EEI30 FINAL EXAM SOLUTIONS Fan 2000

Problem 1: Semiconductor Fundamentals [30 points]
A silicon sample maintained at 300K is characterized by the following energy-band diagram:

0.3eV 0.2eV
255 - )00oeY/em ; r—s/o,;:,’ '_z“‘/“';'-' IDOO&V/Q.,

slope * 3 0m

a) Draw the electric potential V(x). [6 pts] V(x) = --;— [E ;- E; (;,_ﬂ
e (V)
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b) Draw the electric field &(x). [6 pts] Z(x)= ‘L?L d_.E;_.-m
X
&) (V
o (V(on)
1000 \
of } } { f —> x (um)
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¢) Do equilibrium conditions prevail? Explain briefly. [3 pts]

Y&S' ‘Hnt'. F‘Crmf )CVCI s CorlS'thf 'h"’ougl-owf’ ‘ﬂ.( Sdmplc..
e e e

(There is no net current 'Piaw; df-'F-ﬁ/Sfan current 1S balanced
exactly by dArif¥ current.)
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-d) What are the electron and hole concentrations at x = 4 um? [6 pts] -E L= E TS 0,3eV

7 CEI'E-F)/ICT (0.3 7
P: nL& =,0I0€( /0102'6)2 'o'gw's

L, |
oo 10%° 3
N="p = “pc = 107 cm’

‘¢) What is the electron drift current density flowing at x = 02 [5 pts]
At x=0: E; = E; so the sample is Intansie
= n=n, and Hn ® I‘fOOGrn"/\/-s

rme Po.r-t' (b)' 7€= 1000 V/cm

oty = JHnn € = (16x197")(1700) (10'0)(10%) = 2. 24 mAfem

f) What is the mean free path of a hole at x = 4 pm? [4 pts]
Assume that the hole thermal velocity is 2x107 cm/s, and my=0.39m,,.

At X=4pum: p=Ny = 10'S em

N 3T
Jp %S0 am* Vs = LT

i 7(‘7‘5'0)(0.39x7,/x10'3')
- //‘X/D'Iq

70. OZXIO—Q-'cm = 20 nml

(Kecau that ij-omz/v-.s [C = IOV"'S>

: ’ m
L = ’C'MP Vg, = (/%I)Vfth (2x107)
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'Problem 2: p-n Junction Diode [35 points]
Consider the silicon pn junction dlode below, maintained at 300K with a forward bias ¥, = 0.6 V. The cross-sec-
tional area of the diode is 100 pm

Mp 2400 omY/v:s
' Pt " kT
(LonS* baSC d(l.od(’,) Na=1019cm-3 Nd___1016cm-3 DP - j’ /‘P - 04026(""70)
) 1,=0.1ps Tp=1us 210 om’-/s
. T
Va
()
—/

‘a) Draw the energy-band diagram (showing E,, E;, E,, Eg, Eg), indicating the values of |E- Ej in the quasi-neutral
regions, as well as the width of the depletion region. [12 pts]

The pt side is dcsancrdth) doped = Ep=E, ) 0,060 eV
0“ %t n Sldl) E-Fn = kT’é"( ) k »4)1(,010) = é(szgn’D): 0,363\/

The buibin potential % =3(2)+ —-4,1(,,,,) 0,56+0.34=0.92

2€ o1z
This is a one-sided junchon, so Woep = ;:u(%. -V,) = (,—6;7;-"“”)(,0,‘)(092 0:6)

=2X10°5cm = 0,2 pm

E
E‘.; N EC
‘ - —\‘ ——————————— ';'n
E,; -E‘r N lE
v

75['5;‘, =0.56eV 75,:;55’ 0.36eV

'b) Sketch the excess minority carrier profile py (x) in the quasi-neutral n-type region [S pts]

