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INSTRUCTIONS:

1. Use the values of physical constants provided below.
2. SHOW YOUR WORK. {Make your methods clear 1o the grader!}
3. Clearly mark {underline or box) npumeric answers. Specify the units on answers whenever appropriate.
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Problem I: Semiconductor Fundamentzls |30 points]

Consider an uncompensated, uniformly doped 51 sample of length 1 mm, maintained under equilibrium condihans at
T = 300K, with electron concentration » = 10t em .

a) What is the hole concentration p? |3 ptsl

. . ag . -
(dmelar Gfuﬁr‘r:um :.Ji*;n:‘, Pﬂ =Ny
= r 1,
n; /0
Pz ——g =10 em? = Nyoh

=7 Nﬂ =fﬂ“cm“% N..r' &

hj Calculate the resistivity of this sample. |5 pts]

{nnumfu:#"ﬂf """‘d"""‘*")
)

!
=

SETETTY IS 7 B

Fr‘#m n-ﬂh'i'r

J]’ Vi, ﬂfdflﬁ'f" C#n E#ﬂﬂ't”?;’.'rl 'pff'{’; _/‘JF = 42# :m':/\f._g
4;# Hﬂ -I"Hp - fﬂf‘ cm'3+ /“H:: 11:# EM‘/U'S

I ~

- - }.5 JL- rnJ
Q (1.axi0™"T)(#20)(10") / i

¢} 17 the minoaty-carrier lifetime im this sarnple is 1 ps. what is the minority-carmer diffusion length? |3 pts

Th = JL'?"S

kT
L VDL, Dn® g M = p.0z26 (1250)

— i
Jaz,sxm"' = 32,5 em’/S

i

U

= 57 X103 em

- ET/Mm
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d} Suppose a potentizt difference of 1 W is applied across the sample as shown below:

Hn;ﬁrm Samp fe

1 Volt —— de . =) urnitora tlechc A!;Ja
n= 10" ¢m ___L ‘v
!r = x {mm) £ L V/C'“
° ! very low !

i) Sketch the non-equilibrium energy-band diagram on the plot below, showing E.. £, £, and £ as a function of
distance x. Indicate the position of Ep with respect to £ |7 pts]

electron energy £ (V) Siree E i v’tr? fnuj
A € e Stmpfe can be
approximated Jo be
in equilibrium, and
Wt can draw n line

-Fnr E’F‘
P
E;""EF : kT (I)

- 10
—p X (mm) - kf-'"" (.E;-Tf
’ 1 = ¢ ETLn(10)

i) Whae is the resultant electron drift velocity? {Be careful 1o indicate the proper sign!} |3 pts]
~Exl.06 = 0.3,

Vi Fj“n 2 =-1250 x Q. =-12% ‘n/;J . i _—

£

i

ofEc
;'}L -;(; < tonstant » 0

f_vtluu‘h 5 npjmﬁu:. becawie tleetrons art meVing In the =X dicetdion,,

jii) escribe qualitatively how yvour energy-band diagram in part (1) would change if the biased sample were to be
uniform|y iradiated with light, resulting in an ele¢ctron-hole-pair generation rate G = 102 EHP/em-s. [S pts)

Excess hole and electron concentowbans: sp=sn=§6, 7,
=(10*9)(107) = 10% con3

bpe< P, S0 p=pPp =D # 3 - Guasi - Fermi level for heles {F,)
will by Hhﬂﬁlnjt.ﬂ : -E"-Frﬂﬂ'.ii eV

- Y.
An 3>p, Se nTan =0 omd n.g.?uri-ﬁrnikufﬁ'f electrens (F,

EE" will sphit away Lo Fp

s n 10"
r—./ Ev FH-E{f-kTA(?{;F kT Low (o
Fr/ e SALTLalio) <4xp.08 = 0,24

\




Problem 2: Metal-Semicanducior Contact {30 poinis] _' _ |
Ids the 1:€7 vs. ¥y plot shown below. {C is the smali-signal

& Schottky diode formed on n-type Si a1 T = 300K yie
capacitance per cm®.)

