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INSTRUCTIONS:

1. Use the values of physical constants provided below.
2. SHOW YOUR WORK. (Make your methods clear to the grader!)
3. Clearly mark (underline or box) numeric answers. Specify the units on answers whenever appropriate.

Physical Constants Properties of SiO;, at 300K Properties of Silicon at 300K
Description Symbol  Value Description ~ Symbol Value Description Symbol  Value
electronic charge q 16x1019¢C band gap Eg 9eV band gap Eg 112 eV
electron rest mass m, 9.1x1 03 kg permittivity  &gj0p 3.45x10"1% Flem intrinsic carrier density n; 100 cm®
thermal voltage at 300KkT/g ~ 0.026 V electron affinity %siog 095 V permittivity eg 10102 Flom
Boltzmann's constant ~ k  8.62x10° eVIK electron affinity xsi 403 V

(KTlg) In(10) = 0.060 V at T = 300K
Field-Effect Mobilities in Si at 300K

Electron and Hole Mobilities in Silicon at 3001
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Problem 1: Semiconductor Fundamentals [30 points]

Consider an uncompensated Si sample of length 0.5 mm, uniformly doped with boron (N, = 10'7 em™), maintained
under equilibrium conditions at 7= 300K.

a) What are the electron and hole concentrations, # and p? [4 pts] Boron 1s an Acceyhr in St

Since Ny > Np , this sample is p-ype.

17
- s =3
p= Ng =10 "¢cm

2
PP (r0)* e
P —;*;“;:;—- = 0" cm

— b

b) Estimate the resistivity of this sample. [5 pts]

/ r
O s gmp = ppep  Fioce o0

From the P'°+ oh ’%3{. l) /MP = 23| sz/\/'s

- I
Q: [:Lé,xm'” (BBI)[IU”)] =TT = 0,2 SL-cm i

¢) Given that the electron conductivity effective mass m,,* is ~2x1 0~*! kg, estimate the average time between elec-
tron scattering events in this sample. Note that 1 kg em?/V/s/C =10 s. [5 pts]

?tmn /Mn m,;,*
Mn = e e
mn b %'

From The s)]o'}' on Pazjf; l) /u,,.i?OO cmz/v.s

= -28
BRI, TSR g e
e ———— e ———— = —
Ton = 1k x pott e

Eﬁﬂzo'if)sl
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d) Suppose a potential difference of 1 V is applied across the sample as shown below:

Si
1 Volt—
Np = 10'7 cm™ __L

| > x (mm)
0 0.5

i) Sketch the non-equilibrium energy-band diagram on the plot below, showing £ & E|, as a function of distance x.
Indicate values for E-E, and the total amount of energy-band bending across the sample. Illustrate electron

drift and hole drift on your diagram. [7 pts]

electron energy £ (eV)
N

5 x (mm)

|
0 0.5
ii) What are the hole and electron drift velocities? [6 pts] i

P————SEESIT. =
= 0,5%10" ‘crm &R V/cm

Ty = PE
hole Dfrllp-" ve ’OCH"J Q}P 3(33] CWI“’/V.s)(ZoV/Cm) = 6620 cm /S ’

elechon dn'-P-l' ve’ocf'l"y Vd,n = §00-20 = /6,000 cm/.s}

iii) How would the drift velocities change if the temperature were to be increased (e.g. to 100°C)? Explain briefly.
3 pts]

Vg woulol decrease because m would olecrease oue v

ihCreasec{ @%onon Sca:H‘f.’-re‘nj.
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Problem 2: Metal-Semiconductor Contact [30 points)

A Schottky diode formed on n-type Si at 7'= 300K yields the 1/C? vs. V4 plot shown below. (C is the small-signal
capacitance per cm2.)

