EE 130 MIDTERM SOLUTIONS

IC Devices

Problem 1: Semiconductor Fundamentals [20 points}]

Consider a silicon sample maintained at 300K under equilibrium conditions, doped with the following impurities:

Phosphorus: 5x10'¢ cm™ = N«
Boron: 5x10'¢ cm™ = Na

a) What are the carrier mobilities in the sample? [4 pts]

Nat Ny = 107 em=3

From plot on Pa{;e ', M= 750 cmz/V'S 7P'n= 750 0"”7'/\/’5

Fall zooo
Prof, Kin g
Handout¥*30

and //'P = 300 GMZ/V'S pp= 300 GMZ/\/‘S

'b) What are the electron and hole concentrations in the sample? [4 pts]

Na- Ny =0 ("HL dap/‘nj concentraon Is e'Cra)

:':-) n= P = ‘/1"

7 0
n= /0’ &mf3

p=_10"° cm -

'¢) What is the conductivity type of the sample? [2 pts]

The SAm/a/(, s Intrinsic

‘d) What is the resistivity of the sample? [4 pts]

Q= 2Nt LA P = (1t 0 )1,

: ’ 5
I,éx/o"‘i(‘750.,500)(,0;0) = 5,95 x 0 JL-em

P O X IOK.Q/'OM
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Problem 1 (continued)

e) What is the mean scattering time for electrons in the sample? [3 pts]
Assume m,, = 0.26m,. Note: 1kg-cm?/V-s/C=10"*s

I
A

Mnmn (750)(0.26Xx9,1x10”%")

= Y = T =

r's Jiéxr1o0-'1

'f) What is the hole diffusion constant in the sample? [3 pts]

kT

W\

o 1x 1077 kg em*/V-s JC

=//x1074

= 0,//P5

Tmn

Dy = Gt = (0,026)(300) = 7.3 em™)s
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7~ Problem 2: pn Junction: Electrostatics [25 points]

Given the following electric-field distribution inside an ideal Si pn step-junction maintained at 300K:

2e . < & (Viem)
aﬂ esc -0.1 0.1
e- >0 = jonized doners x (um)
. /.6 X10°
=) 5 N | e =
Q(O tonized occepfo 4 < s/epe eppperas 1.6%10"°V Jem
Slope is aF -1.6x103 = N4
ﬁmg m}mﬁrdg €s,
asfor 0<x<0.,Y
a) Sketch the doping profile of this pn junction. [6 pts]
Ng- N, (cm™)
"1‘
10"
01 T o1
} : + > x (um)
N\ 1
-10"
I
_ Eg X slpe (10°*)(1.6x10"") |
Na = Ny = 19 = /0" om-3
7 1 éX10°
b) What is the built-in potential of this junction? [4 pts]
Note: (kT/q) In 10 =0.060 V at 300K
KT, NaoNa kT, 10°" kT " kT,
= = 0 =1 _—A 10
A S % = Loy tly 4]
= 1% (0.060) = 0.84V
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‘Problem 2 (continued)
¢) What is the applied bias ¥, for the given electric-field distribution? [3 pts]

~ Arvea under the TIX) curve = c;b v,
Area = 3‘2‘ (o.z;w"f)(./,é;,o;} =/,6V

>//é = 9%,"’\/0»

B -6 =08%-16=-0.7¢V
v-_ — 076V

“d) Sketch the energy-band diagram. Show the positions of the quasi-Fermi levels relative to E; and to each other on
both sides of the junction. [S pts}]

p-side n-side
€ e
N
‘ (6, -E0)=kT4n 7
E;P 10#29,\/\ )
Ev 0.7beV
W€
v gc
0,42V fn :
(E;-Ep)=kTbn= \ -7 —-———— E. Efp'E-F "}v””
€ = 0. 7bLev
1 v

€) What is the junction capacitance at this bias? [3 pts]
Under reverse bias, diffusion capcrtance is ncj/jlé/L/ Pherefo re Junehon
Wac/'fm\ce s Comprdt( of 0”/9 The ﬂ/tp/eﬁan capacnl'ahce,

Es. jo~"?
Ci= Chep = T3 =

- = 5)(/0 T:/Crn
Wdep  0,2x0-t ¢-_50nF[em*

:1) Calculate the reverse-bias breakdown voltage, assuming that the critical electric field &,,;, is 5x10° V/em. [4 pts]
g,= 2(Pu V) Jng; ~Va)/ NeNt ) - [3(i-vN
Wdep €s; =%

When Va=Vg | €, 2 &y
7 (¢¢,,'+V IN
fcr/‘l' = ﬁ‘——e:—i)*

, és.' 2
\/3 = N icrz'f' - ¢b¢'

