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Chapter 1
Prob. 1.1 g
Which semiconductor in Table I-1 has the largest E,? the smallest? What is
the corresponding A? How is the column III component related to E,?

largest £, : ZnS, 3.6 eV.
1.24

smallest £, : InSb, 0.18 eV.
A =6.89um

Note Al compounds have larger £, than the corresponding Ga compounds,
which are larger than In compounds.

Prob. 1.2
Here we need to calculate the maximum packing fraction, treating the atoms as hard

Spheres.

Nearest atoms are at a separation -2!—><\/(5 X2 )2 +5% =4330A
Radius of each atom = % x4330A = 2.1654
Volume of each atom = %TE (2.165)° = 42543
Numberofatomspcrcube:l-i-Sxé: 2

425x%x2

Packing fraction = —_(E__ =68%



Prob. 1.3

(a) Label planes:
z z
(111 233)
y S Y ~.
x y x y
X y z x y z
3 3 3 3 2 2
1/3 1/3 1/3 173 172 12
1 1 1 2 3 3

(b) Draw equivalent directions in a cube

<1 0 0> all edges <1 1 0> all face diagonals

(Need not show atoms)



<11 1> all body diagonals

Prob. 1.4

We need to calculate the volume density of Si, its density on the (110) plane and the

distance between two adjacent (111) planes.

Si FCC lattice with basis of 2 atoms

Number of atoms per cube=(8x%+%x6}x2= 8

8

Density = ——————
v (5.43x107%)°

On the (110) plane we have 4 atoms on comers, 2 on the top and bottom planes, and 2

interior (see Fig. 1-a).

=5.00x10%2cm™3
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4x%+%x2+2 w2
110) plane: =9.59%x10""cm™
(110)p (5.43%x107%)(v2 x5.43x107%)

Basis of Si crystal atOand%,%,%whichisalong[lll].
Distance = ﬁ( %]: 2.394.

Prob. 1.5
Using the hard-sphere model, find the lattice constant of InSh, the volume of the primitive

cell and the atomic density on the (110) plane.

l%‘-: 1.44+1.36=28A
a=64TA

a3

In FCC, unit cell has 4 lattice points. Therefore, volume of primitive cell =—-= 67.7A3

Area of (110) plane= J22?

1 1

4X—+2X— J2

Density of Inatoms=—j_57—2—_—_ N2 =337x10" e’
a a

2

Same number of Sb atoms = 337x10" cm™2



Prob. 1.6.
Draw NaCl lattice (1 0 0) and unit cell.

Two possible umt cells are shown, with either Na* or CI” at the corners.
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Prob. 1.7
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This view is tilted slightly from
{110) to show the alignment of atoms.
The open channels are hexagonal along
this direction.

The shaded points are omne scC lattice;
the open points are the inter=-
penetrating sc, located a/2 behind the
plane of the front shaded points.

view along this directlon



Prob. 1.9 |
(a) Find the number of Si atoms/cm’ on the surface of a (1 0 0) oriented Si wafer.

® 0

S >

Each a” has 1+1(4) = 2 atoms on the surface.

2 atoms/cell
(5.43x107%)%2cm?/cell

=6.78x10"% cm 2

(b) What is the distance (in A) between nearest In neighbors in InP?

In atoms are in an fcc sublattice with a = 5.87A, nearest neighbors are

R

V2 = %«E =415



Prob. 1.10
Find NaCl density. .
Na*: atomic wt. 23, radius 1 A. CI": atomic weight 35.5, radius 1.8 A.

The unit cell contains }2 Na and 2 Cl atoms. Using the hard sphere approximation,
a=28A.

~ 1(23+35.5)/(6.02x10%)
density = 2 53
(2.8x107%)

=2.2 g/em®

Prob. 1.11
Label atom planes in Fig. 1.8b.

(1/4) (3/4) (1/4)

©) , 2
O

o | & @ | oo

o O 8 o INe
o | 6---0--@
(1/4) ~ (3!4)_( (1/4)

O O—

O
© (1/2) ©

Prob. 1.12
Find atoms/cell and nearest neighbor distance for sc, bcc, and fec lattices.
(see solution to Prob. 1.5)

for sc atoms/cell = 8 =1
nearest neighbor = a

for bee atoms/cell = s+1=2
nearest neighbor = £/3

for fcc atoms/cell = 4

(see Example 1-1) nearest neighbor = %a\/i



Prob. 1;13
Show four {111} planes. Repeat for {110} planes.

/A




N ‘,_..

Prob. 1.14

Find fraction occupied in sc, bec. diamond.

t— N —

bee
<

P
2

g
ZV2

o= —

diamond

-§—

o
?\
A
N
V\
N

N
N
NS

10

atoms/cell = 1(8) =1
nearest neighbor distance = a
maximum sphere radius = a/2
vol. of each sphere = 37(%)>
total occupied vol.

= 1 atom/cell x Za®
vol. of unit cell = @
fraction occupied = Z = 0.52

2 atoms/cell
nearest neighbor distance = %\/_3-
Tmaer = %ﬁ
fraction occupied
= (37(5V3) x 2)/a?
=1V/3=0.68

)

8 atoms/cell (4 from fcc +
4 at %, %,i from fcc atoms)
nearest neighbor distance = %\/5
Fmaz = §V3
fraction occupied
= (47(2f)° x 8)/a®
= £/3=10.34



Prob. 1.15
Find Ge and InP densities as in Example 1-3.

The atomic weight of Ge is 72.6; for In, 114.8; for P, 31.

For Ge: a = 5.66A, 8 atoms per cell

% = ;_83 =441 ><1v022 atoms/cm’
a®  (5.66x107%)
4.41x10% x72.6 _3
density = =5.32¢/cm
v 6.02x10% 4

For InP: a = 5.87A, 4 In + 4 P per cell

i ———-—4— =1.98x10% atoms/cm’

a3 (5.87x1078)
1.98x10%% x(114.8+31)

- -3
5.02x10% =4Pgem

density =

Prob. 1.16

Sketch diamond lattice and show only four atoms in the interpeneirating fcc
are in the unit cell.

11
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Prob. 1.17

What composition of AISbAs is lattice matched to [nP? I[nGaP to GaAs?
What are the E,’s?

From Fig. 1-15 AlSb.As;_. ternary crosses the InP lattice constant at
x=0.43 where £, = 1.9 eV

In,Ga,_. P crosses the GaAs lattice constant at x=0.48 where
E,=2eV

Prob. 1.18
What weight of As (ks = 0.3) should be added to 1 kg Si to achieve 1 0*’cm” doping during
initial Czochralski growth?

The atomic weight of As is 74.9.

C, = kg Cy, thus C; = 10'°/0.3=3.33 x 10" cm”

Calculating the melt volume from the weight of Si only, and neglecting the difference in
density for solid and molten Si,

1000 g of Si
2.33 g/em’

33310 cm™3 x429.2cm’ =1.43x10'® As atoms

1.43%x10'% x74.9
6.02x10%

=429.2 cm’ of Si

=1.8x10% g=1.8x10" kg of As.

12



Chapter 2
Prob. 2.1
- Sketch tube for photoelectric experiment and its I-V. What Vo is required for A = 244 04
and Pt (4.09¢V)?

ol
(b)
=
2
L
E
=
B
—
A v
This is a simplified sketch Note the same 7, i required

for various intensities.

(©) A =2440 A =0.244 um
hv(eV) = 1.24/A(um) = 1.24/0.244 = 5.08 eV
Vo=hv—0$=5.08-409~1V

Prob. 2.2

If Vap = 1V, find energy and velocity of €~ moving from B to A.

The electron gains 1 eV = 1.6 x 10-1° J.

2 x 1.6 x 10-10]%/2
v=\/2E/m = { 91 x 1031 J =5.93 x 10°m/s

13



Prob. 2.3
Find wavelengths for hydrogen Lyman, Balmer, Paschen series.

(@
c 1 n]?' n%
M E T TR G2
v CR(— - ~—2-) (”2 - n‘l )
o m
2.2 2. 2
L MM (911x1078cm) 2
109,678 (n3 — nf) (n% —n})
(b) Lyman
n n’ n’-1 l(n?1)  (911) i/ (*-1)
2 4 3 1.333 1215 A
3 9 1.125 1025 A
4 16 15 1.067 972 A
5 24 1.042 949 A
Limit: 911 A

Similarly, for the Balmer series the limit is 4(911) = 3644 A, and the wavelengths for n =
3 to n =7 are 6559, 4859, 4338, 4100, and 3968 A.

For the Paschen series the limit is 8199 A and the wavelengths forn =4 ton = 10 are
18741, 12811, 10932, 10044, 9541, 9224, and 9010 A.

Prob. 2.4
Show Eq.(2-17) corresponds to Eq.(2-3). That is, show

4
_mqg
2K*1%h

From the solution of Prob. 2.3, Eq.(2-17) 1s

217%x107" 1
663x107% ' n?  n3 ne n2
Eq.(2-3) 1s
Vo = ><108><109’?x107(—~———)—"29><1015(-—— 2)
nl ?IQ_ nl nz

14



Prob. 2.5 i
(@) What is Ap, if Ax = 1 A?

h(J-s) _ 6.63x107%((kg-m?*/s%)s)
. m," = =
Apx(kg S) 2J'CAx(1']1) 235(10_1011])

=1.06x10"* kg- m/s

(b) What is At if AE = 1 eV?

_(eV-s)
"~ AE(eV)

=6.59%x10" 165

Prob. 2.6
Find ) for 100eV and 12 keV electrons. Comment on e- microscopes compared to visible

light.

~34
v=V2Eim, A=—to_f___ 6GXI07
mv  \2Em  [2x9.11x1073Y]

For100eV :

—19
o ’;'9 ?;?19)1 100172 =1.23x107°[100T /2 =1.23x10"m =1 234
O X

Forl12keV:
A=123x10"71.2x10*T2 =1.12x10 ' m = 0.112A

Visible light is about 0.5um = 50004, so the resolution of electron microscopy is much
better.

Prob. 2.7
Show that 7 is the average lifetime in exponential decay.

The probability of finding an atom in the unstable state at time # is N(#)/N, = exp(-t/T).
This is analogous to the probability of finding a particle at x in Eq.(2-21b). Thus we have

rre"”"a’t 2
(2‘) =0—-:: —_=T

re_mdt T
0

Alternative solution: see the approach used in calculating diffusion length, Eqgs.(4-37) to
(4-39).

15



Prob. 2.8 |
Calculate the expectation value for pg and p, for a plane wave ¥ = &’ kex,

(pi> == / = (hk, )? after normalization

[ |dPerrerdx

—_—00

—jkx[h D k_x
(pz)= JA J‘(l’ \Pd}ej .

because ‘¥ has no z dependence.

2
I Axe—jfcxx[f':%] Aejk"xdx

Prob. 2.9
Relate momentum to wave vector for a free electron described by a plane wave.

See Example 3-1.

Prob. 2.10
Calculate the expectation value for p,., p,, and E for a plane wave

¥(x,t) = Ae/19*79

IA —;kx(haa ]Aejk‘xdx
Jjox

[ 4P e e an

—_—00

(Px) ="

= hk, after normalization

34
- (9;6?’—;%(10)}@ ‘m-s =1.055x10 P kg - m-s7!

JA -J‘kx(haa }4ejkxdx

(pz) J-‘Ij ‘I‘; =0, because ¥ has no z dependence
IA*e‘jkfx[ f Bat ]Aejk *dx s
(E)= [Fva ==HCT)=T
- {—6'63 ;:I o x?j{ J=739x10734J

16



Prob. 2.11
Calculate first three energy levels for a 10 A quantum well with infinite walls.
From Eq. 2.33

n’r?h® (6.63 x 10734)? 2
2mL? 8 x 9.11 x 10-31 x [10-9]2

E,=

E; =0.603 x 107 J =0.377 eV
E, =0.377(4) = 1.508 eV
E3 =0.377(9) = 3.393 eV

Prob. 2.12
Comment on the alkali metals and the halogens.

Li, Na and K have one valence e~ outside a closed shell. F, Cl and Br
require one electron to fill a shell and to then have electron configurations
like inert Ne, Ar, Kr.

What are the electronic configurations for Nat and C¢~ 2

Na* has 1s? 2s* 2p®, which is the [Ne] configuration.
C€~ has 1s® 2s® 2p® 3s? 3p®, which is the [Ar] configuration.

17



Chapter 3

Prob. 3.1 )
Calculate Bohr radius for donor in Si (m, = 0.26 my).

From Eq.(2-10) with » =1 and using & = 11.8 for Si:

- 4me goh® _ 118(885x107'2)(6.63x107>%)°
mig®  m(026)(9.11x1071)(L6x1071%)?

r=241x10""m=24.1A
Note that this is more than four lattice spacings a (5.43A)

Prob. 3.2
Plot Fermi function for Er = 1 eV.

fE)=[1+ e(E_EF)fkT]—l

We will choose E in eV and therefore use kT = 0.0259

E(eV) (E-ER)/KT AE)
0.75 -9.6525 0.99994
0.90 -3.8610 0.97939
0.95 -1.9305 0.87330
0.98 -0.7722 0.68399
1.02 +0.7722 0.31600
1.05 +1.9305 0.12669
1.10 +3.8610 0.02061
1.25 +9.6525 0.00006

1.0 .

0.75 +

fIE)

0.5 3
I

0.2517
0 05 1.0 15

Eifel’)

18



Prob. 3.3
Calculate the density-of-states effective mass associated with the X minimum for the

given band structure.

Given that near the energy minimum along [1 0 0], the band structure is:
E = E, — Acos(ok, ) — B{cos(Bk,) +cos(Bk,)}
which can be Taylor expanded near the minima :

E,;EO_A[I_Z(%J }_3{2_2@&) _2(%.)2]
2 2 2
= (E, —A—-23)+§a2kf +§132(kﬁ +k%)

2
The effective massisdefined as: m = —{1—

4’E
Py
Along (10 0) direction (longitudinal direction), the effective mass becomes :
P
d’E  4a?
a}

Along the two transverse directions, the effective mass becomes :
- R

Finally, the density-of-states effective mass is given by:

x_ o= x2.9/3 &
D.OS m —(m!mr ) —(A82a2B4)1/3

19



Prob. 3.4
For the given band structure, find the temperature at which the number of electrons in

the T minima and the X minima equal.