¥ y : /_ 3Va /KT
At’ 'n\{, w/‘jc 0 4 dep/efwn rLj,pn/ P Nd( ')
. -3 x 102 (0:6/0,020)
FN (tm ) > 7 = om-3
| '?1 7 7 ~ -
TN wotte M Ly =D, v, =Vio(10°4) % 3,2%10%m
/ -
- 32/4m
OI > X
edﬂc of ‘Page 4
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¢) What is the current / flowing through the diode? [10 pts] )
, L kT
One-sided junction under sthong forwara bias (Vo> %

Dp 7»V¢/kr
2
g2 A n; Lng €

1]

T

10 (04, )
2 - /0,026
= (16x107"%) (100 x1078) (10") (38zx0™*)(10%)

5,3x10%p =53 nA&

\t

d) What is the stored excess minority charge (in Coulombs) in the diode? [4 pts]

Qe = I,7, = 53x,077 (107%) = 53 x 0" =53 fF'

€) Calculate the small-signal capacitance of the diode. [4 pts]

ffi .8 1071*
Chep =A Wep = [00%10°7 ———r2p = 5x10°"VF & much smaller
2 s Than Cdité
pp = - 53Xmw0”°
Cdnc - kT C?p T — QXIO"ZF

0.02.6

C = Cdep + Cpipp = R pF
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Problem 3: Bipolar Junction Transistor [40 points]
a) Provide brief answers to the following questions regarding a typical BJT:
i) Why is the collector less heavily doped than the base? Give 2 reasons. [6 pts]

The collector dopihs is rela'h'velg th‘f, jn order Fv achieve e -R:I/ow.'nsg

1, Low collector-junchin deplehon capacitance Cyc
= reduced Ear'g C'chc{', and
improved tansient response hme and cutoff ‘R/eguencﬂ
MZ. H’]ﬁl‘ Co”ec‘h)yjunc-h‘o‘,‘ \area.'cdoaun \/0'+43€ VCBO
=> high collector-fo-emiHer breakdown voltage Veg,

i) Why is it desirable to make the base width small? Give 2 reasons. [6 pts]

A small base width Wg is needed +v
l, 7€nswc that the base hansport factor « is close o |

=> high current gain B = ‘,,':,';

72, minimize %c X (Cess m:'norﬁy— carrier c‘mr‘g(,
stored in the quasi-neutval base region

7-::) -)AAS‘}'CV 754«1;'-}'0/\/}\5 75f€€0(

iii) Would it be desirable to increase the band-gap of the emitter relative to that of the base? Explain. [3 pts]

2 - E5/k'r ' . ) N
Yes ‘ n, « ¢€ 'so an Increase In T4 =D decrease 1 n
7 ) - . - . - T2
<5 A ‘n’i so it s 0/55//419/& +o olecrease n'e
F i€

1 order o achieve _hislo 34{0
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b) Consider an npn silicon BJT of area 4 = 10°® cm? maintained at 300K, operating in the active region with Vg =

0.6 Vand Vep=1V, so that Wp = 0.6 pm. Assume that the emitter and collector regions are long.

Lg ® /0 1g = Jzo(w)
= Lf“f‘,7/um
Wg <<Lg

n+ p

AB C D

Each region of the BJT is uniformly doped: N = 1019 cm'3 Np= 1017 cm’ ,Ne= 1015 cm3
The minority-carrier diffusion constants are D=2 cm?s, DB =20 cm?s, Dc =12 cm?s.
The minority carrier lifetimes are tg = 107 s and Tg=1Cc= 109,

i) What is the common-emitter d.c. current gain, Pr, of this transistor? {5 pts]

T3noring band-gap narcowing due 4o heavy doping — Nig = Nie.