2

—— e ———

c* ~ 9N, &,

(V- V)

102 (em™ FY
A
4 ax 10413
i _ 2.5x0" s
+ 2107 = = - .25 X/
2% Sl'd’l. > ]
| 110713
| I':-\ {V}

a) What is the built-in putential 1,7 [3 pts]

by What is the doping concentration &, in the 5i7 |6 pts]
o I.‘I.S"l‘ ”;HJ;

2

'_-"_--._l-—'

Sfﬂp ¢ G‘F Crv i 3"% £.‘F.‘

&

p—

No = G ™0 (asx0*)

'.'.’.E Ec
Eg-€; = kTiw (fp") T2 E-
“pX0.04
EIJ"

- 0.36eV
¢} What is the Schottky barrier height ®p,? [6 p1s]

%VL‘ - Eﬂm - CE"#EF)FE

- ol c..-i}

(-F,fdblnl' l'”q.;l""ﬁ'r‘l 1c"" Ef)

(Ec-€p) = 26 (€.-E:)=0.56-0.3¢
=p,2¢eY

gﬁn: %Vhi + (EC."’EF)FE = ﬂ.E‘ﬂV-I'I?-ZEV = a--?c'ul

T
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d) Draw the equilibnium energy-band diagram for the Schottky diode, showing £, £, £,and £¢ in the Si, and label-
ling by, Fi; and the depletion width W, (Numerical values are required.) |E2 pis]

—iW e

Zfs;\’ﬁ 2lie~"3(0.5)
W = 4Np = J (Lexa) (10

= 2SAI0 P om 7 025 pum
T ———

e) Referring to the energy-band diagratn in part {d}, explain how an chmic contact can be practically achieved by
increasing the dopant concentration in the Si. [3 pts]

L
Wﬂ"ﬁp

F:W' Flrgn A.",L :ru:thf'?’a-ﬁ}hf Np; W Can be jmaﬂ inagL S
%f” E‘JEC{?#HI tan d\'l‘rlrﬂy Punnel 'MFF.HJL 1he fﬂ!“"ﬁ"{

barvitr v’try . A-Iffg .

= fnm...;mp:tfﬂntﬁ fﬁ‘mﬂu':) fl”d‘lﬂ'!"
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Preblem 3: p-no Junction Diede [35 points]
Given the following electnc-field distribution inside an ideal long-base $1 diede maintained at 7= 300k

E (V/cm)
A =-béxw® g
o et hexio'v/, 3 X (pum)
- } (ﬁ wan pareel o F-‘ﬁlﬁ-)
- c}Hﬂ s vers ﬂrjt. o
— - -
Es; =5 Np »> 10" cm”3
_-E dE -
Na -i’—‘—fi ;l.;:*::lq -'Li#m") 5 Assume ﬂ'{) f"‘ﬂ"{’“’j J‘P“'f
_ Inlﬁ‘m-l EF:'-EE_,} i EF""'E:{‘:I' %
1) What is the built-in potential Fy; of this junction? |7 pts|

v, = fr Ma
% bi ~ (EE #EF)P-"F;I‘I v {EF FE"-)FI-'*.'FIHZ (Eli—EF)r-I;‘J: k.rA Ay

:h#—"‘
=p.3geV+ 0.56eV=09eV
WM

0,92\ ] = 6X0.06

\

b) What is the applied bius F for the 2iven electric field dismibution? |5 pas]

Vyi-Yy = = [ £ x4 (107 (hexro® )= 8 V
-.-xr

|

vy V8 = 2928 = 708V |

¢) What is the small-sipnal junction capacitance {in units of Fiem-) at this bias? |3 pts]
Since The diade is reverse biased, e A e rien :ﬂflli:f'xlnl'i: s
ne ,";'.H: f,rnf-trﬁl'f with The -‘fff/ﬁﬁ'.ﬂn Capa £1futnse.
s, et T -