From Eq.(3-15), we have:
0.35
nx Nex JTar
nr N
Given that there are 6 X minima along the < 100 > directions, from Eq.(3 - 16b) we get :

{ N,y o< 6-(0.30)>2

N o< (0.065)*2
3 o03s
i.),(_ =6X —-----—O'30 e kT
nr 0065

When np- = ny, we obtain
3
0.35 =
e KT =% .EQ_
0.065
Thatis: k7T =0.0857eV or, T =988K

Prob. 3.5 '
For the given band structure, calculate and sketch how the conductivity varies from low

T to high T and find the ratio of the conductivities at 1000°C and 300°C.

0.30
n=nr-+ny=nr 1'5'(15)3/23 kT

= constant, independent of temperature according to the problem

From Eq.(3-15), we have:

030
n _Ne r
nr N
EF_Eer
nerd—e kT
E.-E. -E, 32 -E _E
Eete = (15m = =
”L=Nd_e kT -ekT =[,?'p',',_‘r nre kT =(15)”2n1-e kT
r

20



o =g[npur +nu 1= glnppe +n; %]

0.30
(15)3.-’2 2
= gnelip| | +~22—e AT
q FHF{ 50
/2 _030
n ) .
030 HT 50
1+(15)*%e 4T

/2 _030
@)” =7
=qnir 0.30

1+(15)%/%e 4T

I
Q

0.30
581,75
=gnur 030

1+58.1xe T

T<<%, O =0y =gnlr

T>>§ o =0_=gn 1+1.16
Z 0o = GBUT 1+58.1

S (1000°C) _ 4254
5 (300°C)

21



If the T" to L separation is assumed to be 0.35 eV instead of 0.30 eV, we get:

0.35

58.1 57

1+ 50
C =gnpr T 033

1+58.1%Xe ca

& (1000°C)
5 (300°C)

= 0.322

v

Es/ k T

22



Prob. 3.6
Find E, for Si from Fig. 3-17.

—

Inn;, =In NN, “ﬁi
i2 ct¥v Zsz

E
2%\ T, T

ForSi, n, = 10% at = 4x1073
TZ

ny =3x10% ar - =2x107
n

1 1

n n°
-5y 14 1 8
=2(8.62X10 ) 1n(3><310 /10 )=1.3eV
(4-2)-10

This result is only approximate, since we neglect the temperature dependencies of N, Ny,
and £,.
Inn;

!

?’I”.___..._

Mg — = — 4+ — — —

v

N

23



Prob. 3.7
Show that Eq.(3-25) results from Egs.(3-15) and (3-19) and find the position of the Fermi
level relative to E; at 300K

E

c

Ep

0.347eV
- _—_E.

0.55eV

ny=N, o~ EEKT _ o~ E~EKT [(E-~E)IKT
_ (E.—E)IKT
=pe F

po=n? Iny=mneFEE

np =10' =1.5x10'0 x gl Fr=5:)/0.0259

" Ep — E; =0.0259X1n(6.667 X 10°) = 0.347eV

Prob.3.8
Find the displacement of E; from the middle of Eg for Si.

E; is not exactly in the middle of the gap because the density of states N¢ and Ny differ.
Equating Egs.(3-21) and (3-23).
N

ce—(E‘—E,}ﬂcT _ "-_Nc N, o~ E&/2kT

E,/2—(E,~E)= kT In(N,/N,)"? = kT In(m}, /m},)>*

For Si at 300K,
Eg/2~(E, — E;)= 00259 x% In (0.56/11)=-0.013 eV

Thus, E; is about k772 below the center of the gap.

24
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E, T ]f'_

Ey

Prob. 3.9
(a) Explain why holes appear at the top of the valence band.

Electron energy is plotted “up” in band diagrams such as Fig. 3-5. Thus conduction band
electrons relax to the bottom of the conduction band. Holes, having positive charge, have
energies which increase oppositely to that of negatively charged electrons. That is, hole

energy would be plotted “down” on an electron energy diagram such as Fig.3-5. Holes
therefore relax to the lowest hole energy available to them; i.e. the “top” of the valence

band.
(b) Explain why Si doped with 10'* cm™ donors is n-type at 400K, but Ge is not.
According Fig. 3-17, the intrinsic concentration »; at 400K is
7;(400K) ~ 10" cm™ for Ge
~ 10" cm™ for Si

Thus at this temperature, Nz » n; for Si, N; « n; for Ge.

Prob. 3.10.
For Si with Ng- N, = 4 x 10" cm”, find Er and Ry.

ny =Ny =N, = 4x10" = p,eEr~EIAT

Er —E; = kT In(ny/n;)
=0.02591n(4x10'°/15%10'%) = 0.324eV

Ry =—(qng) ' =—(16x107° x4x10"%)! = —1562.5 cm>/C

25



Prob. 3.11.
(a) Find the value of ng for minimum conductivity.

6 = g(nll, + Plt,) = q(ni, + 1L n; /n)

dc 2
;=Q(un _upnfz/n )

Setting this equal to zero and defining 7, as the electron concentration for minimum
conductivity, we have

nr%: = n:?up/um Ry = ni\! i"'p/un

(b) What 1S Oin?

O min = qn,-(um}}lpfun + !'Lp-\/ p’n/p'p ) = 2qnf‘\f u'nu'p

(c) Calculate Gyin and o; for Si

For Si,
o = 2(16x10717)(15x10'%)(1350 x 480)/?

=3.9%10"%(Q-cm)™
;= gn (L, +1,) = (L6 x107%)(15%10'%)(1830)
=4.4%x107%(Q-cm)!

or, take the reciprocal of p; in Appendix IIL

26



Prob. 3.12

(a) A Si bar 0.1 cm long and 100 um’ in cross sectional area is doped with 10" cm’
antimony. Find the current at 300K with 10V applied.

From Fig.3-23, 1,= 700 cm?/V-s

G =qu,ny =16x107° x700x10'" =112 (Q-em) ' = p~*
p =00893Q-cm
R=pL/A=00893x01/10"%=893x10° Q
I=V/R=10/(893%10°) =1.12mA

Repeat for a length of 1um.

Now € = 10V/10* cm = 10° V/cm, which is in the velocity saturation regime. From
Fig.3-24, vo= 107 cm/s

I =gdnv, =(16x1077)(107°)(10'")(107) = 0.16 A

(b) How long does it take an average electron to drift 1 \um in pure Si at an electric field
of 100V/em? Repeat for 10°Vicm.

From Appendix III, w,= 1350 cm?*/V-s

low field: vy= pa€ = 1350 X 100 = 1.35 x 10° cmy/s
t=LNz=10"*(135x10°)=7.4x 10" 5=0.74 ns

high field: scattering-limited velocity vs = 107 cov/s (Fig. 3-24)
t=10%10"=10"s=10 ps

27



A perfect III-V semiconductor is doped with column VI and 1l impurities. For the given

W, W, calculate the energy levels introduced in the bandgap.

. ) 10—-19 -13
l“lnz::;i = m, = 1.6X x:.n(;' m6=1.6X10_3Ikg=0.176m0
n 1000(10~* —)
cm
m, =1.408my

From Eq.(3 - 8) and using the value of the ground state energy of a H atom
(1Rydberg)=13.6€V :

*®

13.67n

Ep= 82”’0 =14.2meV below E¢
r

E =113.6meV above £y

Prob. 3.14
Find Vy with Hall probes misaligned.

Displacement of the probes by an amount § gives a small IR drop V5 in addition to V.
The Hall voltage reverses when £ is reversed; however, Vs is insensitive to the direction
of the magnetic field. Thus,

with @positive: Vig=Vy+ Vs
withZnegative: Vg =—Vy + Vs

subtracting, Vig — Vag =2Vy
We obtain the true Hall voltage from Vy =3(Vag ~ Vap)-

28



Prob. 3.15
Find the position of the Fermi level for 11 electrons in an infinite 1-D potential well 1004
wide and the probability of exciting a carrier to the first excited state.

The energy levels are given by:

Since electrons obey the Pauli principle, only 2 electrons (opposite spin) are in each level.

Therefore, we can occupy up to = 6 level (12—1 = 5 filled + 1 half filled level ]

6%1 2n?
2mi? ’
=6%(0.00120) eV = 0.0432 &V

Eg= where m = free electron mass, L =100A

Er is the highest filled level at 0K
Therefore, Ep = E5 =0.0432¢V.

First excited level is 7 level

2,.2,2
E,=TE " _0s88ev
2mL

Use Fermi - Dirac statistics for electrons :
1 1 1

Probability = E~E, . E<E, ] + £(0-0588-0.0432)70.0259
l+e 4T 1+ 4T
At 300K, this is 0.354.

29



Ly bl

Prob. 3.16

10°-
7 10%
5 3
5 ]
% 103':
i
102 BN B s N LN B A DL L
1] 100 200 300 400 500
Temperanre (K)
Prob. 3.17
105
'a‘f" 10°-
% 104-;
o -
E ]
gx ]
o 103?5
102 S UL R B B L S L B
0 100 200 300 400 500

Temperature (K)

When freeze-out occurs, ionized impurity scattering disappears, and only the phonon
scattering remains. In real Si, other mechanisms, including neutral impurity scattering,
contribute to mobility.

30



Prob. 3.18
Find the hole concentration and mobility with Hall measurement on a p-type
semiconductor bar.

The voltage measured is the Hall voltage plus the ohmic drop. The sign of ¥ changes
with the magnetic field, but the ohmic voltage does not.

True, Vg = % =3mV
Thus the ohmic dropis 3.2-3.0=0.2mV
From Eq.(3- 50)
_ (3x1072 4)(10x1075Wb/em?)
T g(20x10™%em)(3x10737)
( 0.2mV )
SmA ) _0033Q-cm=—0b
2um qup,Po
500pm x 20um
1 1
P = aome 1.6x10712(0.033)(3.125x10'7)

=3.125x10"em ™3

p:

=600 cm>/(V - 5)
Prob. 3.19

Calculate the conductivity of a hypothetical semiconductor at 600K.
The intrinsic conductivity is given as

E

£

; =qny(W, +1L,) =g| N Nye 2T [x2000=4x10"5(Q- cm)™!

E

4

4x1078 =1.6x107'°(10'9)(2000)e 2T
As T goes from 300K to 600K, £, N, N, do not change, and

E, E,

e i increasesto e 2T, where 7} = 300K.
Therefore,

E
i -6

4x1
e 2KCL) =‘/ — 0 3 =3.54x107
1.6 X107 %1077 %2000

6 =—L __=0.113(Q- cm)™

3.54x10"
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Prob. 3.20
Calculate the number of electrons, holes, and n; in the unknown semiconductor with Er

0.25eV below E..

a [

E

c

0.25¢V 0:2eV

Ep

+ 1.1eV

Incomplete ionization :
f(Ey)= I_Q.RL =0.1267
1+ %>

n=(1- f)N; =8.733x10"cm™>
E.—E,
Also, n=N,e
E.—E,
N,=ne * =8733x10"xe"?/%0?
=1359%10°cm™> = N,
EF_EV
p=Ne K =1359x10"xe 11-02/0.0259 _7561x10%cm ™

n; = /np = 8.142x10°cm ™3

Prob. 321
Referring to Fig. 3.25, find the type, concentration and mobility of the majority carrier.

Given,

B, =10"*Wb/em®

From the sign of V5, we can see the majority carriers are electrons.

pg =t - 107)a0™)
gt(—V45)  1.6x107°(1073)(2x107%)

R _Vepll, __ 0.1/107

T L/wt  Liwt  0.5/0.01x107>

1 1

M= ogme  (0.002)(1.6x10719)(3.125x10'7)

3

=3.125x107cm™

=0.002Q-cm

p

=10,000 cm?(V -5)!
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Chapter 4
Prob. 4.1
With EFr located 0.4 eV above the valence band in a Si sample, what charge state would
you expect for most Ga, Zn, Au atoms in the sample?

From Fig.4-9, we have

Ga: Er>>Ga" singly negative

Zn: Erp>Zn butbelow Zn™: singly negative
Au’: Au” <Er<Au": neutral.

Prob. 4.2
How much Zn must be added to exactly compensate a Si sample doped with 10°% cm™ Sb?

E;=Ep=~E,.

All Zn™ state are filled }3

. = — N, electrons on Zn atoms
3 of Zn" states are filled | 2

For compensation :
_;_ =N, = Ny =§Nd =0.667x10™ cm ™



Prob. 4.3
Draw a semilogarithmic plot such as Fig. 4-7 for the given GaAs.

For the given GaAs,
no=2x10% cm?, po=ning=0.002 (negligible)

Att=0,An=Ap=4x10"cm™.

- L)
1 015
< .
g ‘h‘.\' SIFAY
~_[ [ P{/
M\"‘h-..
1014 S
B
—
0 50 100 150
t (ns)
Prob. 4.4

Calculate the recombination coefficient for the low-level excitation in Prob. 4.3. Find the
steady state excess carrier concentration.

o= 1/(tno) =[50 x 10° x 2 x 1011 = 108
From Eq. (4-12), 2o, = 041001 + 8n”] = 10° [2 X 10" 8n + &n”]
St +2x10°8n-102%=0 and dn~5x10"%cm™=An

or, since the low-level lifetime is valid, An = g,,T =5 X 102 em™.
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Prob. 4.5
If no = Gx, find E(x) for ng>> n;. We also assume Er remains below E..

At equilibrium:

dn
Jn = qunng +quz Z =0

£(x)=— D, dn/dx
l.l.n n
__MG_ M
q Gx q
Prob. 4.6

Find the separation of the quasi-Fermi levels and the change of conductivity upon
shining light on a Si sample.

The light induced electron-hole pair concentration is determined by:

8n=8p=g,,t =(10"°)(107) =10"*cm >

<< dopant concentration of 10”°cm™ = low level

n=10" +10"% =1.1x10%cm 3

2 102
Do +5p=n—i+5p=—-————(l'5><112 ) +10" =10"%cm ™3
ny 10

1.1x10%°

F,—F,=kTln| £ |=0.0259In
P [ 2] [2.25><102°

n;

}=0.5183V

i, =1300cm?/(V -s) from Fig.3.23
D, 12
u'p = =
kT/q 0.0259
Ac =q(1,3n+11,8p) =16 x107°(1300 + 463)(10'*)

=0.0282(Q-cm) !