JDETE 7= \/Z)(IO-7 = 45/4m

\

o

PaNgle 2o (10'%)(45x07Y) —
) = - — = 1500
DeNg We Zz (10"7) (0,6 x107%)

Note: In an actual :QTT, bnha(«jap narrowing in The
emiter olecreases ﬁF . A)so) he emitler is uSuaHy short.

i) What are the excess minority-carrier concentrations at the edges of the depletion regions (locations A, B, C and
D in the diagram above)? [8 pts}

ng 0%
Peo = Neg ™ =10 em™>

% /0, :
pe (A) = feo(ﬁ %VEE/,‘E/) = o 6(0 fo.028) . 10" em®  (A)

Emitter region:

7 i z .
Base region: Ngp = %—’;«-: _'lz_:': 103 em-3
Vﬂe (8)= nao(e?v e ) =i W/o'm): 10"%cm3 (B)
Ng (C) = ng, (Ci’v“/”—) T - neor- = 10%em™ ()
) T
Collector region: peo = ‘g“z ;oo::/p;m’3 %Vac/kr
Page 7 Pc(D) ch(e )“'Poo

= =105 om~? (D)



iii) What is the collector current, /? [4 pts]

Dg ¢ Vee fier
I.=9A 5 mo (€ =t

2(!!58!0"’)(‘p") f;%—-ﬂ ('03) e("‘/"ou)

—~ =B6.6x107" A = 0 56 uA

iv) Calculate the Early voltage, V. [8 pts]

Cﬂ_”ta‘f'pr J'HDC'/?-OI‘I H ¢b‘. = %,I _;”_.‘_’_; 7 ?% -sﬁ!_c
h; n;

= 7(0.06) + 5(0.06) = 0,72V

2€g
Welep = J?@u"ﬁc) (R + ~)

- |2tio™) : I

= (mb,, (0712+1) (;',T-;'r;:';,)
g""fs xro-Y cm = .5 pum
€5 107"

Cic* = - = -7
ye Waep 15 x0-Y 6, 7x10 F/o”,z

Ng W ; 190" ) o, ¥
vy 4 ;- & _ (1exi07)(0")( 0.6xr0 )?E

J 6 7x1077

Page 8




‘Problem 4: Metal-Oxide-Semiconductor Capacitor [25 points]
Consider a p+ poly-Si gated capacitor of area 10 pm? mamtamed at 300K.

The Si substrate is uniformly doped with Nd =10'6 cm3, the oxide thickness 7, = 10 nm, and the oxide charge den-
sity at the Si-SiO, interface 9, = 10! g/cm?.

Cox 3,¥sx/p"3

“a) Calculate the flatband voltage, Vg 18 pts] Cox = Tox = 'W = 3.45x10°7 F [om?
7 eJlSt
%51' t == 405 ¥hiz = 5,17 V
9
_EA(M) ( 26V
% = ‘fj’”(m'o) 6 (0.06) = 0.

i
7(5."*5-%7 "755 T 405+0.56~ 0,36 = 4,25V

- 7 &px ) " '/f ) PO ——
\/ :q’p"v/’ — _ _ 107X 1 6x10 B
b= ™ Vs T g T 5uT1-4,25 S = 0:87V
b) Calculate the threshold voltage, V,. [6 pts}]
This is & PMOsS device.
N, = Vg, ~2¢, - VHetezty
Cox
- 4(10°%) (0,26 )(1.6Xx107%)/ 10 '€
= 0.87 - 2(0.26) - V4 (10%)(0,36) (16x107%) (10 )

3.45x10°7

)

T voltage dropped across oxde
VoMage dropped
in Si
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¢) Draw the high-frequency C-V curve for this capacitor, indicating the maximum and minimum capacitance values
on your plot. [8 pts]

- '4 2 b
"wdmmc - -——--—~e,' ¢B 4———'—-—”0 )(0:2¢) = 3)(!0’5'6»;

9 Not (1:6x07)(10%)
- gk wdmd-x 3xi0-S _
Cmin s ‘c.! * ] [3&5“,0? IO-"'] = 3,0X 10 . F/mz.
C (F/om?)
A
( rnufhpib by A= =107 %m?
- (_ v obtain C in unik of Famds )
//.
-3 :
B0 | 5.