C= Gy =0 F 12" o

{1

ot
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d) 1iraw the energy-band diagram (showing £, E,, .. £gp, and Egp), indicating the vatues of |£} - £;| m the quasi-
neutral regions, as well as the vertical separation berween Egpand £¢y- (12 pis}

Ec i
gi-— ¥ -

Ecz Ep

L Es

e} Given that the minority-carrier lifetime is 1 s in the lightly doped side of the ju

netion, what is the current density

(ipwing in the diode? |5 ps]

$Va Jier
:_T:,j;(e, -]} = "'J:, Cince V"ﬁﬂa

Dy n* _jef 3L5 10%° -12
— e - t
La Ng I+ x10 syxee” /oM = Uixio ‘4/""

AAn = IZ80 :m‘/’l,f-.i —ﬁrpm ma‘fh‘}b V5. a"lf‘.-f' concen frafion ffi’f
PI:—?-f pﬂ/i:m" ‘

Dy - %’I}‘H = P.0b ('259): 32.5 ""'1/5
Loyt Jouto =57 X107t em {from Problion le)

[) Suppose that the criticat ¢lectric field for breakdown s {cg = $x10° Vicm. What is the dominant mechanism by
which breakdown will occur as the reverse bias is increased? Explain briefly. |3 ptsi

inn,'-" Léxios h’/;,... , 50 VB& > .08V
=) #tff;ﬁ':lm wrd fh will be Jr!!.ﬁr' Than
f’,am af breakdewa,
=) .}1‘”"‘;;“’ f'j" .ﬂl"}— Libf’ ")!D eCeCNr
across fie ﬂ’trh‘.'ﬁ#n Fﬂi.ﬂn

=) Dﬂ'mfnln‘f Ll'?df:d"'ﬂwn meche nirm
will be mrnfnnc#fns ' {mfnt-i“ jomisalton
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Problem 4: Bipolar Junction Transistor |40 points)
g} The base dopant concentration Ny is 2 critical parameter which affects BT performance. Describe the Ay design

wradeofT by explaining why Ny should neither be 100 low (give 2 reasons ) nor too hugh {give 2 reasons). [8 pts]

NE J'Aﬂhj( ﬂ#'{ $£ 1‘0; fow ‘?‘9 Ensure

* large Barhy voHage Gnﬂ.lf basc-w;dth modulation effeet)

. ltrJuL ?anh"huﬂujL #ni-hjr_,

Ng should net bt doe high 4v EnsEre
. Ligl\ Lratler injt;ﬁ'#ﬂ £10-£n'rh¢j w ([ needed 'Far Lijl.. 31Jn ﬁ.r,r)

" Hen® [net Foo J"'JL) b"“"‘“‘#fr J'hhchifh c:!fqn*",'ﬂn:t. anet base. colfeck
(needed for high .[.'_'r) rredon Cagaeifmact

h} Consider a npn BJT with minortv-camer lifetime in the base Ty, which is biased in active mode with base current

1 =l for all umes ¢ < @ and droppmg suddenly to Iz < Ipy for all times ¢ =k

ip .I’]I

lgs—»

iglr}

> 1

g

i} Write an equation describing the rate at which (g (the excess minority-charge stored in the quasi-neutral base}

changes, for 1 = 0. [4 pts]

d 6g g
At > e gA

i) Considening vour answer to part (i), describe 2 ways 1o achieve a rapid transient response (i.e. o make the col-
lactor current reach its final value guickly}. [4 pts]

¢ MaAmite Tﬂ ( Ili‘.'I:I'J'u".' H-urf'ﬁ“rlrﬁ'tr héﬁmt o The 1’”‘:)

¢ M.ﬂlhm;tf— 'Iﬂ‘l
&y , 4
These will allow 'RT +r bt a5 ﬂtgaflvf. n priibie, Po

1m’cﬁ:fy rimivi -h.;_ miuf;é.. paves rs 7¢;.~. The ’Hﬂﬁ--ﬂlwl"?'lf{ base r?;‘;n_
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cm? maintained at 7= 300K, operating at the edge of 5atuTation
is W = 0.5 um and the width of