=463 cm?/(V -5)




Prob. 4.7
Calculate the separation in the quasi-Fermi levels and draw a band diagram for an n-
type Si being steadily illuminated.

EC
Fy
E F
| 0.300eV L0.288ev :
I 0.275eV !
FP

The induced electron concentration is

Sn= gt =(1021)(107%) =10cm™

which is comparable with N; =10 cm™.

— this is not low level and 8n” cannot be neglected.

Zop = 0,110 +o,0n”

o, = — = —61 5
Tap  (107°)(107)

= 10%! = (107°)(10')3n +107°8n"

Solvefordn = Om=6.18X 104em™> =8p

=10"%cm’s™

15 14
F,,—E,-=krm(”°+5"]=o.02591n{10 +6.18x10 ]=0.300eV

n; 1.5x10"
14
E,~ F, =TT 2 |=0.02591n S18XA0_ \_ 0275ev
n,- 1.5x10
15
Ep— B, = KT1n| 70 |= 002501 — > |=0.288¢V
n; 1.5x%10
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Prob. 4.8
Calculate the current in a long Si bar as described.

1 1 -12 3 -1

a =10""“cm’s

"Tm, (107910%)
8op = A + cz,é}zz =
1090 =1072[10")sn+ ?] =
10726n% +107 %61 -1=0
(5)2+5—1 =0, where on =108
Solve for &n to geton =
= 10‘5_“'—1‘/1'—i

2

Mm=6.18x10"cm™3 =p

Assume the a, is the low level, even if the calculation may require high level injection
assumption.

No light :

&= IO—V =5V/ecm
2cm

Hn =1070 cm® /(V -5) from Fig.3.23, 41, =500 con?/(V -5)
I = Aqnou,& = (0.05)(1.6 107" x10'® x 1070 x 5) = 0.428A

With light :

1= 4-(glm + S, + o, ))- €
=0.05(16x107°(1.73x10'° +3.09x 10'%)) - 5
=0.816A

High field + light :

For electrons, saturation velocity v, =107 cm/s

=50,000V/cm

For holes, assume Mp, 1s same as for low field, & =
1= Aq[(ny + Sn)V, + dpu,€]
=(0.05)(1.6 x10717)(1.618 x 10" x 107 + 6.18 x 10'° x 500 x 5 x 10%)
=2.53x10°A

100,000
2
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A=0.05cm? Ny=10"%cm’

< 2¢em——————>
N
1L
10V
Prob. 4.9

Design a 5-um CdS photoconductor with 10 MQ dark resistance, 0.5 cm square. Assume
©=10°s and Ny = 10" cm™.

In the dark, G = gqu.no, neglecting po

p=c"=[1.6x10"x 250 x 10"1" =250 Q-cm
R=10" Q= pL/wt, thus L = 107 (5x10™)w/250

Since this is a design problem, there are many solutions. For example, choosing w =
0.5mm, L =1 cm:
with the light on, g,, = 10*! EHP/cm’-s

G =gql(ny +An)u, +Apl, ]
=16x1071°[(11x10")250 +10'° x15]
=464x1072(Q-cm)

R= fv_*? = [(4.64x1072)(0.05)(5 107!

R=862%10°Q
AR =107 =862 x10° = 9.14MQ



0.5 cm

? 0.5mm

Prob. 4.10

Calculate the steady state separation between Fp and Ec at x = 10004 in a very long p-
type Si bar with steady state excess hole concentration. Also find the hole current there
and the excess stored hole charge.

D =£p.p = 0.0259 %500 = 12.95 cm?/

,{ 12.95%107% =3.6x10°cm

_10%
p= p0+Ape L —10”+5><1016e 3.6x10°

=1.379%10"7 = n, e EERT _ (1 551010 cm3) B~ )/AT

17
E—F,=|1ni3PX10" | 4 0250 =0.415ev
P 1.5x10'°

E,—F,=1.1/2eV +0.415eV = 0.965¢V
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B o et i, 4Pt e e e

Hole current :
X

d D
I, =gAD, % = gA—=(Ap)e

P dx -
107
=1.6x10"1° xO.Sx—lg—'isx 5)(10163 3.6x10°°
3.6x10™
=1.09%x10°A
0, =qA(Ap)L,
=1.6x107'2(0.5)(5%10'®)(3.6 x10™)
=1.44%x1077C
Prob. 4.11

Find the photocurrent Al in terms of T, and T, for a sample dominated by |in.

AG = gl An=qU,goTx
Al =V/AR =VAAG | L=VAqW,g,,T /L
The transit time is
oL _ L _ I

vy WL Y
Al =gALg,t,/T;
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Prob. 4.12 ép(z)

Find F,(z) for an ezponential excess hole distribution.

For ép > po, Ap
|
p(z) = ép(z) = Ape/tr Ape~s/z,
= n; e(B=Fo)/KT
T
s
E:~F,=kT In 2
n;
EC
= kT 10 2P (-#/L» = T E
F
T e
—_——-— - ——F
&p x e M
= kT [In?-—} _F,
] P -~
E

We assume the excess minority hole concentration is small compared to ng
throughout, so no band bending is observable on this scale.
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Prob. 4.13 o
Sketch the equilibrium bands and field in an exponential acceptor distribution. Repeat for

donors.

Ng Ng
X X
+«——&
\Ec
E; —_——— 8 EE—— Ec
—_— —_— ///
Epe o e o — — — N Ep—/— — — — — — — —

Prob. 4.14

Show the hole current feeding an ezponential §p(z) can be found from Q,/,.

From Fig. 4-17, op

Q = qA ]00 Ap e/t dz Ap
: 0

=qAL,Ap

Q .
Ip = XP _ qALpAp/TP= qADpAp/Lp

Tp

N

The charge distribution @, disappears by recombination and must be re-
placed by injection on the average every 7, seconds. Thus the current in-

Jjected is Qp /7.
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Prob. 4.1 5.
Include recombination in the Haynes-Shockley experiment and find <, if the peak is 4

times as large for t; = 50 us as it is for 200 is.

To include recombination, let the peak value vary as exp(-#/1,)

-t/ T

Ape ~* 2
op(x,t)= —x“/4D
p(x,t) Dy exp(—x~/4D,t)
At the peak (x = O),

V, =peak = B———— Ape whereBisa rtionality constant.
propo:

\[__

‘/7 ‘F (-t )k,

H " 1
’2006150/1:

20 50

150_ "
n—7

"_is0

T, =""=216.4ys

Prob. 4.16

10°| _]

90+

gop(x) =al(x) = algexp (-ax)

80+
and neglecting diffusion

70T

.\\ Low level

excess electron concentration, §n  (cm-3)
(Scale is the photon flux X 10-4)

Depth (10°3 cm)
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Prob. 4.17

Prob. 4.18

Excess electron concentration {108 cm'3)

Excess electron concentration 8n (cm-3)*

7o+

- T

Low level

.
30+ —10-7
o =10 N

* 5n scale:
x1011 for o = 1073

x1013 for o= 1077

x1015 for o, = 1079

20T \'\.
Direct solugon 3
.,
hy
10t 9 o ~
— 10~ _
° " " ' o4 05
0.0 o 0.2 0.3 0.+ :
Depth (103 cm)
so
sol
70+
9T




Prob. 4.19

Sketch the quasi-Fermi levels in an n-type sample illuminated in a narrow

region.
hv

_/"-/w
=
A

on=2dp

X

Excess carriers diffuse and
recombine, decaying exponentially
away from the illuminated

region

45

As in prob. 4.12, the
quasi-Fermi levels
vary linearly outside
the excitation region
while ép > po



. 5% 10%3 1
(b) After diffusion. Mo = e/ VDt = Gty = 3.84x10
exp(—u?) N(z)
0.73 3.0 x 10"
0.37 1.4 x 10%®
0.105 4.0 x 10%7
0.013 6.9 x 10 z; = 0.3 um.
0.0019 7.3 x 10%°

o~
-

z(um)
0.0735
0.1470
0.2205
0.2940
0.3673
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Chapter 5
Prob. 5.1

Design an oxide mask to block P diffusion at 1000°C for 30 minutes, calculate how long
to grow it and the rotal number of Si atoms from the wafer that are consumed.

Diffusion coefficientat T = 1273K :
D =Dye 5K where Dy =5.3x10"3cm?/s, E 5 = 1.46eV

=8.83x10"cm?/s

t . =8/Dt =8/Dx30x60 = 1.009um

Time at 1100°C = 2 hours, using Appendix V1.
tg; = 0.44(1.009x10™*)em = 4.44x 10 cm

2
“(240) tg; =0.01394cm’

Volume of Siconsumed =

Number of Si1atoms =1.394x1 0~2cem’ x5x10* atoms/em” = 6.97 x102° atoms.

Prob. 5.2

Plot the distributions for B diffused into Si (Ng =5 x 10'® crn™3) at 1000°C
for 30 minutes, for which D = 3 x 107**cm?/s, with (a) constant source
No =35 x 10 cm™2 , (b) limited source N, = 5 x 10'3cm™? on the surface

prior to diffusion.

"The Gaussian distribution differs from Eq.(4-41) because all atoms are as-
sumed to diffuse into the sample (i.e., there is no diffusion in the —z direc-

tion).
Dt = 3x107"x30x60 = 0.54x107*° | VDt = 0.0735 um

2V Dt =0.14Tpm. V=Dt =0.1302 um

(2)

z(pgm) u erfcu N(z) = Ny erfc u

0.0735 0.5 0.47 2.4 x 10%°

0.1470 1.0 0.16 8.0 x 10?°

0.2205 1.5 0.033 1.7x 10 From the plot below, 2, = 0.4 .
0.2940 2.0 0.0048 2.4 x 108

0.3675 2.5 0.0004 2.0 x 10%7

0.4410 3.0 0.000023 1.2 x 10
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Prob. 5.3
Find the time to grow first 200nm, the next 300nm and the final 400nm for a 900nm oxide

grown on (100) Si in wet oxygen at 1100°C. Draw a cross section diagram including step
heights if a square window is etched in this oxide and the wafer is re-oxidized.

I 564nm
1120nm
556nm 952nm
504nm o
v Lol o Onglnal
0.44X900=396nm § ' T 2500 Si surface
1144nm |748nm
264nmI Si
A v

Using wet oxidation curve in Appendix VI, the time required to grow 200 nm 1s ¢; =
0.13h.. _

To determine the time needed to grow the next 300 nm (for a total thickness of 200 + 300
= 500 nm), we cannot simply read off the time needed for 300 nm because we already
have 200 nm oxide grown. The total time needed to achieve 500 nm thickness is 0.6 h.
Therefore, the additional time required for the increase of thickness by 300 nm is 0.6 —
0.13=0.47 h.

Similarly, the time needed for the final 400 nm 1s 1.8 — 0.6 =1.2 h.

When a window is etched in the oxide and we re-oxidize the wafer, we have to start from
an oxide thickness = 0 inside the window, but oxide thickness = 900 nm outside the
window. So, the time required to increase the oxide thickness outside the window is 6 —
1.8 =4.2 h. In 4.2 h, the oxide in the window starting from zero oxide thickness = 1700
nm. Keeping in mind that for every micron of oxide, we consume 0.44 micron of Si, we
get:

step in oxide = 564 nm
step in Si = 264 nm
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Prob. 5.4
Find the implant parameters for an As implant into Si with the peak being at the
interface.

For an implanted dose of ¢ ions/cm? , the ion distribution is given by Eq. (5-1a):

2
(0] 1[x—R,
N -7 —_
(x) EﬂRpexp 2( AR J

P

Peak value lies at R s straggle is AR -
From Appendix IX, R, =0.lum = Energy=180keV
AR, =0.035um

From Eq.(5-1a), N =5><10{9=—-—9— =
4-12) Npeas J2r AR,

It 1(20)
g4 (1.6x10719)200

¢ =439%10"%cm™2 =

= [=7.024x10"*A

Prob. 5.5
Use a singly and doubly charged B implant machine to achieve B implant into Si with

required conditions. Find out how long this implant will take.

For R, = 0.5um, we need 200 keV implant machine (from Appendix IX).

Therefore, use 100 keV doubly ionized boron
[ =0.1mA for doubly ionized boron
R 2 o 6.25x10'8(0.1x107%)z
gA 2(100)g
= t=160s
For 1000 higher current, ¢ =0.16 s. This is too short for uniformity of dose.

Prob. 5.6 :
Assuming a constant (unlimited) source diffusion of P at 1000°C into 1Q-cm p-type S,

calculate the time required to achieve a junction depth of Ium.

For 1€Q2-cm p-type Si, we have 1.7 x 10'® atoms/cm®.
At 1000°C, Neotiasor = 107" em™.
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We have: lOzler_'fc( ﬁ_) =1.7x10'®

where
D = Dyexp(—E,/kT)
—-3.69 2
= cm”/s
8.62x107°(1273)

=10.5 exp(

=2.61x10""“cm?/s

16 .
From Table, erfc™ ll}% =3.1=—1
10 2~ Dt

1.0x10™%

— 242.61x107" =
3.1

= =997x10°s

Prob. 5.7
In patterning the structure shown in the question, design the mask aligner optics in terms

of numerical aperture of the lens and the wavelength of the source.

—» 1um «—

08% 1 A

2(NA)

o

NA=03125
A =0.3%um

Prob. 5.8
Find the electron diffusion and drift currents at x, in a p”-n junction.
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D -
1p(x,)= quf—pneqm‘Te o for ¥ >> kT/q
p

D
kT
[=1,(x,=0)= quﬂp,,e‘?V
P

Assuming space charge neutrality, the excess hole distribution is matched by an excess
electron distribution 6n(x,) = 8p(x,).

1,(x, ) gy = 9AD,, iip =—qA % P, eIVAT gL,
2

]n(xn)dnfr = I“[n(xn)d{ﬁ_fp(xn)

n
=gAZR (D, (1= )4 D, 5 Jo AT
P

Prob. 5.9
A Si junction has N, = 10" and Ny = 5 x 10" em™. Find (a) Er on each side, (b) band
diagram, (c) V.