VizgV' V087V

d) Draw the energy-band diagram of the MOS structure at threshold. Indicate the amount of band bending in the Si
(94 ) as well as the band bending across the oxide (gV,, ). [8 pts]

R ﬂnﬁhe‘d) Vg SOV =Vt Ps + Vox

? ?
-0,7Z% - 0.4
—# 0, 1%eV
o e e
\ IO.TZ eV
. E.
E'J;m: E\r \ Yo EB
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Problem 5: MOS Field-Effect Transistor [40 points]
a) The figure below shows the I, vs. V4 characteristic of a long-channel nMOSFET maintained at 300K. The gate-
oxide thickness T,,, = 10 nm and the channel length L =2 pm. Assume the body-effect factor m = 1.2.

2]

J, (mA)

P,
V.V
i) Estimate V; . [3 pts]

From ¥he curve for Vs =4V, Vyur 23v => Ve= 4= (12)(3)= 0,4V

From Yhe curve -&r VSS =2-V/'Vd‘m;t§ 1V =2 V= 2-(12)0)) = 0.3V

ii) Estimate the electron surface mobility for ¥, = 4 V, using the universal effective mobility model. [3 pts]

Effechve verhcal electne felol is Vast Ve 0.2 2 1 A40: 102, i : ‘HW'
6 Toxe 6(1oxmw?) - 077 HVfem

From Yhe plo* on Pagc H /u_,,; = 300 cm*/V:s

iii) Based on your answers to parts (i) and (ii), determine the channel width W. [4 pts]

_€ox  3ysni0?
FDf VJS - 4V, Id‘ai = 2.2 mﬂ CGXC,- -Toxg,-

tox 077

= 3,95%10"
Flem*

W
Ids::t = ZmL/a”" Coxe (Vss"'v.t)z

_ __ZmlTa  2002)2xw ) 28x073) 3
> W Hns Coxe (V3s-Ve)l* ~ (300)(3.45x1077)(4- 0,%)* =-lox 1o o s m/“""l

iv) For what channel lengths will the effect of velocity saturation be significant (i.e. resulting in a reduction in I,
by more than a factor of 2)? [5 pts] VS 5 - V*

Ve)oci-}v saturation will be 5;3::;#:0»* for L such that Esatl €

. _ 2Viat 1(’34'0‘) ¢
Esat = = 200 =5.3x10 Viem
(V,:’\/“') 3 : 5','7)”0-50"‘1 = 0157/‘4”‘!

m Esat = 530"

Page 11/, veloohy saturation in,m..,f for LE 05T pom




7b) Short-Answer Questions:
i) What is the “short-channel effect” (why does it occur)? Describe 3 ways to reduce this effect. [6 pts]

V.
Reduchon in \/f with a/ecreasin_g L 7 At'
as o larger pereentage of Hhe /
0/€p/e+ion oharge in the channel Is ¥ S
Suppar'ha( b:) the source and drain |

pn junchons, rether +han by +he 3a:fe.

Meﬂwds o\c ru(«cing 7"V+ roll-of "

1, Reduce
2, Reduce 5/ J'unc-h'on depth Ix

8. Increase channel a’oping concentration

ii) How do parasitic source resistance R and parasitic drain resistance R; degrade MOSFET performance? [3 pts]
6 / Hransistor
RS f( ;'I;\\ Rd
{
E ~ - é_
T ye Tos

When the hansistor is on, voltage is dropped Across
Ry anod Ry . Thus, the gate-fo-source bias app/ied

-}v the 7‘)Y4n$/'51‘oy /s reduceAd b_‘? Tys Re . Likewise

/

e dka,'h,%pvsa“ycc bras o:pp/:'ed +> Hhe “ransistor
Is reduwced bg T (fg-l-,ea/), These reduchons result
in lower drive current I, (as Compared o the case

where Rs= Ry=0 ).
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Decrcasin3 ﬂx\’, = ’increasinj coxe,

‘¢) Indicate in the table below (by checking the appropriate box for each line) the effect of decreasing the gate-oxide
thickness (7, ) on various MOSFET parameters. [16 pts]