1/C% (em*/F?)
N
+-3%161°

L 2x1013

- 1x10'
| | > VA (V)
-2 1 0 1
a) What is the built-in potential V},;? [3 pts] 0.5V
] 2
—e =

GNp Es: (W, *VA) 20 ot VA =¥

= \/\m = 0/GV

b) What is the doping concentration N, in the Si? [6 pts]
-2
‘.iloPe of curve =

= — g 1,25 x10'® am (F)V
%ND E.Si = =
2 -
Np = = Rl L e e 3;)
D™ Lexw i (107)(12Sx 10'F) 2% 10 el
It
D 0
) What is the Schottky barrier height ®p,? [6 pts] QF-E;_.ET‘L.\(M‘): k"'ﬁn(;{;'?u)
¢ at 1s the Scho arrier hei _ N
s the Sc Y g Bn p ‘ “Gk:r-gn{w)
%VH s Eﬁ“ . (ECFEF)FB =0,5eV EF"?' Ec =6X0.06eV
et = =D 3beV
_EB'\ = Wit (B -Eg)py — Ev
te
0.7 eV

= 0.5~ 0.3b = @.Ze_\f_
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d) Draw the equilibrium energy-band diagram for the Schottky diode, showing E, E,, and Ef in the Si. Label Dy,
¢Vy;, and the depletion width . (Numerical values are required.) [10 pts]

ig - 0-78VI w: nseV
n EC

Erm Erg
;\g
S,
ol e
l 0 2'.§,Mw-|j

_ }aﬁsi\’hi B \/Z(!U"'z)(ﬂ.s) 1o0=-8 | 5 | 3
W= % No - 16X 10717 (1 p%) S :‘zt”xw = 0,25X10" Tem

) Describe two approaches to achieve low specific contact resistivity (o) in a practical ohmic contact, [5 pts]
To achieve a prachical ohnuc contact, carriers must
Eﬂﬂiib ‘h«ihhc’ ‘hﬁ.rousi-\ e SCLo'Hff-_fg La\rr:'e‘r, To allow
Bov %41'5’ the 501«9#}:5 baviiev lnel“jH' Showld be

lowereol as much as gws.sibic (e.g, by appropriatfe choice
o metal mwi'fria.ﬁ) and +the depletion widh should

be v’e&«y 5ma\,{,{ C[aS.S Hhan 10 vmn)‘* which is achieved
197 Let&v“y do.osnj “h«.(, 5W|:oadmcibv né&r,’&-&" Yhe Coh‘f&.ﬂg‘,
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Problem 3 [30 points]

The energy-band diagram for a Si p-n" junction diode maintained at 300K is shown below.

kTIn(10) = 0.06 eV

=~
-

2eV
(Et -'EF)?-S;G& - W E.=Ep
0.36eN=6xkT4a(10) = kT4 (B8) |7 E,
=> Np =109 x n; =)0%¢p, -3 e
a) What is the built-in potential, V2 [4 pts]
%Vbi = (€ 'EF)ia il ¥ (,EF“'E:i)n-vsid.(.

. nizeV e s
= Oy e Z = 0.92¢V l\,bi: 0.92V

b) What is the applied bias, V7 [3 pts]

Total bana bf_’ndinj = %(Vbi "\44):2@\/

=D Vbi "Vﬂ =2V

Vo = Vyiw2=092-2 = - 1,08V l

¢) What is the small-signal junction capacitance (in units of Farads/cm?) at this bias? [6 pts]

i f_:_f:; 5 J Zzs (Vbi V)
J w w 3 ?.Np
o™ '
= - = 2-(#0"22(2) 1o % ) -y
osxNrY -~ J:.éxw"‘*(;p%) By g B g
o8
= 2X10 P/cml—‘ o 10-Y em

e e R S
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d) Sketch the electric field distribution in the diode, indicating the numerical value of the peak electric field. [8 pts]

£ (Viem)

| = Cpeak W= Vi -V
Z(Vu: = Va)
| capeak e W

) 2(2)

% = IU‘*V cm
IR o4 g/x ‘;
-gxpot

e) How does generation-recombination in the depletion region affect the diode current under this bias condition?
Explain briefly. [5 pts]

4 : ‘ ]
Siace the diode 15 reverse blas.:d} P" < WT an Fiie.
dt('ﬂ'l'idh Yc‘.siaw,
' on ln 1 alethion resion,
‘T“Lus, ‘hq{rg, 1S mv,—l-' Sﬂwt’:m:fwn Ui 4 he d¥pf€ﬁﬁh S

(renevafed holes ave 5‘“*“?4' inte The P'sidt = add i onal

Jed elechrons are swept into The n-siole negative
ofeol ectre ¥ (o i o o

« R-G I'ncreases The majm'hdc of Jhe oicste curvent

(renev

f) Suppose that the criticial electric field for breakdown is £y = 5x10° V/em, What is the dominant mechanism by
which breakdown will occur, as the reverse bias is increased? Explain briefly. [4 pts]

lepeakl < Lok
5 ivﬁké > Vﬂ s W > D.S}uw’s ot breakdown.