1018

P
(@) Ep —Ep =kTIn—£2=00259In————— = 0.467eV
A n; (15x10'0)
15
Ep = E;y = KT In™ = 00259l —0__ _ 0,320V
n; (1L5x10")
(6) gV =0.467+0329 = 0.796eV
33
() a¥p=kTn"2Yd 002591210 _ g 7960y
" 225%10
E.,
. 0.796 &V
Yo Joarev T e —
Evp \_ _$0329ev_ . F
I
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Prob. 5.10
For the junction of Prob. 5.9, with circular area of diameter 10 um, calculate parameters
and sketch as in Fig. 5.12.

A=1(5x1074)% =785%107 cm’

eri (1 1 )
2eV)

W = ——
9 (Na Ndﬂ

- 1/2
-14
_| 2018)(385x1077)(0.796) 515 +2x10716)|  =0.457um
I 16x107"°
LW 045 = 0.455um
"o T 14+ Ny/N, 1+5x10°
0457 -3
= =2.27x10
P T 11200 Hm

O, = gAx, Ny =qAx, N, = (16x10719)(7.85x1077)(2.27x10'")

=2.85x1074C
q 16x107"°

q _ 11
9. N, =9+ N = (2.27x10'h)
Co=— g Na="%p N (11.8)(885x107'%)
= -3.48%x10* V/em
charge density
€x) "
0.5 ]
T } » X (Lm) +—> x (Lm)
0.5
3.48x 10 T

52



Prob. 5.11
Find the electron injection efficiency I,/1.

(a)
L QA(Da/La)ny (/T — 1)
I~ GA((D,/L,)pn + (Daf Lu)ry] (VT — 1)

-1

Ly/L, n,
(b) Since
ﬁ = EE and 2= Pr
DR & n, n,

we can write

D? pn _ M P
Din, pin,

then

to increase I,/I, make n, > P» (ie., use n*-p).
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Prob.5.12
A Si p-n junction with Ny = 5 x 10" cm™ and 4 = 107 cm’ has t, = Ius and D, = 10
cm’/s. Find I for Vy = 0.5V.

/= qAngnequ
L,

p, =n/n, =(225x10%0)/(5x10'%) = 45x10°cm™

_.J10-5 = -3
L,=Dyt, =Vv107" =316x10""cm

_ - 10 3y 0.5/0.0259
I=16x10""°(107)————(4.5x10°)e =0.551A
( 316x107°
Prob. 5.13

(@) Why is Cs negligible in reverse bias?

For reverse bias of more than a few tenths of a volt, Ap, ~ —p,. Changes 1n the reverse
bias do not appreciably alter the (negative) excess hole distribution. The primary
variation is in the width of the depletion region, giving rise to the junction capacitance.

(b) With equal doping, which carrier dominates injection in a GaAs junction?

Electron injection dominates since U, » ,. With n, = p, it is clear that a carrier with
higher mobility will determine the injection.

Prob. 5.14
(a) Find C; for V. =—10V for a Si p -n junction 107 cm’ in area with N;= 10" em™.

On the n-side:

Y
Ej - — 5 — — = \ 0843 eV £
E 0.555 eV £
fe=——= "i____ml%_&_el“,i F
4
: E,
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15
Ep—E =kTtnNe = 00259In— 2 =0288eV

n; 1L.5x10
qVy =0.555+0.288=0.843 eV

o _A[2gen, 1"
T2l Vy-V

10

1/2
1072 2x16x107"7 x11.8x8.85x107"* x 10"
2 10.843

=2.78x1071'F
(b) What is W just prior to avalanche?

From Fig. 5-22, Vi, =300V for a p"-n with Ny = 10"’ cm.

12 _14 172
| 26 | _| 2X11.8x8.85x107" x300
gN, 1.6x1071% x10'

=1.98x10>cm = 20um

Prob. 5.15
Show & depends on doping of the lightly-doped side.

172
€o=-IN,x, = 29Vo [ NNy
€ ° € | N,+Ny,

/2
= 2% 1 1
e |N, N,

the lightly doped side dominates (the doping variation of V5 has minor effect). For
example, for a p -n:

{ZqVONd ]" 2
€= =0

Prob. 5.16
A Si p-n junction has p, = 10" and n, = 10" em?, W' =450 and p, = 700 cm’/V-s, (e
=107 and," = 10° sand A = 10 cm’.

Draw an equilibrium band diagram and find V5.
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E,—Efp= kT1n 22 = 0.02591n———= = 0.407eV
n; 15%10
1015
Ep —E;, =0.0259In———— = 0.288eV
1.5x10
Vy = 0.407 +0.288 = 0.695V
or
N,N, 102
Vy = kTn—=254 = 0.0259In————~ = 0.695V
n; 225%10
Ep_ _— — — — _
0.407 Ec
. eV
Epo — % 0 0 R

Prob. 5.17
The current in a long p*-n diode is tripled at t = 0.

(a) What is the slope of dp(x,=0)?

The slope triples at = 0:

31 =—qAD, dop

nlx =0
The slope is
dop

nix =0

=-31/gAD,

56



(b)
Relate V(t =e)toV(t=07).

Call V™ the voltage before z = 0. Call V' the voltage at = oo
atr=0":
_94D, eV AT

Ly

att=co’

I

q4D, qV=AT
I7 Dne
P
Taking the ratio :
3= IV -V VAT

ye =y + L in3
q

or¥V  +0.0285

3] =

Prob. 5.18
1Py = 1 find I (5,)

The total current is

D D
I= qA[Eipn +—n, }qu/kT ~1)
§ n

On the p side this is composed of

and
Ip(xp)=1—-1,(x,)

B D
n P

Since N; = Ny, np =p, = ni/N,
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L, |N,

n P a

Dn' =X /L D n’{.z

Prob. 5.19
For the given p-n junction, calculate the contact potential, zero-bias space-charge width
and the current with a forward bias of 0.5V.

(a) The contact potential is given by

15
= 10 Pe 20,0250 —1 0 = 0.695V

v
g b, n? /10"

(b) Calculate total width of space charge region :

e (L, 1),
q Na Nd

—14
=\[2(”'8)(8'85i;0 )(10-15+10—17).0_595
1.6x10

=957%x10cm

(¢) Given: u, =1500cm*/Vs, w,=1500cm*/Vs, 1 =2.5x10"’s,
and n; = 1.5><10wcm_3, we have :

D,=u, [k—T ] =450(0.0259) = 11.66cm*/s
q

D, =38.85cm*/s
L,=+Ds =54x10"cm, L, = [D,t =9.86x10cm
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D
Jo = (gn? o, D
NpL, N,L,

= k1.6x10“19)(1.5x1010)zl/

38.85 . 11.66
107 x9.86x107>  10° x5.4x107>
=7.92x10"11C /(cm?s)

av
1=AJ| e¥T —1|=(0.001)(7.92 ><10‘“)[e°‘5’°’°259 -~ 1]: 1.918x10°A

Most of the current is carried by electrons because N, is greater than N,,.
To double the electron current, halve the acceptor doping.

Prob. 5.20
For the given n”-p junction, calculate the electric field in the p-region far from the

junction.

D K 00250V = D, =0.0259x 1, =259cm?s
Mn  q

L, =[D,7, =+/(25.9)(2x107%) =7.20x10 3cm

D .

Zo K 602507 = H, =502cm°/V -5

Ky g

The total current is = the electron current crossing the junction.

Deep in the p - region the current is hole drift.

D, niz . . . .
J=J,= q'iz—[—ﬁ—ﬂeqwkr - 1)= J , in p region far from junction

—1.6x10719 222 (1.5x10%%)? @0.710.0259 _ 1)
7.20%x10™° 106

a

=7.08 Alem® = qu,N ¢
J 7.08
qip,N,  1.6x1077 x500x10'

thus £= =8.85V/cm
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Prob. 5.21
For the diode in Prob. 5.16, draw the band diagrams qualitatively under forward and

reverse bias showing the quasi-Fermi levels.

17
E, - Er =Lina = 0,02591n _.J_le.a: 0.407eV
q n; Sx10
k 15
Ep—E,="Tin2d 20,0259 1n— 2 =0.288¢V
q n; 1.5x10

Vo = Eip — E;, =0.407 +0.288 = 0.695eV

(without bias voltage)

ki \ I av, - If})

cp
Q(Vo"'r’;f)
Eep__ _ ___ p \ .
Evp = o~ —_h-""'"" ECH
N -——-===—-p,

(with reverse bias voltage)

60




Prob. 5.22
In a p™-n junction with N-doping being changed from Ny to 2Ny, describe how do
Junction capacitance, built-in potential, break-down voltage, ohmic losses.

(a) Increases
(b) Increases
(c) Decreases
(d) Decreases

Prob. 5.23
Find the forward current at a forward bias of 0.5V and the current at a reverse bias of —

0.5V for the junction in Prob. (5-16).

D
= "’A( ot }eq"”‘r ~D =L -
P n

2 1042
o, =i;%:2.25xloscm_3
n, 10
2 10,2
n, =2 =030 5 55x10%em™
Pp 10

For minority carriers :
D,= k—T;LP =0.0259x450 =11.66cm>/s onn -side
q
kT 2 .
D, =—nu, =0.0259x700=18.13cm*/s on p-side
q

n

= /D7, =V11.66x10x107 =1.08x10 %cm

=D, =18.13x0.1x107® =1.35x10 cm

L,
Lﬂ

L, L,

D
I =qA[_ppn+&,,p]
18.13

11.66 5 hs105 +
0.00135

=1.6x10""?%0.0001
0.0108

2.25%x10° J

=4370x10"° A
I=1(e*¥%02% _1)~1.058x107° A in forward bias.

I=-1,=-4.37x10"" A inreverse bias.
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Prob. 5.24
In the junction of Prob. (5-16), calculate the total depletion capacitance at —4V.

1/2
CJ,-:\/EA{ 9 Nl }

2Vp=V)Nyz+N,

1/2
-19 15 17
2(0.695+4)| 10'° +10!7

=4.198x10°BF

Prob. 5.25
For the given p”-n diode, explain whether avalanche breakdown or punchthrough

breakdown occurs.

=13V from Fig.5.22.

Vava!anche

1/2 14 1/2
— [ 2e,(Vy + VB,)J _ [ 2(118)(8:85x1074)(0.956 + 13)J

gN, 16x1079 x10'7

=4.27x10°cm
which is less than the width of the n - region.
Therefore, avalanche breakdown occurs.

Prob. 5.26
For the given n"-p junction, calculate the capacitance.
; €
C = Capacitance =—= 4
w

— A qNaes
20V +VR)
Assume Er = E for then™ material.

Vy = 0.02591n Ve +0.55

n;

For N, =10”em™, v, =0.84V
For N, =10"7cm™, ¥, =0.94V
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For N, =10"cm™,
11 (Vo+VR) 0.84+ V5
C? A2 gNe, /2 (0.001)2(1.6x107)(10")(11.8 x8.85x107'4)/2
=1.197x10% (¥ +0.84)
which is linearly proportional to V', with the slope being 1/(A2qN £:/2)
which in turn yields N,,.

The plot of ? as a function of V' is given below.

1 2242
—— (10°°F
4 2 ( )

1
ol SlopGZW
31 /
2 ¥
1+
0 1 > - R®W
Prob. 5.27

Calculate the Debye length in Si for Ny = 10%. 10'®, and 10*® cm™2 and
compare with W in junctions having N, = 10*® em™3.

e kT > 11.8 x 8.85 x 10~1* x 0.0259 R LT
Lo = =5 = z ing — = 0.02
? [quJ [ 1.6 x 10-19 ] Na*  (using == =0.0259V)
= 411/N,?
, 2eskT N,Ny4 1 1 3 N, 1213
oo [ () G )] = (o) o)
{ g (n nf ) Na+Nd] S ngs) 17+ R,

63



Ny (em™3) Lp (em) W (cm)

We notice that Lp

is about 14 % of W for

the lightest doping and

8 % for the heaviest doping

10 4.11 x 10™° 3 x 10~¢
106 4.11 x 107% 3.3 x 10~°
10'® 4.11 x 1077 4.9 x 107
Prob. 5.28
For the given symmetric p-n Si junction, find the reverse breakdown voltage.
Xp, = -W/2 Xny = W/2
&
74
N =N, = x, =x, =—
a d n, Po 5

N, W
go=Wa, N
e € 2

The breakdown voltage is :

X

J-E - dx = the area under the triangle.

_.xm

2
w €€
Ver =€ox, =80—=80l 28, 1.0
e 2 2\ gN, gN,
_14 512
=11.8x8-85><10 X(5x10°) —16.32V

1.6x10719 x10'7
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Prob. 5.29
For the given parameters, design a p”-n diode and determine the width and doping of the

n-region.

€ max = IMV/em = L N3 (here W is used because of p*-n)
€

1 gN W?
Vp:,:orm’ = 5 < =W+ Vpr

Vpr,rora! — 174 _ 15+0.5

= W=31x10"cm
€max 2 108

gmax =gNdW =
€

€€ _ 10x10°x8.85%x1074

_ 17 .2
= 15 — = 1.784x10" cm
qw 1.6x107"7 x3.1x10

Nd:

Prob. 5.30
Find the stored charge O, as a function of time in the n-region if a long p™-n forward
bias current is switched from Ir; to I att = 0.

'y I
I,
Ir
>
QP(O)=IF‘] 'Tp
Qp(m):IF?. Tp
Q,(t) do
Ipy = 2 )+__....p
Tp dt
Taking the Laplace transform
I 0, (s)
L= 450, ()~ Iy T,
s T
P
I 1
Qp(S):[—FZ-‘”F]Tp ]_T
o s+—
Tp

Transforming back to time domain

0,(n= [pz'l:p(l —e % )+1F{cpe‘”"‘r
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Prob. 5.31

Find v(t) in the quasi-steady state approrimation.