40""

= Gara o) (S110°) "= 0, $5Z 14,8 V

VVB= /9" 2 \/




‘Problem 3: pn Junctions [35 points]

Va) The minority-carrier concentration profiles on the n-side of two ideal Si p*n step-junction diodes maintained at

300K are pictured below:

NG
A

Diode A

‘Diode B~

Xn

‘Check the appropriate boxes in the table below, and provide brief justifications for your answers. [20 pts]

‘parameter is
Diode Parameter largerin | largerin | same for | pyjor yustification
Diode A | Diode B | each diode
Ny dpy ,
Diode current density V4 _&;;—J is )q ger ‘A? v Diode 8
%= Xn

Doping N, (n-side)

7equ[’ibrl-wm valye 07£ P (X)

n;
Ny

is the same for
both oiodes

Hole lifetime 7 (n-side)

7PN (x) has a longer LP, for

Divde A, Lp= V0,7,

$4m Z\ofor bo‘h\ //;/(I/
' Va/kT .
: PN (%) = Pro e? alk Is )A/gcr
Applied bias ¥, \/ - -Fp - D,O a’e ) A
v

Storage delay time ¢,

@ Stered miaorhy cacrier chasge
j(Pd(x)' Pro) oX s largec
% +or Diode A

SI}ML ?\L{
is the sam¢
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'Problem 3 (continued)

b) Consider the Si p*n step-junction diode below. The doping on the n-side is uniform, but the minority-carrier life-
time 1 is infinite in Region 1 and has finite value 7, in Region 2. Assume that the depletion width W, is smaller
than x;, and that the length of Region 2 is much longer than the minority-carrier diffusion length L, in Region 2.

Wdep
> e
p+ n n
+V, Region1 Region 2
= infinity 5=
! LP=L2 -
Il 1 LS
,I L T x
0 Xy X2
| ! - | >k-"'=x'Wdep
0 X x>

i) Write expressions for the excess minority-carrier concentration in Region 1 and Region 2. [5 pts]
Note: You should express your answers in terms of several position-dependent parameters. X
o _p Ol _pi oy 0P

Region | i minorty-carrier diffusion equation ot ~Dp s - W% " De sz =0

Gene(@( So/uh}an ;S PN/(Xl) = c’ %’,&— Cz KOO
| - . opd P p
Qegion2 wineridy-corrier ditfusion epuation: S =D, S PY _ s

: /
GQVIC/AJ §o/u+/ﬂn Is 'P,\/( ()(/) = CB e—;(/L2+ le C)(/Lz where
=D,
Region 1: py'(x)= C/ X'+ Cs L =V5T,
- ///-2.

-X/La
Region 2: py'(x") = Cg € + C‘f €

“ii) Sketch the excess minority-carrier profile in the quasi-neutral n region under forward bias. Specify the boundary
conditions at x" = 0, x; and x, . [10 pts]

PN : _ ,
A : (x) must be conhnuous a X=X
[ 4

e AP ok be continuous at X' =X
:/ 0‘)"

()= 0

- - L > x'=x-Wap
0 Xy X3

4 boundaro cand/‘fwns - Ca*‘ SO/I/t ‘A" cl J c& ) VC? and 07'
(These will be deﬂ\‘f"'”/”‘f an 4') Page 7




Problem 4: Metal-Semiconductor Contact [20 points]

Consider an jdeal Schottky diode maintained at 300K, made by depositing tungsten (g #,= 4.5 eV) onto n-type Si.

~a) What is the work function of Si, if N;= 1017 em™32 [5 pts]

Ep-E; = KT4n Nd ot b G = 7 (kT4n10) = 7 (0,060)= 0,42 eV
t v

10'°

|
Ec-Bp =26 - (Ep-E)=0.5¢-042= 0. eV

E pusesm— Y ] E.- .
e V.= X+ %EF = 405+ 0¥ = 4,19V
Er

wy=_ 419 Y

7b) What is the Schottky barrier height? [3 pts]

c?an - VM - XS( =45 405 = 0'%5/\/ 7

V¢Bn= l0' 45—\/

¢) What is the built-in potential? [3 pts]

E(,’E-F - -
¢b£ - ¢Bn - ?, = 0,45 -0,1% = 0.3l \/

b 0.3V
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Problem 4 (continued)

d) Draw the equilibrium energy-band diagram of the Schottky diode. Label ¢ ¥i4, g s, 9Xsi> 908, and qdy;, as well
as E;, E,, E;and Ein the Si. [9 pts]

2€s; P 2(107*)(9,3))
Wiep = J___A 2l 6.2x107 ¢

(1:6x07"%) (1077)

= 4204
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