[:“'r e Lﬁ- and

¢) Consider an ideat npn silicon BIT of area A - o
with b g = 0.7 V and Fge = V. so that the width of the quasi-neutral base region
the quasi-neutral emitter region is Bg =01 um. Ascume that the emitter and base regions are short

H.l!__ el 'L.t-}'

! r | o

A]B —(I,‘ D

Each region of the BJT iy uniformly doped: ¥g = 1017 4_:Im'3, Ng = Iﬂ”jﬂ:m'jx Np= ]EII]:jr cme
= 20 cm*is, D = 12 cm=is,

The minooty-carrier diffusion canstanis are Dp=2cmis, [y

iy What is the commeon-emitter d.¢ current gaim, B of this ransistar? {4 pts)

Dy Ne We  (20)00'N(0.1x07")
Buc® = o Ty ° 200 I
De Npg W (2} (1e77) (0.5%10°T)

ii) Calculate the base transit ume T (AsSUME that electrons flow in the guasi-neutral base region by diffusion

only. [3 pts]

wW* fo.5x107t)*
T{. - ED’B -

= g.25x10”"s = éz.FfsJ

2 (20)

nent of base cuttent s the current reguired to supply holes lor recombination
(in the quasi-neurral base region) with e)ectrons injected from the emulter, f.e Ig = Cigftp where Ug is the excess
minerity-charge stored in the quasi-neutral base. Estimate the minority-carrier lifetime in the base Ty |4 pts]

. Re _ s Te
e I"#'Et E=ﬁn

iy Assume that the dominant compo

= 200

Tﬁ = ﬁd’; T{, = 200 (‘ZF}HP"/’
= J2.5 ns

-_._._._—-_-—-




region, indicating the concen-

iv) Sketch the excess minority camier concentration profile in the quasi-neutral base
trations at the edges of the depletion regions {locations I and C m the diagram on the previous pagel. |4 pts]

":1 1’”‘“&1’ 1 j.i'.uﬂ“r Aﬂiﬁ# ﬂ?fﬁ'}?{"“"

™ we< Lg

ans"‘”;[e '-')—-::
an
Ll 2 / nt | gVae it

v) What is the pansconductance, g,7 [5 pts]

LE:: ]DBTH = Jﬁ”)(mi‘”"j = Fﬂfﬂ'?cm = 5'/*;.. >y \af
2 ‘!-"fu/kf #(f.'txm'”)(ln"’)(zaJ{rﬂ”)(&p,%.ﬂ# ’)

i,JqDBHt (
Le® "WNg ¢ T fesxee?) (107)
=3'2/“HJ W
Guxio'? A
- Le  z22x07¢ — v
5"’" = = LZ3XIDT " Sitmens

(H/}) T 026 0

vi) Draw the simplified Ebers-Moll model for ths BIT aperating at the edge of saturation (Vg = 0, Fuc =0k
Indicate the vaiues of the Ebers-Moll parameters. [4 pis] }U‘F Jur
:EF- Sinte Vﬂ¢-=ﬂj Iﬂ‘i (E- "!>"'E
At dFIF ansl dI.IK =0
3 C =) e cureand ﬁdwj‘ In
d=i=f‘?‘ he T, and apTe
F ﬁ‘*l coi 'hr;hiﬁlj DP m.r
B ® 0,995 Eberr- Malf moolel
1'U55 fET v) there brasthes
Ip = Teo (f’ . "") nf::'h replaces(
] b’ An Ppin e cit,




Problem 5: Metal-Oxide-Semiconductor Capacitor [25 points]
The flat-band energy-band diagram for an n~ poly-%1 gated capacior of area |

tatned at 7 = I00K. 15 showt below:
p~ pol¥-Si 50, 5i {F-hpt)

o |.1.rn2 and T,,, = 3.45 nm, mam-

A
hAA
EI-':‘EE 'L | Ef_ i I v‘
‘. ‘t’\bEF _LE:-*EFZ y EqtitLe
[ -7 = 0,56eVH+0NILY
E']'EFFU'."-‘E ey
zp9%eV
4?': - p, 4tV
- kT G_"ﬁ)
— ?‘ﬂ‘ n;
a}What s the fiatband voltage Feg? |5 pts)
- U = - C - - _ - .
FVee = Ep .y~ rs; = 0ZEVH (E.-E, s, = 02V 0.9¢ eV = |13

Eﬁ:-m? \(J

by Calcutate the oxide fixed charge density {Jp {in units of Ciem?). |5 pts]

Ves = %,

€50, 3,¥5xi0""

QF £ = -
Es - — Cox Toxe = R¥sxr07?