5 @p(t)  dQp(d)
2= T + dt

the solution 1s in the form

@p(t) = A+Be ™

att=0: Q,0)=In,=A+B
att=o00: Qp(o0)=2I,=A, B=-I7,

Qp(t) = ITp(2—e“f"P)

It
— qu(t)/kT _ _='P _ ot/
Ap,(t) = pne = JAL (2 e p)

kT I,
v(t) = —1In L ) 92—t
( ) q (QALan ( )
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Prob. 5.32
Sketch the voltage across a 1 k) resistor in series with a diode having an

offset of 0.4 V and resistance of 400 2, and a source of 2 sin wt

While the input v, > 0.4V, v = g_v_.—ﬁ::k; =

when v, = 2,v9 = 1.14V

: 0.4V 400Q | )
4 ¥t —=d . L Vs
A S 7=\ /a\

v(t)
o

/S N/

What n-region thickness ensures avalanche rather than punch-through in a
St p*-n with Ny = 10"® cm™3 ¢

From Fig. 5-22, V}, ~ 300V. From Eq. (5-23b)
with Vo — V ~ V., =300V and N, > N,

2614]4' ~ [2 x 11.8 x 8.85 x 1074 x 300]‘3'

1.6 x 10~ x 10%°

=2 x 107%cm = 20 pm
Thus, if the n region is 20 gm or thicker, avalanche will occur before punch-

through.
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Prob. 5.34
Find Q, and I when holes are injected from p™ into a short n-region of length

I, if bp varies linearly.

op(xn) Q, = qA fy Spdz, = gASE2
Apn
0 14 " I=Ip($n=0J=%: Az.f-r&,,
Prob. 5.35

Find (a) the hole distribution, and (b) the total current in a narrow-base
diode.

d*6p(z.)  6p(za)

M) dzz L2

(2) 6p(z,) = C e =n/Erp D =/Lr — p* n L—
(3) At z, =0, ép=Ap,=C+D

(4) At z, =€, ép=0=C e /LrpD Y/Lr dp(xn)

Putting (3) into (4) : 0= C e /Er4(Ap,—C) e*/*r Apa ‘
Ap, €/Ls — —¢/L \ |
(5) C= ——PnC D:Apn_c-=&.: .

ef/le — e—¢/Lp "’

Thus, from (5) and (2) we have

/Ly _ e—t/Ls 0 >

Ap, [ete-zn};L,, _ e(::,,—f)/f,,]

(6) ép(zn) = e ()
— dép('rn) _ QADPAPR eff)_t'p + e—Lp
I=—-qAD, dz, £l - L, T el/Ly — /Ly
4
I= qADppn ctnh — (eq‘-’/kr__l) (b)
L, L,
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Prob. 5.36
For the narrow-base diode, find the current components due to (a) recombi-
nation in n, and (b) recombination at the ohmic contact.

The steady state charge stored in the excess hole distribution is
¢ ¢
Q, = qA / §p(z,)dzr = gA f [C em=/% 4 D &=/ da,
0 0

= qAL, [~C(e™"/*7 — 1) + D(e*/%» — 1)]

egfLP + e'el'f[‘? —_ 2
Ly — o-t/L,

= qAL,Ap,
Thus, the current due to recombination in n is

Qﬂ = M’i [ctnh i — csch i} (qu;'kT_l)
p Tp L L

P P

(a)

D ¢
= A2, ltanh —— | (e8V/AT_)
q L? [anh%p} (e )

(b) The current due to recombination at z, = £ is

]_9_2 = {—QALPPR csch —{-} (e?V/*T 1)

Tp Tp P

(note that L,/m = D,/L,)

These correspond to the base recombination and collector currents in the
pn-p BJT with Vg =0, given in Eqgs.(7-20).

Prob. 5.37
If the n region of a graded p*-n has Ny = Gz™, find &, &(z), Q, and C;.

0 w
@ F=2m, [ae=1c[" s
dz € & e Jo
__‘_1_ Wm+1
-50_6 m+1
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Prob. 5.38
Find E(x), W, and C; for a linearly graded junction.

(a)

£(z) q T
/ i€ = ¢ f z dz
0 e Jowp

or use a dummy variable.

£@) = L [+~ (5 7]

2

(b)
i w/2
B €= —dV/dz , or VU—V:—/ £(z) dz
, —W/z
v _ G [(w/2)? (W/2)°
g VoV == { L wyzp + 2L (W/z)SJ
e |
i GW?
8 VoV = T, W = [12¢(Vo — V)/gC]'”*

i (c)

; dQ w2

i ; o=V Q=qA A Gz dz = gAGW?*/8
| G = HE__daqv - v)/eGP”
7 8 d(% _ V) =~ 0 q
2 1/3
12(Vo — V)
Prob. 5.39

Use InAs to make an ohmic contact to GaAs.

For further discussion, see Woodall, et al., J. Vac. Sci. Technol. 19, 626(1981).
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Prob. 5.40

f ____________ 1.0 _
L] @1 £
10 P S
B N, =10l4 . ‘E
10° ¢ - z
: E /// %
// g
€ -~ 2 ]
g .~ 1019
T 1%
N -
¥ //
S 104 o Cmmmmmm——— (b)///
1 4 _1nl4
S— : e N, =10
= ——
103
1014 1016 1018

Donor concentration (cm3)

Prob. 5.41
A Schottky barrier is formed between a metal having @y = 4.3 V and p-type Si x=47).
The acceptor doping in the Si is N, = 10" em™.

(a) Draw the equilibrium band diagram, showing a numerical value for g5,

E;—Ep =kTIn®2
n

i

17
= 0.0259111L

15%10'
=0.407eV
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@, =4+0.55+0.407 =4.957 ¢V

I Pt T E.
- A I
4
4.3 |
Epm_l.— 5 RO PR RNC R o
4.957 f E.
qVo = 0.657
 — — L —Er, S
Metal Si Metal Si

(b) Draw the band diagram with 0.3 V forward bias. Repeat for2 V reverse

bias.
EFm — ———
0.3
_I_'...__..__EF, —_——_— — _...._EFS
= 4
0.337
r
Forward bias V' =03 V 2
metal negative
2.657
Efm_ — ] X
.

Reverse bias V = =2 U
metal positive
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Prob. 5.42
Under the given parameters for a piece of Ge, find its conductivitv, work function
difference. Explain whether it is a Schottky barrier or an ohmic contact.

2
n+N,=p+N, =%‘+Nd
_(2.5x101)?

n
n=4.04x10%cm™>, p=1.54x10%cm™

n+2.5%x10" +5x10"3, solveforn =

¢ =q(n, + piL,)=—2—(nD, + pD,,)

kT/q
-19
=%(4.04x10‘3><100+1.54><10‘3><50)=0.0297(Q-cm)‘*
13
0f = Ep — E; = kT In—= = 0.02591n % =0.0124eV
n; 1 2.5x10

For n - type semiconductor, the Fermi level is above the intrinc Si Fermi level
by the Fermi potential 0.

E, 0.67
g =Py = (X +—E=0p) =45 (4.0+—--0.012) =4.338eV

Electrons move from Ge to the metal. Therefore, we lose majority carriers in the

semiconductors, making this a Schottky barrier.
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Chapter 6

Prob. 6.1
Modify Egs. (6-2) - [6-5) to wnclude 1 and a new pinch-off Vr.

Including the contact potenual.

[zem - l'an)] 12

W(r=L)= e
2 1" L 1/2
h{zr =L)=a—-|—| (Vo—V5D)
gy
21\{
at pinch — off. A(z =L) =0 and Vo—Vgp = qal) d
2e¢
2}V
—Vep (pinch —off) = =2 — 15 = V7
2¢
Vr = —Vg+Vp at pinck — off = Vp—1g
2 -
where Vp = gale
2¢
Prob. 6.2

Modify Egs.(6-7) — (6-10) to include Vo and V1 from Prob. 6.1

2e(Vo — Voz)]"/* [ Vot Vo= Vo \V?
W(I}zf_ifo_,_,ﬁ_ﬂ ,_ h(I)=a|1_(°_,’_G> }
l gNp | L Vp

3

A~ | VD Q(Lb—vc)sﬁ 2 1'6+VD—VG)3"2
‘TD_G"‘“"’{V;ﬁz v ( Ve

Saturation occurs when —Vgp=Vr=Vp -1 =Vp — V5
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le..when 154+ Vp — Vo =Vp

Vo=V 2 /1 — 1N\ 1
thus Ip(sat.) = GoVp ¢ - °4+ =2 ( 0 - G) + =
Vp 3 3

Prob. 6.3

An n-channel St JFET with N, = 10®cm™3 in the p™ gate regions and
Ny = 10cm~3 in the channel has @ = 1 pym. Find V,, Vp, and Vr.
Find Vp (sat.) if Vg = =3 V.

kT = N,Ny 1034
Vo= —1 =0.0259ln ———————— = 0.814V
0 q " n? U299 2.25 x 1020
2 -19 -8 16
Vp = ga*Ny _ 1.6 x 10 X IE] x 10 766V
2¢ 2x11.8x8.85 x 10—

Vr = Vp—V, = 6.85V = V] (sat.) — Vg
Vp (sat.) = Vo + Vg = 6.85 — 3 = 3.85V

Prob. 6.4
For the JFET in Prob. 6.3, Z/L = 10 and p, = 1000cm?/V's. Plot Ip (sat.)
vs. Vp (sat.) for Vg =0,-2,—4,—-6 V.

Go = 2aqu.,nZ/L = 2x107  x1.6x1071¥x10°x10° x10 = 3.2x1073S
From Prob. 6.2

VG‘%+§(%—VG

3/2 1
7 7 ) + —gl See Prob. 6.3 for Vg and Vp

.[D(Sa.t.) = G[)Vp {

Ve —0.814 2 /0814 — Vg\¥% 1
()

I ) =3. —3xT. ~
p(sat.) = 3.2x10 x766[ . T

3
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We can plot this vs. 1p (sat.) =6.85+ V5

V'p(sat.) Ip(sat.)
6.85 1  6.13 mA
3.85 4.25
4.85 2.80
3.85 1.707
2.85 0.907
1.85 0.372
0.85 0.076
Prob. 6.5

For the JFET of Prob.

From Prob. 6.2,

Ip = GoVp {—— +

mA

Vo, 2 (%o vc):*'” 2 (Yot Vo Ve
3

3 Ve

B Vp 2 /0814—Vg\*? 2
In = 3.2x1073x7.66 | =2 -(—+) __(
p = 3.2x107"x 766 1 3 766 3
6 A
4 Ve=0 /(Sat')
g . /
L 7
2 1 /
v
_4:...-—-'7/
pZ
—
s :
0 2 4 6
Vb
76
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0.814 + Vp — Vg

7.66
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Prob. 6.6
The current Ip varies almost linearly with Vp in a JFET for low values of Vp.

(a) Use the binomial expansion with VpA-Vs) < [ to rewrite Eq.(6-9) as
approximation to this case.

(b) Show that Ip/Vp in the linear range is the same as g(sar.).

(c) What value of ¥ turns the device off?

Eq.(6-9) can be rewritten as

- N3/2
2(Ve)” _2V)(Vp
3 V;/Z 3 V;/Z _VG

using (1 +x)*% =1 +%x for small x, where x=Vp/(-V;):

3 V‘;/ 2 3 V; 2 V;_];/ 2 (_VG )
y 172
(@) Ip=Gy|1- V—G Y
P
v 1/2
®) Ip/Vp =Gy 1—(" <
VP

(c) Thisiszero when —V; = v,

Prob. 6.7

Drain current (mA)

- L] Ls r L
a 0.5 1.0 w5 2.0 2.5 3.0 3.5 40 43

Drin Volage (V)
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Prob. 6.8
Show that the width of the depletion region in Fig. 6-15is given by Eq.(6-30).

Use the mathematics leading to Eq. (5-23b), with ¢, for the potential differ-
ence across the depletion region, which is contained in z,, = W.

Prob. 6.9
An n-polvsilicon gate n-channel MOS transistor is made on a p-type Si substrate with N,

= 5x 10 cm™. The SiO» thickness is 1004 in the gate region, and the effective interface
charge Qiis 4x 1 o'’ qC/cmj. Find W,,, Vrg, and Vr.

2 i5
OF = ypNe - (:1.0259111ﬁ~(~}l—[J =0329eV
g n; 15x10

1/2 _14 1/2
ebp 11.8x885x107"" x0.329
Wp=2—"—| =2 19 15
aN, 16x107"7 x5%10

=415%10"cm = 0.415um

From Fig.6-17: @,  =-0.95V

0, =4x10'°x16x107"° = 6.4x107 Clem®

—14
_€_ 39x8.85x10 =3.45%10~7 F/em>

€
"d 0.1x107°
Ve =@, — 0,/C; =—095-6.4x107"/3.45x107" =—-0.969 V

Qy=—gN, W, = —16x107"° x5x%10%° x415%107°
—332x10"%C/em?

Q4 332x107%
Vr =Vep — 24+ 20, =—0.969 + ——————+0.658 = -0.215V
TURE T T 3.45%107
—14
C, = € :II.8><8.85><1(_) =25%10-%F/em?
W, 415%107°
-7 -8
c CCy _3.45x107"X25X107° _ 2o o-8pe 2

mn T Co+Cy 3.45x1077 +25x107°

Prob. 6.10
An n”-polysilicon gate p-channel MOS transistor is made on an n-tvpe Si substrate with

N;=5x10" em>. The SiO> thickness is 1004 in the gate region, and the effective
interface charge Q;is 2 X 1 0" qC/’cmz. Find W, Vg, and Vr. and sketch the C-}" curve.
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k 16
0r =~ L1 - 0025010210 _ 3507
q n; 1L.5x10

®,,; =—0.2 V from Fig.6 - 17
1/2 14 12
W= z{e_L‘MJ _ 2[ (11.8)(8.85x10 )(0.389)J
" gN, (1.6x1071%)(5x10'°)
=0.143pum
Oy =+qNyW,, = (16x107"7)(5x10'9)(0.143x107%)
=1.144x107"C/cm?

-14
C; =S L CACBXITT) _ 5 4s 1077 Fom?
d 107°
) . x1 11 ) -19
Vg =By~ 2= 202 - X0 NLOXIOTT) _ 4 g3y,
G 3.45x10”
0y 1.144x1077
VP =20 =L 4V =—0778——"""~ _ _0293=—1.402V
TTTE g s 3.45%107
1. . -14
c,=5s 1 SXSSSXISO =7.30x10"8F/cm?
W, 1.43x10™
CC; _ 3.45x1077x7.30x1078
min = 4= wa_., 730 108=6.03><10'8Flcm2
C+Cq 3.45x107" +7.30x10™
&
34.5
low l
430 ~
| k:
[
| =
I =4 20 2
l Q
4 10
— 603 |
high frequency | '
] L L 2
Vp-l2 06 V0 4
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Prob. 6.11

Drain current (mA)

Drain Volage (V)

80



Prob. 6.12
For the given Si-MOS, calculate Vr, B dose requirement to change it to zero. Discuss
whether it is an enhancement or depletion mode device.