C&erers {Iﬂhne}‘é’ 90-5#'}3 —J’unntf %vuujl« Shc«‘t a wide
degicﬁm "‘5;5"0"‘; for Hhe 2enec breakolown mechanism

t» occur,
i B"Mﬂw»g will occur lyy H.e avalanche (impa\c‘g’

lonization ) me thanism,
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Problem 4: Bipolar Junction Transistor [30 peints]
a) Short-Answer Questions

i) The base width ¥} is a critical parameter which affects BJT performance. Describe the ¥y design tradeof, by
explaining why Wy should not be too small (give at least 1 reason) or too large (give at least 1 reason). [4 pts]

\AJB Slﬂau|0( not be —}'oo zmall + ensure
» }ﬂr’jﬁ Early voltage (small base- widdh modu ladron f#ﬂ@c*)

¥ larﬂe Pb!hcﬂ-?‘q‘li"oujll Vo."rLaLJc,

[/\JB 5}‘051[4' moﬂL be Hvo Imfjﬁ +v ensure
¢ high de curcent 501?;“ ( bose ’}'—V&hjﬂ:)or{'—p&c}'br 4.-])

§ )/\{ﬁ]'-'\ ‘[:‘l’ (|5J"0|"+ base 'h'ahsll‘IL ‘Hm{;)

ii) Describe qualitatively (without the use of any formulas or equations -- but perhaps with the aid of an energy
band diagram) why the use of silicon-germanium (rather than Si) as a base material enhances the DC current
gain of a Si npn BJT. [4 pts]

The Enersy bawdjap (s smalle for Six Gey -

N

—p ganih' Enﬁ-s'ﬂir.%’ (:l‘ v 'm!cc. ;z-ﬁ-gle:-::'f'imm iu‘i’v e Etui#hr-' '3
l&-v‘ﬁev" tthar the bavrier heiﬂlfrf"*‘%f élf(-‘hﬂ*‘ LVU.C ctren
E (3 70
inte The base.

— Cauller ilﬂJfC‘ﬁOh 8?{;’5‘&{5’:«5? s F‘umV&d ﬁﬁp
A
— Bdc‘ EmpVoVE.'i \

Swaljev EG

iii) How can the minority carrier lifetime in the base be reduced? Why would this be desirable, for certain BJIT
applications? [4 pts]

-"(B is recduced 19); }hcrgagi,!j C 9{;”5;-&3 .
'h’ﬂp -§+au+-?§/ o This s echieved | pra,cﬂ""ce. L’}’

ihCDerrA'FHj ilmpwa"}'?'cs 5'4014 as 5010( aJ’bmS I

Yhe ba.st) which have essocated alloweol enenyy level
Wear e umdgap s 22 This 05 oesicable 1 we
wan+ v ;Mprova The %rwowpf Hwme ’IQY 'hxf, BJ’G

(. e, ;m;}ro\/t SwH'CLnn speec»(,
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b) The normalized excess minority carrier concentrations in the quasi-neutral regions of a pnp BIT maintained at 7=
300K are shown in the figure below.

10104

Ang/ngg 0.5x1010

ﬂ.ﬁ'cf e

x
E B C

i) What is the biasing mode of this transistor? Justify your answer. [3 pts]

Since the excess cavrier concentvatrions ot e ea’jes of dhe
d{’plﬁﬁan rejl'an 'F:,-r bothh The eéuinr’Jmnc‘f‘l'&h and The

CD“&C"‘UJ" J.th‘-‘h_o;q are. 31’6&”‘5{ -hqavh Zrér’p/ bo“hﬂ J.LnMC’h\ﬂMS O €
’Fbrwav’d plased.