H o Cox ;
= 1076 F Jom®
= Q¢
'(E" EF)S “Cox
t
|
’ .-‘- - "7
Qe > Cox | = Ve = (Ee ;EF)ﬁ] =107 {~(-119) - 0 A% ] = 2X0C/omtt |
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‘s | fc
e) Caleujate the threshold voltage, #r. [6 pis] “This Is an NHOS device,

. N E
VT‘ VFE +2'¢F " JZZs Lﬂfzf)

-2 f.mr'”)fln")(ﬂﬂ-;)
= 118 +2(o2)t @ A ppeT:

T -lie+ CBY + 016 = —-018 'l

fz-fs-‘ (2%) Jz{an"‘)(umﬂ}
Wrs Vg T

= -5
- f}*i}jp*”){fﬂ",) -_— f.—ﬂx{p iy

U} Draw the high-frequency C-F curve for this capacitor, indcating the maximutm and minimum capacitance vaiues
an vour phot, as well as Fpg and #7 (consistent with your answers ko pans {a) and (c). respectively). [9 p1s]

Coun = Cox = 4Gy = (07)107*)= 102 F

_--_-__—
_.—l—'-"_'_.‘

) I - A £ (o~ ‘r)(m'u}
Comia ? [Cox * f:,ﬁr C,

':'."-_.—r-_

ep wr (107%)

- |
= 9, fx 1072

——

\ i
: —— .+— e p——
Cll;n [ jo~"® ]‘D'"

C (PF}
e o B 150
9,1
i 1 >V (V)
-'Illi -0
Ves V1
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50 ;.wma"'? -
Lox = = . - $.9X W

ﬁﬁf, - FF!#'-’ - F/ﬁm"

Problem 6: MOS Fieid-Effect Transistor |40 points|

a) In a certain CMOS technoloey. the glecical oxide thickness % Ty = 5 mm, the body-effect factoris m = 1.25. and
fhe ahsolute value of the threshald voltage of a long-channel MOSFET is 'F = 0.5 V.

i) Estinate the average inversion-layer ¢lectron mobility in an n-channe] MOSFET with pate bias Fe, = 1.5 W,
usire the universa) effective mobiliny model. |4 pts]

%I*VT"}'E':‘ 1,5'1*-.5?;5*5#3—
E oh rdveed electvi ‘ﬁn" E = =
fleohive ve tlectvic held L ff EToxe EXExi0?

= 1,3% 105V Jom

Frem "Hnt. #b!d*;{-ﬂ;\"’ MLI‘H* P»"Fﬁ /b_n = ;gﬂ ij/u'ﬁj

ii} Sketch the fy vs Py charactenstc for an n-ehanne! MOSFET of channel width Z = 10 pm, channe] length L =
10 urm, and gate bias bgg = 1.5 V. Indicate the values of Fpga and fogae [T pis] 2

Losat @ o (Vas-Vy)

300 (6.9x /077 L .
Lftc-p.5) = 82.8xt0f A = 828 uk
2 (125 (1.5-0.5) = 82.8X A 8 u

Ip

V -
\JDI‘I‘ - -—'—'\4'-::- LS 05 o3V n

" 1.28 = —- [

— J:D_rd ='32_3,‘"l

. >V,

Vout * b3
Dead ~ 0.5Y

iii} For what channei lengths will the effect of velociry saturation be significant {re resulting in a reduction in iy,
m, mote than a factor of 237 |3 pts) Viat * € x@,i -:m/'s