From Fig.6-17, wehave @, =-0.1V

~14
c, =8 39XBIXIOT7 _ (501077 Brem?

fod 50x1078

18
OF =—len£=—-0.0259-ln Lw
1.5x10

n;
— ~14
7= [EsC0r) =ﬁ/11-8><8-85><118 ><12.467 =3.492x10%cm

Vp =@, + 205 —%—% (for p - channel, where Q; = gN_ W, Q; is

3 4

}= -0.467V

givenas 2x10'° qC/em?).

(1.6x107"7)(10")(3.492x107%)  (2x10'%)(1.6x107'%)

Vo =—0.1—2(0.467)—
T (0467) 6.903x10~7 6.903x10~7

=-1.848V
= Enhancement mode p - channel
AV =0—(~1.848) =1.848V = %

= Ogoron = (1.848)C; = (1.848)(6.903x1077) =1.276 X107 C/em?

OBoron _ 1.276x107°
q 1.6x107"°

Boron dose = =7.975x10"2 atoms/cm?
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Prob. 6.13
Find Vg for a positive oxide charge Q. located 1’ below the metal. Repeat
for an arbitrary distribution p(z”).

(a) At flat band the induced charge in the semiconductor is zero. Thus the
field between the metal and Qo is £ = —Q,z/€:. The voltage required
1s

(b) For a distributed charge, we sum up discrete charges such as (J,z over
the entire oxide

1% fode= -~ ["Z g’
= —— T = —— _
FB e,-fo pax C: Jo dP

&_\ Qo:

£

L&}

—

9_._$’_-—-)-

& d )

I

M — oxide — S
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Prob. 6.14

Calculate the change in the surface bandbendmg at 100°C if the bias on a Si MOS
capacitance with the substrate doping of 1 0'%cm™ is changed from inversion to
accumulation mode.

AG =205 = kT Na
q

n;

I'=373K

From Fig3-17, we obtain :
n, =2x10"%em™ (at373K)
Thus,
Ad = 2K\ Na oK lroom T 1y Na
q n 9 Toom M
373, 10'°

= 2(0.0259)——1In = 0.549V
300 2x10'

Prob. 6.15

C; = Measured capacitance/area in strong accumulation

—-12
= 3785x10 TF _ 37 6510~ Flem?
0.001cm?
Oxide thickness
—14
g & _ 3.9x8.85x12 —9.12 x10-%cm
C; 37.85x10”

To determine the doping density :
From experimental C - V curve the normalized minimum capacitance

corresponding to quasi - equilibrium can be determined.

: C._.
Cmin =—=02
C;
where C_.  is the total capacitance of C; in series connection with C,
C,Cq
Cmin = .-

C; +Cdm

83



Now, solve forC,

o
oo olgZelo ]

=37.85 xlo“”F—'—} —0.46x10 °F/em”
11-0.2

Also:
€ ey

=—(20F)

qN A
From Eq.(6 - 39)
N = 10[30.3884-1 683xi0g(C g, 1-0.03177(10g( oy, V')
. =
0.388+1.683(~8.02)-0. -
— 130388+1.683(-8.02) 003177(6439)) — ¢ 88 %10™ e

Prob. 6.16
For the Prob. (6.15), determine the initial flatband voltage.

To determine the initial (pre - stressed) flatband voltage Vig

First calculate C g from the previously determined doping density :

CiCues
CFB = r eDve
C." + Cdeb_ve
CFB Cdebve ' ro. . .
= : =Cpp (Cppisthe normalized flatband capacitance)

C:’ Cz’ +Cdeb_ve
J2e, | 2, q

C - = — = € .gN
debye = Jm e Vaur ¥
g qN,
1 —14 -19 14
- |l ——  (11.8)8.85%x10 6x107"% 6.88x10
\’ ( 2(0.0259) } XS Il I )
—4.71x10"8F/em”
Cobve 4.7 -8
debve 1x10 =0.55

Cen = =
i Cf +Cdebye 3.785X10F8 +4.?1X10_8

From Fig. 6-15, the Vig, = -1.0V
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Prob. 6.17
For the Prob. (6.15), determine the fixed oxide charge, Q; and the mobile ion
concentration.

On the experimental C - V curve we can determine the gate voltage at which the normalized
capacitance prior to bias - temperature stress is 0.636.

Vrs, =V5 C,,=0.55 = -LOoV

, Q,
PFB,, = (Drns - qE:
where @ =-0.35V

Q

| C. 3.785x1078
== @ms - VFB,,);’= (0.35— (—1.0))2:132X19

—5—cm > =1.53x10" cm >

1.6x10

To determine mobile ion concentration

1. Determine V. corresponding to the flatband voltage after the MOS capacitance had
been positively biased at 300°C.

(Note: Flatband capacitance has not changed)

From C-V curve measured after positive bias-temperature stress

Vig, = VG,c:c;, —o5s =—1.5V

2. Determine Vg the flatband voltage after negative bias temperature stress. From the
C-V curve measured after bias temperature stress

Vip- = VG|C'=0;_,, =055 =1V

Q

C; 3.785%1078
7 =(Veg—- V;aer)?r =[-1.0—(-1.5)]————r

= =1.2x10"ions/cm>
OX
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o Prob. 6.18
: Derive the drain conductance ¢p = 0Ip/0Vp beyond saturation in terms of
the effective channel length L — AL, and then in terms of Vp.

Using L' in Eq.(6-53),

1 zZ .. L L
! = = pCi = (Ve=Vp)* = D= -
Iy QFCL'( c—Vr) Ip(sat)L, Ip(sat)L_AL
, 0dIp 13} L
= — =] .
90 = 5y, = P 5 (r==z)
%} AL\ ALN"?/ 1\ 0AL
(-8 - (2 () B
oVp L L L) oVp
- L(1-8h)7 2 elto—Thblen) e
L L dVp qN,
o = Ip(sat.) L (2¢,/qN,)"?
D™ 2L — (26,/qN.)V2(Vp — Vpp(sat.)) /22 (Vp — Vp(sat.)) /?
For the given Si n-channel MOSFET, calculate Vr. Repeat for a substrate bias of —2.5V.
Q
VT = VFB +2¢F —C_d
.. [ I
__ Ve = -
, FB = 20F C,
-14
C,=%i= Skl ;‘3'9 =3.452x10" F/em?
d 100x10™
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According to Fig. (6-17), for N, =10'8¢cm™
= &, =-15V

Q. 5x10"°x1.6x107%°
Vep=®  ——L=-15— =-1.523V
FB="ms T, 3.452x1077
18
or =Line — 0025910 10 |=0467v
1.5x10

q n;
_ [2e,(20F) _ [2(11.8)(8.85x1071%)(2x0.347) _ 6
W"d gN, 1.6x10719 x10'8 =3:49x10 "em

Note : Here we used dielectric constant of Si.
Qa’ = “qNan
1.6x1071% x10'8 x3.49 %1076

Q
Vi =Veg +20p ——% = ~1.523+2(0.467) + =1.03V
r="rp+20F C. ( 3.452x1077

With Vp =-2.5V, depletion charge increases. Instead of bandbending of 20,
now have bandbending of (207 + V). The new width will be :

o (2508 +75) _ JZ(I1.8)(8.85><10‘14)(2><0.467+2.5)
"’ gN, 1.6x1071° x101

=6.695x10°cm =
Qg =—gN,W,, =—1.6x107"° x10'® x6.695x107° =-1.071x10~°C
Q, _ 1.071x107

C; 3.452x1077
Vy ==1.523+0.934+3.103 = 2.514V

=3.103V

Prob. 6.20
For the MOSFET in Prob. (6.19), calculate the drain current at Vg = 5V, Vp=0.1V.

Repeat for Vg = 3V, Vp= 5V.

For VG = SV, VD =0. IV, since VT = I.OBV, VD < (VG - VT) and we are
in the linear region.

ZzZ _ 1
Ip= ZH::C:‘[(VG —Vr¥p —EVB]

= 5—20(200)(3.452 xlo”")[(s ~1.03)x0.1- %(0- 1)2] =6.77x107°A
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For Vg =3V, Vp =5V, Vp(sat)=Vg—Vr =3-1.03=1.97V

Ip= %ITHC;' [(VG —Vr)Vp(sat)— %Vg (Sat)}

= %(200)(3 452%1077 )[(1 97)% - %(1 .97)2] =335x107%A

Prob. 621
Find the parameters of the given implant machine to use to make a Vr= 2V n-channel

MOSFET with a 4004 gate.

AQ;
AVr=2V=—=+L=
T C.

AQ;, €2 (3.9)8.85x107") 2

C. dqg  4x10®  16x107"°
Any n - type ion is okay, but based on projected range, use p - type.
R, =400A = E = 33keV (from Appendix IX).

Half of the dose is wasted in oxide.

=1.08 x10'2ions/cm”

Dose = AQ; | 5 1 08x10'2 x2 = 2.16 x10ions/cm>
g\

Dose = Q =
A

q

" 12 -19
; _ (Dose)(g4) _ 2.16x10 xlz'gxm X200 _ 3.456x10°A
t

Prob. 6.22
For the given MOSFET, calculate the linear Vrand ky, saturation VT and k.

la. Choose Vp << Vp(sat) to ensure that Ip-Vp curve is in the linear regime. e.g., choose

VD= 0.2V
(1) V=4V =02V Ip=0.35mA
(2) V=5V Vp=0.2V Ip=0.62 mA

In linear regime i
(3)  Ip=kM(Vo—Vr)¥p—Vp/2]
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From equation (3), inserting the values from (1) and (2)

0.35x 107 = ky [(4 - V7)(0.2)]

0.62 x 107 =k [(5 - V7)(0.2)]
0.35/0.62=(4- V) /(5- V)
1.75-0.35V;=2.48 = 0.62V7

Vr=2.71V, therefore, ky = 1.36 x 10~ A/V?

1b. Choose Vp >>Vp(sat) to ensure that /p-Vp curve is in the saturation regime, e.g.
choose Vp=3V
4) Ve=4V Vp=3V Ip=0.74 mA
(5) Ve=5V Vp=3V Ip=1.59mA
In saturation regime
6)  Ip=0/2)kny (Vo= Vr)
2. Insert values from (4) and (5) into (6)

0.74x1073 =%N(4— Vr)?

1.59%107° = %‘L(s- Vr)?

0.74 _(4-V;)?
159 (5-¥7)

Vr =185V, ky=3.20x10"*A/v?

Prob. 6.23
For Prob. (6.22), calculate the gate oxide thickness and the substrate doping either

graphically or iteratively.

Z_
(a) kN = IMHC:'
Use k), from Prob. 6.22 and [T, = 500cm?/(V -s)
1.36 x 10 A/VZ= (100/2) 500 C;
Ci=5.42x10° Flecm® = g;/d=3.9 x8.85 x 10" /4
d=636x10° cm =636 A

) Vr=Ves+20r—Qu/C;
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V9EsNaOF

Ci
As a first guess, we can start from ¢y =0.3V
(Note : since V = 2.71V, it cannot be PMOS)

271V=2¢F —%ﬁf—=2¢p -

i

Step 1:

2./1.6x107° x11.8x8.85x107* X N, x0.3
542%1078

271=0.6+

N, =6.523x10"%cm™ =

16
Op = k_T_ln_‘”f@. = 0.02591:1%'};&?— =0.395V

Step 2:

2/1.6x107° x11.8x8.85x10™ x N, x0.395
5.42x107

2.71=0.792+

N,=4.08X 10%em™ =

16
_KT Na _ 025010 H08%X10 _ 6 384v

F= g " n 1.5%10'
Step3:
2‘\-‘ qesNad.)F
Cox

N,=422x10%m™ = 07 =0.385V

Now, we have a self - consistent set of values.

n - channel MOSEET, N, =4.22x10"cm ™

2.71=0.767+

Prob. 6.24
For the given Si MOSFET, calculate the inversion charge per unit area. Also sketch the

dispersion relation for the first three subbands.

For 2-D situation, the density of states is given by

*

m
N(E)=— for xand y plane.
T d
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In & space :

h2

E =—‘(kl2_ +k3 +k_3‘), where k. =2L
2m ’ ’

n? 2 no2n?
=—(k; +k§)+—"*—7
2m ’ 2m L2

E

2
6.63x107* | 5 »
. 525 22 P T

" 2m 2 2[0.2%(9.11x107°1)](1075)2

2

=3.016 x1072'n% J = 0.01885n¢V = 18.85nmeV’
= E,=18.85meV, E; =75.4meV, E;=170meV

*

. m
Let units be —

Th
The number of electrons per unit area is given by :
E, * x
J m 2m (E;—F
n= [N(E)f(E)E =Z5(E, - Ey) + (——3 2 ]
E Th* Tth 2

(since the Fermi probability is 1 below Er and £ isin the
middle between £, and E3.)
Charge per unit area by simplifying the above expression :

*

qm qm‘ -3
=—(E;—E)=4n —[(9-1)x18.85x10
qn=""5(Es=E)=4n=—{((-1) ]

1.6x107'9(0.2%9.11x1073h)
(4.14x1071%)(6.63x1073%)

=20.12C/m?>

=4n [(9—1)x18.85x107°]
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E; 0
> g(E)
- |
1
AE
E3
E
E
kr; k_'le'
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Prob. 625
The ideal capacitor of Ezample 6-2has Vpgp = —2 V. Redraw Fig. 6-16 and

find Q.

Qi
Vi = @ms -
FB C.
_ Qi
2= 0Oy
Q: = 1.05(3.45x1077) =36 x 10~’ C/cm?

The figure is shown with Vgg = -2V.

@
5I
bl 3
=
o
345 i“ low frequency
W
(=]
b
=
=
high frequency 3.15
1 1 >
-2 -1 0 vV
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Prob. 6-26
Plot the drain characteristics for an n”-polysilicon-SiO2-Si p-channel transistor with

Ny= 10", 0;=5x 10" q, d=1004, w, = 200, and Z = I10L.