=5 This BTT is operating in sehuration made,
ii) Estimate the value of V5. [3 pts] ;
(Recall that (k7/g)(In 10) = 60 mV) .
EB /kr
2ps 4Ves/kr " G i
————— -] = [0 =5 B =10
oo

Vee = %Eﬁh (10°) = 10X —%,Ij,.(.*o): 0.6\

iii) Estimate the collector current density (/) for this BIT when it is biased at the edge of saturation (Ve =0V,
Vi as shown above), if Ng = 10'® em™ and Dy =4 cm/s. [6 pts]

, i & Vee Jiv
Te= ¢l ) Ny e

e —' ol T ln* lD
-1} = Lex)o "( w'ﬁ)(a.mma"\‘)(ﬂa )

= 40x10™* = p mﬂ/ﬂn:\

¢) Derive a simple /-V equation for an pnp BIT connected as a diode as shown below. / should be expressed only in
terms of V, and the Ebers-Moll parameters (g, g, Jrg, Irg)- [6 pts]

(e}

2Ver Jkr | . gVea)ler
o T=Ie=Iy(e  -1)-cgTpo(e  -1)
_I..
— ' vﬁ’:vﬁﬁ

%-Vcﬁ/kr
-) } =0

Vee =0 = (e
E Va /k
E“Ipa(e“/fs)
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Problem 5: Metal-Oxide-Semiconductor Capacitor [30 points]
The flat-band energy-band diagram for a p+ poly-Si gated capacitor of area 10# cm? and 7., = 3.45 nm, maintained

at 7= 300K, is shown below:
p+ poly-Si  Si0O, Si

- 1 gV = 0.2 €V

~
Ee
5=k —— = El‘ 1oz eV
: ﬂwf{* -~ 024 eV
0.2eV| E; - Ep=024 eV
= 0:32 eV
s ————
T—

a) What is the flatband voltage Vip? |5 pts]

QVee is The difevence between tre Feemi level 1n dhe 3wjr£.

o " i i
e 4he f:f g iC e ! i i ‘#1\ ¢ SPnugeondix ET“-E{,‘EI'I"’ i

j-\/FB i e in Py = Kot Egyse

Cox
= 4,03+ 1,12=5.15eV
= 5,15 ~4:28%- 0.2 - 0ifue\/ EG,s/
@ =Xt G~ et (Ef“EF>s.-

Ve = O-JZVJ - 4034+ 0,56+0,24
= 483eV

b) Calculate the oxide fixed charge density Oy (in units of Clem?). |5 pts]

The v’oﬁﬂjc du-ﬁ? ocross the oxiole at ‘Pla:f’beaw{ Is due o

Yhe oxide cﬂ-a-fje,.
N Cox 2,485 ﬂ)"} F/em

Qp i:,
S iy ¥ W " =
Cox Aty i Tox 3,485 077 em
B - 2
Qp=02x (0=® PUE e

= 2% 10077 Clem™
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¢) Calculate (approximately) the threshold voltage, V7. [6 pts]

Ve

—

il

Rele > El:_gF 5=
% + (8 T - = 0,29V = 4X0.06V
Vea + 29: = ‘ﬁ-— 3 :

-9 s Kp [HAY | .. kT
+0.|Z*§* .2-{0:2-"')-&@"1?? 3"&‘ ﬂi') = dpl)( “—é\h {éb)
e 4 = b (3 2)- 4. §5“‘)

i nesli'yi ble . '

R ———

@d@ % \J Ze5q Ny (3%)

= 20w 6xd o™ (o)
\}Mx:a"’ "“-'H‘ffo C/,,,,,

d) Draw the high-frequency C-¥ curve for this capacitor, indicating the maximum and minimum capacitance values
on your plot, as well as Vg and ¥ (consistent with your answers to parts (a) and (c), respectively). [9 pts]

C (pF)

C}hﬂ.}{ RC@X = 0 le (ID "F/cm’*)
= |07'0F = DOEF

- 107" Flem

0.25 X107 3Cim

S l = 4x 107 Flowm™
Cmin - P C:d'BP
w ol | :
= — ¢ o
1076 " 4x107% T 4x)0-1

Comin = Ax 4x10=1 = 10

qhx 4% T z@ |

JW
Wy = FN

- Jzno"‘)(o.%)
I X/ ( p1¥)

07
16

-3

i

|
L'..XIG

0125 X 10 i

]

e) Indicate with a dashed line on your plot in part (d) how the C-¥ curve would change if the dopant concentration in
the Si were to be increased significantly. (Consider the qualitative impact on Vi, V1, and Cyyiy.) [S pts)

° vm wewldd be more nega;ﬁw sSihce E; '

