward biased

(Vr=0.4V) and emitter-base junction is reverse biased. (5)
Since the collector has a long neutral region, collector injection efficiency is given by
~ ! ~ 0.814
YBC ® . (DanCNDC)_l =~ 0.
DpWgNyp

And L, =./D,7, = 1.1 x 10 3cm
D, D

_ .2 P qVBC> ) —5 2
= qn’ n : —1)~12x10754-
JeorJer = ani (WBNAB LpCNDC> (eXp( KT cm
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(c) When it is biased in the saturation mode (Ve=0V, Vg=0.6V, V:=0.2V) use Ebers-Moll model to

find the emitter, base and collector current density. (20”
Let’s define the direction of the current the same way as the one in active mode.
Using Ebers-Moll model and previous calculated Je and Jc, we have

Je =Jen — @sclc

Je =—Jer +agelcy

As B = 1 for both cases, we have
Je =Jen — VecJey = 2.26 X 1072 A/cm?
Je = —Jei +Veeley = 2.15 X 10724 /cm?
Jg =Jg —Jc = 1.1mA/cm?

5. (20
The PIN silicon diode consists of a P-region with doping of N,=10*"cm, an intrinsic region and an
N-region with doping of Ng=10'8cm, as plotted in the figure. Assume the width of the intrinsic region

Wi=1lpm.
(a) Sketch the band diagram of this PIN diode (5)
A
Na
'-> Wi é il "{? —>
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(b) At equilibrium, calculate the total depletion width under depletion approximation and the depletion

capacitance (5)

Built-in potential V;,; = kT - In —N“If‘i ~ 0.87V
ng
(Under depletion approximation, we can have
1qN, , 1qNg ,  qNgx,
ngp 2 & Tt R

Using charge neutrality, we have

qNaxy, = qNaxp =0
So
1 Q? 1 Q? Q
_ Z +=w =V
2qNges;  2qNgesi &g Wi b

Solving for Q

Ng+N Esi g2, .
a d Si Si qESLNa+N

. 2 .
Q= qesi (34 ) |-+ |5+ —“,’J;LNd] ~ 9.1 x 1075¢C/m?)
d
On the other hand, we can do the calculation with approximation when Q is small and wi is large,
Ngx 1 Q2 1 Q2
A a¥n w; > < and = ¢
2qNgées;

&i  2qNges;’
We have Q ~ 2 eg; ~ 9.1 X 1075C/m?

Thus, total depletion width is

_ Qe @
xn+xp+wi—qu+qNa

+w; = 1.006 um

Therefore,
Esi

S~ 1.04x1078F/m?
Xn + xp + w;

Cdep =

(c) When the PIN diode is reversely biased at Vr=0.5V, what is the total capacitance across the diode?
(57

Using the same approximation,

Vit Vg

gg; ~ 1.43 x 1074 C/m?
Wi

Q

_e @
xn+xp+wi—qu+qNa

+w; = 1.01 um

Esi

St 1.04%x 1078 F/m?
Xn + xp + Wi

Cdep =

(d) Where and how would we want to use such a PIN diode? (5%)
In such a diode, we can expect the depletion width is much wider as normal diode, and the depletion
cap remains roughly constant. It is very useful as a light sensor/photodetector or as RF switch.
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Avogadro's number Ni = 6.02 x 107 molecules/mole
Boltzmann's constant k=138 x 1072 /K
= 8.62 x 107 eV/K
Electronic charge (magnitude) qg=1460x 10" C
Electronic rest mass my =911 x 107 kg
Permittivity of free space € = 8.85x 107" F/em
= 8.85 x 107" F/m
Planck’s constant h=0663x10%)s
=414 X 107" oV-s
Room temperature value of kT kT = 0.0259eV
Speed of light c= 2998 x 10" cm/s
Prefixes:
1 A (ongstrom) = 108 cm milli, m =103
1 um [micren] = 107* em micro, p = 107
1om=10A = 107cm nano-, n =107
2.54cm = 1in. pico, p =107
leV=1.6x10") kilo-, k- = 10%
mego, M- = 10¢
gige, G =10°

General Properties of Silicon

Atomic Density

Atomic Weight

Density (p)

Energy Bandgap (Ec)

Intrinsic Carrier Concentration (n;) at 300K

Lattice Constant

Melting Point

Thermal Conductivity

Thermal Expansion Coefficient

Effective Density of States in the Conduction Band (N¢)
Effective Density of States in the Conduction Band (Nv)
Relative Permittivity (&r)

Electron Affinity

5x 10%2cm
28.09
2.328gcm’
1.12eV

1.5 x 10%%m3
0.54 nm
1415 <

1.5 WemK?
2.6 x 10°K*
3 x10¥%m3
1x10%cm
11.8

4.05eV