ZCi [, . | R
_p=t (Ve —Vr)— 5 Vb| Vb

where Vo = —1.1V and p,ZC:/L = (200)(10)(3.45x1077) = 6.9x107*

For Vg = -3, Vp(sat.)=-1.9

—Vp: 0.3 0.5 0.8 1.0 1.5
—Ip (mA): 0.36 0.57 0.83 0.96 1.2
For Vg = —4, Vp(sat.) = —2.9
Vb : 0.5 1 1.5 2 2.5
—Ip (mA): 0.9 1.7 2.2 2.6 2.8
For Vg = .—-5, Vp(sat.) = —3.9
-Vp : 1 1.5 2 2.5 3 3.9

—Ip (mA): 2.3 3.3 4 4.6 ) 5.2

—~Ip (mA)
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Prob. 6.27
For the transistor of Prob. 6-26 with L = 1 um, calculate the cutoff fre-

quency above pinch-off.

~ —...,......_gm
fc - Qﬂ‘C,'LZ

For p-channel we must include a minus sign in Eq.(6-54) for positive g,».

o 1 Z _ _ P’P r r
fe=geaz TH G VrVe) = 5 (=Vo)

200
27(10-4)2
For Vg = -3, f.=6 GHz

For Vg = -5, f. = (3.9) = 12.4 GHz

Prob. 6.28
An n-channel MOSFET has a 1 um - long channel with N, = 10'¢, and
N4 = 10%° in the source and drain. What Vp causes punch-through ?

036

525 x10% ~ 05

Vo = 0.0259In

We have two depletion regions to calculate, at the source and drain ends of
the channel. Note Ny > N,, so most of W is in the p-side (channel).

vz
At the (zero — bias) source end, z,s = [?;VO}

B

=0.35 pym

e 2x11.8 x 8.85 x 10714 x 0.993
pS = 1.6 x 10-1° x 1016
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2e(va+vpjr

At the drain end, z,p = [ "

Punch-through occurs when z,p = L — zp5 = 0.65 pm

(0.65 x 10-4)2(1.6 x 10~3)

, Vp=2,
2 % 11.8 x 8.85 x 10-14 D =2.3V

0.933 + Vp =

Prob. 6.29
For the n-channel MOSFET of Ezample 6-3 what substrate bias will shift
Vr to +0.5 V' 2

V2SI ((26r — Vi)t — (266

In example 6.3 Vr = —0.14, N, = 106, ¢r =0.347, C; = 3.45 x 10-7

Eq. (662) AVy =

2 x 11. 85 -14 % 1.6 x 1071° x 10'¢]2 . )
AVy = 0.64 = [2x11.8 x 8.85 x31;}5 . fohﬁ x 1071 x ] ((0.694 — Vip)} — (0.694)}]
0.64 = 0.1676[(0.694 — V)% — 0.833]
Vs = —20.95V

Using Eq. (6-63) Va = — (%) = —14.6V

0.1676

Since C; is large for a thin gate oxide such as this, a large substrate bias
is required to make a2 modest change in threshold voltage. This method of
affecting Vr is not practical for thin-oxide transistors.
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Chapter 7

Prob. 7.1
For the bipolar junction transistor whose fabrication is described in the question, find

where the peaks and widths of the boron and phosphorus profiles prior to annealing are
emitter, and where the peaks and widths are after annealing, and what the collector

Jjunction depths are after annealing.

(a)
From Appendix IX :
R, =0.16um for 50 keV boron.

AR, =0.05um.

width =2AR, = 0.1um

R, =0.04um for 30 keV P.
AR, =0.018um

width =2AR, = 0.036pm

®

Annealing causes diffusion. From Eq.(5-1b),

Variance 62 = (AR> +2D1)

For boron, from Appendix IX we have

62 =[(0.05)% +2(107"2 x10x10%)Jum?
=0.0025+0.002 = 0.0045pm?

= ¢ =0.067um.

The width of Gaussian distribution is

26 =0.134um

Peak locations are the same before and after annealing.
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(©)

Since the Base - Collector junction is far from the emitter peak, we can

ignore the phosphorus concentration at the collector junction.

: ~R,)?
e” ( where y? = _(x._z.L
2(AR;, +2Dt)

N(Boron) =

_ 5x10'
V21 [0.067x107%]

2%10" x~/27 [(0.067) x107] ]

eV =2x10%cm™>

Solve for 2 &5 y?=-In
o’ 4 [ 5x10'

= y=3.1

(x—R,)?
2(AR? +2Dr)
x = y:|2(AR2 +2D1) + R, = 3.142x0.0045 +0.16 = 0.45um

= Collector junction = 0.45um.

Sincey? = solve for x :

?

- ¢

Peak concentration = =

N2no

14
Boron peak = >x10 ——=2.988 x10°cm ™
V27 [(0.067) x107%]
14
Phosphorus peak = chat —-=1.096 x10%cm ™
V21 [(0.0364)x107%]
Atx=0,
_1( 0.04 ]

Phosphorus concentration =1.096 x10%%¢ 2.00364) =599x10'"cm

Graphically, emitter junction = 0.108pm.
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Prob. 7.2
Sketch ic vs. (—vcg) for the BJT of Fig. 7-4, and find —V g for Iy = 0.1 mA.

flc (mA)

20 0.20

\ _ 0.16 4

N
‘c N\ 0.12 -
10 N -
;\ 0.08 =
{ \\
- 0.04
I \\
1
5 10 V™)
VeeV)
Prob. 7.3

Plot 8p across the base of a p-n-p with Wy/L, = 0.5.

Refer to Fig. 7-7.

dp _ Mleﬁr,/f_n B Mzex,_/l.p
Apg
e =165, 72 =0606. M, =158, M, =058

Arx,/L, =0, 2 _158_058=10.
Apg

Ar x,/L, =05, AE‘:?" =1.58(0.606) — 0.58(1.65) = 0.

E

Values can be filled in to obtain a plot such as Fig. 7-7. with normalized axes.
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Prob. 7.4
Derive I from Qp/Tp.

Wb
Q, = 4], " 8p(x,)dx,

= gaL, b(e”’*’% —1) =Gy - 1)]

=%
T
P
-W,/L W,/L w,/L -W,/L
_94L, | (Apc—bpge N e T =1 (Appe’ 7 —Apc)e 7 Z1)
- w,/L -W,/L W, /L -W,/L
'l:p e g ¥ e v —e P

B w. /L -W./L
gAD, | (Apc+App)l(e 7 +e ") =2]
L eWb/LP _ e—Wb/LP

i W, W,
=—2%|(Apg + Apc)(ctnh zi —csch —LJ-)J
2 2 P

Prob. 7.5
Extend Eq. (7-20a) to include the effects of nonunity emitter injection efficiency (Y<1)

Derive Eq. (7-25) for .
Eq.(7—20a)is actually /g,.

Ig, = 94D , ,e?7 /¥ for Vg >> kT/q

n

Thus, the total emitter current is:

D W. D
— _ P b n qVes kT
IE = IEP +‘[En = QA[-———LP p"CtrlhE*’i'—Ln np}e
—1

-1 D;
1 r N
7=ﬂ:[1+£§-’1} =|1+E p tanh b

D’ o
Ig TEp =P L
n P P
Using —2 = & D’; !-1_;:?, gDk

Apply the charge control approach to the distribution in Fig. 7-8b to find the base
transport factor B.
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. _ -1 -1 . -1 . _ -1
IEp _Qp(Tf +Tp )7 e = thr s g _Qp‘:p

~1 -1
. -1 [ 2
gy T, +1:; T | 2D 1

Using (1+ x)'] =] - x for small x. we have:

-1 -’

2 2
B~ 1+1[EJ ;_,1_.3{&)
2| L |

p
Eq.(7-26)is

2
stechp—y‘izl—lﬂ from Table 7.1.
P 2 L,

Prob. 7.6
A svmmetrical Si p~-n-p~ BJT with area 107 em” and base width of one micron has an

emitter with N, = 10”7 em™, 1, = 0.1 us, and W, = 700. In the base Ny = 107 em™, Tp =
10us. and W, = 450. Find Igs, and Ig with Veg = 0.3 V and large reverse bias on the

collector junction.

In the base:

p,=n2m, =(15%x10'%)2/10'" = 225x10°
D, =450(0.0259)=1166., L, =(1166x107")""* =108x107*
Wy/L,=10"*/108x107% =926 X107
Igs = Ics = gA(D,/L,) p, ctah(W,/L,)
= (16 X107 (107*)(11.66/1.08x1072)(2.25%10°) ctnh 9.26 X107
=42x1073A

8pg = poe?’ @, Apc =0
App =225%10° x¢/%3/002%9) = 3 4x10'°

Iy =qA(D,/L,)bpg tanh(Wy/2L,)

ar

Ig= f—b = gAW,App/2t , =1.9x1072A
p

Find y and B for a long emitter of the BJT.
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In the emitter,
D, =700 (0.0259)=1813

L, =(1813x107)"? =135x10™°

E
AD ,
Ig, =252n pE o@VekT

E "p
Lﬂ
qADﬁ B Wy v AT
Igp = B P cth—g- ™7
P L,
—1
I
Iz, +1g, Ig,
r —1
DE /IE nft P B
=1+ 5T v | (wse 5=
Dp/Lp pn LP pr.' pp
~ . -1
=2 15
y=| 14 BI3XAOBXI0 X101,y 926x107 | =0.99885
| 1166x135x107°x10"

W,
B= sech—zb— = sech 926 x107> = 0.99996

P
o = By =(0.99885)(0.99996) = 0.9988
B = o _ 09988 _ 832
I—o  0.0012
Prob. 7.7
For the diode connections shown. sketch ép in the base. Which s the best
diode ?
ép
Apg
Iﬂ. I Iﬂ
0 W
(a) Ig =I¢c,Ip=0. Since Vis (b) Veg = 03 tbus Apc = U'EOUCE
large, the collector is strongly that this is the narrow-base

reverse biased, Apc = —pa. diode distribution.

Since Ig = Ic, Apg = —Apc
= p, from Eq.(7-34). The area
under ép(z,) 1s zero.
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Apg ‘
\ APE u/ APC
aApg
z, Tn
0 Wy 0 We
(c) Since Ic =0, Apc = aApg from (d) Ves = Vep = V. Thus Apc = Apg
Eq.(7-34b).

Connection (b) gives the best diode since the stored charge is least; (a) is not
a good diode since the current is small and symmetrical about V = 0.

Prob. 7.8
For the trassistor connection in Fig. P7-7 a, (a) show that Vg = (kT /q)In2;
(b) find the expression for [ when V > kT /q and sketch I vs. V.

While V > kT/q, Apg = —Apc = p»

(a') Apg = pﬂ(e‘TVEB{kT_l) =Pn

kT
e

(b) I=1Ig=I¢c=Igs(l+a) since Igs=Ics
qAD, W W
» (ctnh — h —

L Dr (ctn L +csc Lp)

The current is small and independent of V ezcept when V drops below kT'/q.

or I =
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Prob. 7.9
(a) Find I for the transistor connection of Fig. P7-7b; compare with the narrow base
diode.

AD
Since Ap- =0, = Khand Apg ctmh 76
P Ly

(b) How does I divide berween the base lead and the collector lead?

AD

Ic= e Apg cschﬂ
L, L,
AD

IB = q P APE tanh_Wb
Lp 2Lp

where /¢ and I are the components in the collectors and base lead, respectively. Note that
these results are analogous to those of Probs. 5.35 and 5.36.
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Prob. 7.10
Suppose that V is negative in Fig. P7-7c, (a) Find I from the Ebers-Moll equations; (b)
find the expression for Vg, (c) sketch dp(x,) in the base.

With Vig<<—kT/q and I-= 0:

(2) From Eq.(7-36), Iz = (1— o) Igs (1) = Igs (o =1).
Since o = oy = o for a symmetrical device.

(b) From Eq. (7 - 32), 7”71 = q(-1)
Thus Vg = EIn( 1-ot)
q
(c) From Eq. (7-34), Apc = 0Apg
Since Apg= —p,, Apc = O(=py).
Sp

Prob. 7.11

For the transistor connection of Fig. P7-7d, (a) find dp(x,) in the base; (b) find the
current I.

Ves =Veg =V, Ape = Apc

(a) mEq. (7-13), C, =",

5 _ x,/L, | (W=x) L, 1= e
p(xn)_ApE(e +e ;QW’/L" _e-Wb/Lp
D
(b) 1 =2g4=L pn(tanh—%-—)(eqw” ~1) fromEq.(7-19).
L, 2L,
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Prob. 7.12
(a) Show from Eq. (7-32) that Iro and Ico are the saturation currents of the emitter and

collector junctions, respectively, with the opposite junction open circuited.
For I-= 0, Eq. (7-32b) gives

Voo kT VAT _1y

Ics(e” @™ =) =oylgs (€7
Substituting this into Eq. (7 - 32a) we obtain
I =Igs(1—ooy Xe?" =™ - 1)

This is a diode equation with saturation current Jgs(1—00) = Izo.
Similarly, for Iz = 0, Eq. (7-32a) gives

IES (quEB/kT - l) = (x;fcs(eqwakr - 1)
Substituting this into Eq. (7 - 32b) we obtain

-IC = [CS(I _alaN)(qum/kT - I) — Ico(eqyrn/kr _ 1)

where the minus sign arises from the choice of /¢ defined in the reverse direction through
the collector junction.

(b) Find expressions for: Apc with the emitter junction forward biased and the collector
open; Apg with the collector junction forward biased and the emitter open.

From Eq. (7-34): Apc= cyApg for Ic=0
and Aps= awApc for I = 0.

(c) Sketch 8p(x,) in the base for the two cases of part (b).

& &

ADE \ / ADC
| 4ApE  OyAPc
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Prob.7.13
(a) Show that the definitions of Eq.(7-40) are correct; what does qy represent?

“fe_ Onltw  __ TeN
IE QN(IKTIN +1’(TpN) T[N+‘CPN

Tgy =On(/T iy +1/T 5y ) = Igg Sda

n

thus IES =qN(1flTrN +1'ITPN)’ whereqN=QN Pn
E

Ap
and similarly for the inverted mode.

gn ~ ¥%2qAWgp, is the magnitude of the charge stored in the base when the emitter junction
is reverse biased and the collector junction is shorted.

(b) Show that Egs.(7-39) correspond to Egs.(7-34).