* Vi would incvease Since kjg:zﬁ, C}’FW Qetep ol 1herease

11
s Cogn would increase becanss Wy Y




Problem 6: MOS Field-Effect Transistor [30 points]
a) In a certain CMOS technology, the electrical oxide thickness is T, = 5 nm (so that Cye = 6.9%10° 7 Flem®), the
bulk-charge factor m = 1.5, and the threshold voltage of a long-channel MOSFET is |[Vq| = 0.5 V.

i) What is the average inversion-layer electron mobility in an n-channel MOSFET, for a gate bias Vgg=1.5V?

o Vc;; + V + D2
Effechve verhical electic feld Eeffp = ——
CToxe
Z o !l5-+045-+0l2-— lev
Pyl e oA VL

From plot en Page |, iy opp 325 cm?/Vis = 200 om™/ V'3

i) Sketch the /jyg vs. Vg characteristic for an n-channel MOSFET of channel width # = 10 um, channel length L
= 10 pm, and gate bias Vg = 1.5 V. Indicate the values of Vg, and Ipg,,. [6 pts]

An efp Cox | \2
Losat = nzm i (Vﬁﬂ“vr)

o 300 69x07 ( ,:_E) (16-0.5)" = GAXI0°A = 69 uA

i Tos
B Va"" V‘r I.S"‘ ] ‘d\

Vot = = 0.7V |
m oS /-r————— é‘i}lﬂ

y (

74 I

4 !

i } y __“_;) VD.S

0.7V

iii) For what channel lengths will the effect of velocity saturation be significant (i.e. resulting in a reduction in /pyg,

by more than a factor of 2)? v, = 8 x 10% cmis. [5 pts] ZVz
Sa sa:fumﬁoﬂ E-helol Ecot = g

. ) ) ; fsfﬂl??‘g‘
Vg’ocr% sa:'f'lﬂfﬁ{ﬁ;n &ui:i be $§§M§"' cont when " z;gxgpé
€anl & . 0.V wap
M 3 o’,
MR 7 = sx10 /e
" 2 &
LS 5¥/0¥V)en WA 10"

= LT O, t'tan
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b) Indicate in the table below (by checking the appropriate box for each line) the effect of decreasing the effective

oxide thickness (7,,, ) on the performance parameters of an n-channel MOSFET. Provide brief, qualitative justi-
fication for each of your answers. [9 pts]

MOSFET parameter

: remains i ; : y
increases | decreases i Qualitative Explanation (no formulas/equations!)

Chanpe! potential is coupled
more S"\’aﬂj ly ﬁj@f& \(oi_ﬁ:‘jef)
Transconductance \/ So IDS S a movre sensitive
(&m)

‘P/IMG'H(JW Q-P VQS (ﬂhd inv 15 l"“’j‘?(_'g”’
0\.3IVE’,¢’\
- P Tps & .
Fo gm= SV I hcreases VQS"VT)

Channel fo-!'ehﬁai (s wufai’eo(

mort S‘h’on‘l)?fj +o the ‘ja:l't
Body effect parameter \/ VOI‘I"ije VS, the "000(}/ vo [1ag¢,
(1)

50 the body effect is

Y-educed’. impﬁ{' by s

on channc| Po+em"lb~{

,?O?wf'a VoH”aja contvel ovee
Phe channel pﬁ’éﬂﬁ‘ﬂf( s

Subthreshold swing \/

()

‘improvec(’ becaus ¢ ot iwvf)lfovt’d
capac{ﬁve COMP”"’j‘

Nys, Avain voi%ejﬁmﬂ( bady vo I-Fajc,

¢) Why is drain-induced barrier lowering undesirable? (Hint: Consider how a MOSFET is typically biased in the off
state, in CMOS circuits.) Describe 2 ways to reduce it, [6 pts]

DIBL is undesirable because i} increases ofb-state (Ves &-0\#}

W leakase current &t |avge Vps, relevent for CHos applications.
log Tps

» To veduce DIBL, reduce
ON high Ves T-Gelet penetwhion o
o #W R"”""Vps the channel :
_VpsT v %%sh;ﬁv due o DIBL = z’r;cr.eajd cAdhhﬁ//éaa/y
= Inoff sttt doping gt
. f =5 v&5 — decrease s/DJMhC‘!"’OhQ’?f#’
Expontivhald iRsrome - i it
1’?@“ §+mlt Page 13 (use LDD stvuctn Veg)
i r”rf-wi’ w} ] nw@@agmj Vps

- veduce Toxe
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