_ Vsd  afgxot
‘gjd A = *—Séf-)s 5,'3)5!6""\»"/::-

Vies My
V{Iau“"q s ahu rahisn c-pﬁc,{' will be n}m‘,{‘,.,.{ whenr 95..;('}-.5 »

'-"::'Vr)__ (1.5=0.5)

= — = Fem = 0,15 pum
(5. 3,07 ){1.25) 1§ X107 0:15 e

;o For LS F,l@um, w,fm'iy j-:funuﬁ}u ﬁmc-{' will be Sahrﬁlnf

—_— - Pape 13




hy Short-Answer (Questions:
iy Describe the design radeoft for the threshold voltage Fy ofa MOSFET.

{Whe 75 it desirable for Vy 1o be law? Why s i desirable for ¥y o be high™) [4 pis|

¢ We want \f,_r do be low in ovder to st o R
The +vnnﬂi+nr cuvvint when i+ is ON [i.e 2 I;:d‘)
-;p,,.r -p"H' c'.'r;u_;-}‘ FPE!"A‘@“ or Ju‘jLEr' ‘chtfﬂt-hrj rflftrm-#h

W want \/_r +o be 11:‘31; in order 4o nenimize The
hansishr !ctl-.-g{ carrad when i+ is OFF
for- fow stahe powr Jfﬁr}paﬁ‘#h

i) Why does the subthreshald current in a MOSFET depend exponentially on the gare bias Fgg” [4 pts]
Beiow Thresheld, -The drain curvent is linated by the
h‘d’t at whith coarriees Cdn df#&m {:fwu Ne sOUVEL fa:f"u e
channtl. The humbitr of carriers which have Enough tnerys

Jr surmeunt Fhe Pﬂ‘fl'lﬂ‘ffﬁ{ barvise ot 1L ¢ jﬂ-urt‘__.ci’uhd‘jhh‘_“!"?n
Ihcreafes L;Frntnﬁ‘m"fj as The htr-g‘-'f' of Anis rrf-tnrhd barrier

s r‘cduud “nur!y. Since The lﬂ.c.‘JL'f' O'P V3] ppi'-aq‘l'.t.{
bﬁ"'l”ffr’ iy “ntlr.‘“y dﬁﬁ‘ﬂfh& " "’1\.-1'- Jdﬂ bf'!.-i} he
jml-ﬂr'ﬂhﬂ'i Hi.l':ﬂ:]{.- Eﬂfr'bwt iy E,I’.’pnuc{]-nﬂy Jfffnf;hf Oh
the 5d£ bias.

i} CMO% technotory 1s preferred over NMOS echnology because of its lower power consummption and larger
noise margins. What are the disadvantages of CMOS technology as compared w NMOS technoiogy” [4 pts]

* Bigher precess com plexify
e +» need Ao J:fm-h"rﬁf, Lo rm Iffpnrdlt wielf and

Sore L/Jr'ﬂf’n r':J:‘Fn!

’ S-Hict"}l-h‘h-'}, ‘II‘ /4'/0A'Hf Pitnam;n;h

- pamﬂ'-h'c prpn SCe oftvice conld be ﬁfjjtra( 57
veHtant or currmd spikes, switdisng 1o Tre ﬁ:::;f— corduch,
mode ; resuffant heat (duc o e rent X volfage =, pon ¢ Airt fprbon |
vesubly in Ana mag & ﬁpag}%I;FFET Nerviees.



¢y Indicate in the table below (bv checking the appropriate box for vach line) the effect of decreasing the channel
dopant concentration {V } on the performance parameters of an n-channel MOSFET. Provide binef justification

for each of vour answers. {12 pts]

A

MIOSFET parameter

INCraases

decreases

remains
the same

p—

Brief Explanation of Answer

Transconductance
)

v

Vf will A’:cr:alf.i Ja,, will
[mprease-

Gou R4, (Vs - Vir)

Body effect parameter

(v}

Y o N Ny

Suebthreshald swing
(5)

o
S = 66?;-.\4'/1“3(!*;5)

fj;..

i C"‘P = m ol \Jh{q will decransg
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