] | ) i ]
MOSFET parameter increases | decreases trl::nszl:lse Brief Explanation
Am % Coxe
Transconductance v
(8m)
_ _ \! ?-Nazes o |
Body effect parameter Y = ’
) v/ Coxe Cone
A is not dircc*Hb ablected
Channel-length ) -b(_/) 'rbxe, but wn be aiﬂid’d i\\/a‘k,
modulation parameter 4 e Vg
w P \/ :.\ s resalts.
s J t nt
P fn'nd.-offpw'n‘f'
located where Vs-'V;‘\/.g
Pis term
] ] ¥ Aecreases
) with
| Subthreshold swing \/ Q= EA 10 /H g%‘) ihcrus[nj
S 2 \ CD
() [ Coxe
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'Problem 6: Metal-Semiconductor Contact {25 points]
a) Short-Answer Questions:

i) Explain why a Schottky-barrier diode switches very rapidly (as compared to a pn-junction diode). [4 pts]

_’ﬂ»ere IS no S‘forajc of excess m/‘norﬁy carriers
in a Schottky diode ; thus, $here is hno hme
de149 associated with the build-up or removal
of minority  carriers when a Scl\a-ij diode Is
temed on or O,C_,l’/ VCSpUﬁVelg.

i) Describe 2 ways to achieve an ohmic metal-semiconductor contact. [6 pts]

In oan ohmic con-fa.d', Carrig¢yrs CAn 7Lunn¢[ Info
and ont of the semiconductor very eas:llg'
The contact resistance is depem/u\{’ on the

SClﬂo‘H'ky bAYi’ili’ h€i3)’\+ ¢6 RHP{ %& 5'(”1/.00’77/“5_/?f
doping concentvatfion

Hé
Qoo € e NN

rﬂwe rcﬁ;rc, ')v achieve V/OW Kc (er jaoa’ 704m:'c c&'n*f'ad’)}
W¢E  tan
1 -Increqu- the setmicondncter p/o,o/nj concentration
ot The contact

2. Select an 7AP/V0")H'47/'L metad such hat P is Jow,
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2 P*fypc semi condu ctor

b) Consider an jdeal Schottky-barrier diode mamtamed at 3001(, ade by depositing tungsten (y,,=4.6 eV) onto a
silicon substrate which is doped uniformly with 10'> cm™ Bofon. The minority-carrier lifetime in the Si is t.

i) Draw the equilibrium energy-band diagram. Label , ¢ ¥;, qXsi> 9#p, and q¢y,;, as well as E,,, E,, E;and Ein the
Si. [12 pts]
€

I
7 =‘—"‘.4,( m,,) <=5 (0,06) =-0.3 v % sl
& R
¢8p= Asi + (})‘* Tif"*“.-; 405+ 112-44 = 0.57v

P = 3’5" V) ¢’r 1%1] = 0,57~ (b,se-a.s:l

g sl T - “" = 0.3 Y
posev ¥ = BleV
__ Ay
& 059V ]|, ——— €y
a.mv
fy;l Xs "' l¢‘, = ‘ft”"' 0.56 *0,3 ‘h'?' v

ii) Su]gpose the Si is uniformly illuminated with light, resulting in a photogeneration rate G; electron-hole pairs per
cm’-sec. How will the I-¥ characteristic of the Schottky diode be affected? [3 pts]

Mn'ngri-ly arriers 3en¢rmfed within a dif.ﬁ,,fg.‘ length

of Yhe depletion vesion will be collected : once an electron
veaches the deplebon region, i+ will "roll downhill? - see
band diagram above — 1o the metal ) holes in the depletion

region Proat nphill' inbo Yhe semiconductor. The result is
an added curren'l' wmfontn"' (P"’Ppﬂ"‘honq.( -Iv 6’;,,) ln

‘nt “veversd” dlodc dwerhon E[i:; -G %0
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