TNT pN Tf% pr
QN=IESAPE =L > QI=ICSAPC_'D
Pn Tin+tTpy Pn Ty +Tp1
Thus Eq.(7-39a) is

A T oI
Ig=1Igg PE _IC.S'%#: Igg 2Pg -0l =28
Pn Pr Tr[ +Tp[ pn Pn
Similarly, Eq.(7—39b)is
ToN
Ic=1Igg 22p_Tp -Ics &Pc =aNIESApE _ICSAPC
Pn TN +rpN' Dy Pp P
Prob. 7.14

(a) How can the transit time across the base 7, be shorter than the hole life-
time in the base 7, ¢

ép(z,) is a steady state distribution

and is replaced on average every ép
7, seconds. However, the distribution
1s made up of indistinguishable Apg

holes in transit across the base,
each spending on average 7; seconds
in transit.
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(b) Ezplain why the turn-on transient of a BJT is faster when the device s
driven into oversaturation.

Saturation (@ = @;) is reached earlier in the exponential rise:

Qs = Ig 7, (1— e~7r)
1 = T, ln—l—*—“
: P 1-1c/BIB

use Blg > I¢(sat.)

Qb

Qs

Prob. 7.15
Design an n-p-n HBT with reasonable y and base resistance.

Since this is an open-ended design problem, there is no unique solution. Students should
use the results of Eq.(7-81) with the band gap difference of 0.42 eV between GaAs and
Alg 3Gag 7As, to conclude that the base doping can be considerably higher than the emitter
doping while maintaining a good emitter injection efficiency for electrons. It is possible
to estimate the base spreading resistance with the higher doping concentration. This will
require using Fig.3-23 to estimate the GaAs electron mobility at that concentration. Note
that App. III only gives the value for light doping. Clearly, much important information
will be lost in these estimates, because of the sparse information the students have to
work with. For example, real HBTs using AlGaAs/GaAs suffer from surface
recombination problems, and scaling to small dimensions is inhibited. Some students will
be interested enough to read current articles on HBTs and will therefore provide
comments to this effect. In fact, a good answer to this problem might be “I wouldn’t use
AlGaAs/GaAs at all. What [ would do instead is ...”
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Prob. 7.16

Amplification factor,

Prob. 7.17

Ic (A)

Relative doping, ny/Pp
.01 .1

Normalized base width, Wb/I.p

3— - + + — 120
E‘ ettt bbbttt — 80
3- > 40 mA
E' —s—s—s—5—8—8—8—8 o o8 e [p=0
L P 0. 40 0.80 1.20 1.60 2.00
VBCc V)
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Prob.7.18
(a) What is Qp in Fig. 7-4 at the d-c bias?

O»=IzT, = (10" A) (10° 5)=10"C
also IcT,=(10%) (107)=10°C

(b) Why is B different in the normal and inverted mode of a diffused BJT?
The base transport factor is affected by the built-in field resulting from the doping

gradient in the base. This field assists transport in the normal mode, but opposes transport
in the inverted mode.

110



Prob. 7.19
For the given p-n-p transistor, calculate the neutral base width W.

The emitter doping is so high that Eg, ~ E,,. Therefore,
The built - in potential at the base - emitter junction 1s approximately given by :

E 16
Vo = —£ +£ln£§ =0.55+0.02591n *—IQ—TO* =0.897V
2 q n; 1.5x10

The built - in potential at the collector - base junction is given by :

v, :E[mﬁgﬂnf\_’g}

g n; n;
[ 16 / 16
=0.0259In| —2— l+1n| —2 || = 0.695V
1.5x10 LI.SXIO

Next calculate the width of the base - emitter and base - collector space

charge regions :

Weg = %;(Vo,m = VEB)

Since N >> N and the base - emitter junction is forward biased,

2(11.8)(8.85x107'%)
Wep = 0.897 -V,
EE \/ 1.6x1071% 101 ( )

For Vgg =02V, Wgg =3.02x107° cm
For Vg =0.6V, Wz =197x107 cm

The width of the collector - base space charge region is given by :
Wop = \/2&:3 Nc+Np o
g9 NcNg
where @ =V, + V- is the voltage drop at the base - collector junction.
Note : One - sided step junction cannot be assumed since for this problem Nz = N -
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Given: Vg =0, @ = VO,,_(. =0.695V

Hence: Wz =4.26x107cm
Calculate width of neutral base region :
Given : W = metallurgical base width = 1.5um

N,
W, =W =Wy ——S—W,
b ER NC+NB CB
FOI’ VEB = O.2V
0.426

w, ='1.5—0.302—-2—= 0.985um

For VEB =0.6V

4
Wy, = 1.5—0.197—-%2:‘-: 1.09um.

Weg—» — W —¥ — Wep
Emitter Base Collector
W
Prob. 7.20

For the BJT in Prob. (7.19), calculate the base transport factor and the emitter injection

efficiency for Veg= 0.2 and 0.6 V.

At first, we determine the electrons and hole difusion lengths :

Given 1, =T, =T, = 10775
and D,=D,=10cm*/s

L, =Dz, =v10x1077 =107 cm

L,=L,=L=10um
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Calculate the base transport factor, B.

2
For o B:_._.._*__.zl_g(ﬁ]
’ wsh(%]

For Vgg = 0.2V,

2
2

B=1-1[19 7V _ 904

2{ 10
Calculate the emitter efficiency 7y :

— ! Ep
‘Y =
I Bt Ig,

where
I Ep is the current for holes injected from the emitter to the base;
Ig, is the current for electrons injected from the base to the emitter.

Calculate /g, and /g, asafunction of Vgp.

I, = Diffusion current injected across B- E junction by the emitter (holes

for the p - n - p transistor).



For thegiven p-n-p:

D _n? V
[r = Ag—P— exp(17£8 hole current
Ep qNst p( T ) ( )
-5 -19 1042
15p=10 ><1.6><120 ><IO><(1_45><10 ) exp 0.2 ~8951x10-"2A
1077 x0.985x10™ 0.0259

Similarly, at Vg = 0.6V, /g, =3.8x107°A
I, = Diffusion current injected across B - E junction by the base (electrons

for the p - n - p transistor).

2
; vV,
lg, = Aq Dyri exp(q £B)  (electron current)
NeWg kT

Here we have W rather than L in the denorminator because Wy << L,.

For VEB = O.ZV,

1070 x1.6x1071% x10x(1.5%10'%)? 0.2 s
Iz, = ex =2709x107" 4
. 10 x3x107* p{ }

Similarly, at Vg = 0.6V, I, =1.38x107% 4

Now that the various current components are known. we can calculate
the emitter injection efficiency,

Ig,
I B+ Ig,
For Vgg = 0.2V,

8.251x10712
8.251x107'% +2.709x107"?
For Vgz = 0.6V,
_ 3.8x107°
T 3.8x107° +1.38x1078

‘Y:

=0.9997.

'Y:

=0.9996.

Y

Prob. 7.21
For the BJT in Prob. (7.19), calculate o, B, Ig, Ip, Ic and the base Gummel number.
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To calculate the common base current gain ¢ :

o =By.

ForVgg =0.2V, o =(0.995)(0.9997) = 0.9947.
Similarly, for Vg = 0.6V, o =(0.994)(0.9996) = 0.9936.

Tocalculate §: B = x

-

For Vgg = 0.2V, B = 0;99{-7- =187.7.
1-0.9947

For Vgg = 0.6V, B = M =155.3.
1-0.9936

To calculate current Ig, Iz, and I for Vgg = 0.2 and 0.6V, the emitter
current is given by :

JIE = [Ep + IEJZ

where /g, and /g, are the hole and electron currents, respectively,
injected across the base - emitter junction.

At VEB = O.ZV,

I =8251x107"2 +2.709x107"° =8.254x107'2 A = 8.254pA

I, =3.8x107° +1.38x107° =3.8x10° A = 38puA

The collector and base current can be determined by
D n’
[~=0d- or [~=Bl- =BA4 _Leql’m/fc]"
y £ < EP q IVBWb

and Ig=(l-a)lg=1g-1,

ForVgp = 0.2V, 0. =0.9947 and [ =8.254pA,
I-=0.9947x8.254 =8.21pA

Ip =8.254—8.21=0.044pA

ForVgg =0.6V, 0 =0.9936 and I =38uA,

I~ =0.9936 x38 =37.8uA

Ig =38—-37.8=0.2uA

Base Gummel number = Nz, =10'® x1.09x1 07* =1.09x10"2 em ™2 (for V5 = 0.2V)
ForVgg =0.6V, '

Base Gummel number = N, =10'® x0.985x107* = 9.85x10' ecm™
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Prob. 7.22
For the given Si p-n-p BJT, calculate the B of the transistor in terms of B and Y, and using
the charge control model. Comment on the results.

In emitter,

£E=/Dx, = |n, k—Trn = /(150)(0.0259)(1x107°) = 1.97x10™cm =19.7um
q

In base,

Il
(l

B=Dg,=|u, L , = 1/(400)(0.0259)(25x107°) = 1.61x102cm = 161um
g

Assuming the emitter width is much greater than L,”,

wENEw, | [, (15000)02) T
y=[1+2—L L =1+ e =0.999992
WENELE | T (400)(5x10'8)(19.7) |

2 2

—W—bz: 1= 027 _ 49999992
212 2(161)°

g = _BY___(0.9999992)(0.999992)

T 1-By  1-(0.9999992)(0.999992)

B=1

=1.136x10°

Charge control approach

W (02x107%H)2  (02x107%)?

T, = =
kT 4 .
2D, 2, ?) 2(400x0.0259)

=1.93x107!s

T, _ 25x107°
T, 1.93x107"
By the two methods, the values of 3 calculated are different because of the different

approximations made in the two approaches. For the second (charge control) approach
we erroneously assume?y = 1 which, therefore, gives a higher value of B. In the first
approach, we have a better approximation fory (y <1).

=1.3x10°
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Prob. 7.23
For the BJT in Prob.(7.22), calculate the charge stored in the base when Vg = 0V and
Ves = 0.7V. Find fr, if the base transit time is the dominant delay component for this BJT.

Op = %GAWan @qrﬂ,;kr)
=%(1.6><10_]9)60'4)(0-2><10‘4 (1-5X1010] @0‘710.0259)

1016

=1.968x10"12C

_ W (02x107%)?
2D,  2(400x0.0259)

PO 1
T omt,  2x%3.14%1.93%107"

=1.93x107's

!

=8.25x10°Hz

Prob. 7.24

Given 3 npn transistors which are identical except that transistor #2 has a base region
twice as long as transistor #1 and transistor #3 has a base region doped twice as heavily
as transistor #1. All other dopings and lengths are identical for transistors #I, #2 and
#3. Give the number (s) of the transistors or transistors which have the largest value of
each parameter, and give clear mathematical reasons for each: (a) emitter injection
efficiency (b) Base transport factor (c) punchthrough voltage (d) collector junction
capacitance with Vg reverse biased at 10V (e) common emitter current gain.

1 2 3
» 7| — 20 —» » 7 e
" | Pl ® % %
N AN N
N, N, 2N,
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IEH
Ig, +1 Ep
Yz >7Ys3 because base dopingis higherin #3 = I, lessisin3.

Y# >Yur because base widthislargerin#2 = [, lessisin2.

@ 7=

I-Erz | x=0

(b) B=

I'En
By > By, because base width is larger in #2 = cause more recombination.

By, > By; because base doping is higher in #3 = cause more recombination. -

x=W,

2
_ gNgWy
© Vp= e

= #2>#] because W, — 2W,, (four times more)
#3>#1 because N, — 2N, (two times more). Therefore, #2 highest.

@ C; o (Ngoping)''> = #3highest.

e B= l_a_ = " BYBY , Since (a) and (b) show #1 to be higher, #1 has highest §.
=L —_—

Prob. 7.25

7. = 100 ps in the base of an n-p-n, and electrons drift at v, through the
1 pm collector depletion region. The emitter junction charges in 30 ps and
the collector has C. = 0.1 pF and r. = 10Q2. Find fr.

The total delay time for the parameters given is

-4
107
= 1.1GHz

1
T4 = 100ps + s + 30ps 4 10(0.1)ps = 141ps

fr =

2?'er
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Prob. 7.26
An n-p-n Si BJT has N§ = 10'® and NP = 10'® cm™3. At what Vgg is
Ang = NB 2 Comment on 7.

Ang = n,e?BE/KT Set this equal to N2

This occurs for Vee = %: In NB/n, = 0.02591n -2—'—2159;? =0.695V

With %ﬁ = 100, high injection is not reached until the emitter junction is

biased to nearly 0.7 V. Since the contact potential V5 = 0.0259 In % =

0.81V, this i1s a very high bias. Thus v rolloff due to high injection is not
likely in the normal operating range.

Prob. 7.27
Find Apg(t) if the emitter has an applied voltage vep(t) = Vep + ve(t)
where Vep > kT /q and vy < kT /q.

Apg(f) = pn(eqv{t)/kT_l) ~ Dn e?”(f)/kT

using v(t) =vgp = Vgp + ve we have
Apg(t) = pn exp((VeEs+ve)q/ kT = pulexp(qVes/kT)][exp(ques/ kT
= Ape(de) exp(ques/kT)
If v < KT/q,

qvcb]
kT

Apg(t) = Ape(dc)[1+
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Chapter 8

Prob. 8.1
For the p-1-n photodiode of Fig. 87

(a) Ezplain why this photodetector does not have gain .

An EHP created within W by
absorption of a photon is
collected as the e~ 1s swept
to n and the h* to p. Since

only one EHP is collected per X

photon, there is no gain. £

(b) Ezplain how making the device more sensitive to low light levels degrades

its speed

If W is made wider to receive more photons, the transit time to collect the
EHP is longer (degraded response speed).

If W is kept the same and the area A is increased to receive more pho-
tons. the capacitance is increased and again the response speed is degraded.

(c¢) If this photodiode is to be used to detect light with A = 0.6 pum. what
material would you use ? What substrate would you grow this material on?
Eon =1.24/0.6 = 2.07eV

From Fig. 1-13 .

InsGasP grown on GaAs has E, =~ 2 eV
AlAs 55Sb 45 grown on InP has E, =~ 1.95 eV

Both of these have E, slightly smaller than the photon energy.
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Prob. 8.2
A Si solar cell has A = 4 ecm®, Iy = 32 nA and W = 1 pm. If g, =
10'* EHP/cm®s within L, = L, = 2 pm of the junction, find I,. and V,..

From Eq. (8-1),

Ie = Ly = qAGop(Lp+ Lo +W) = 1.6 x 107" x4 x 10"8(5x 107*) = 0.32 mA
From Eq. (8-3),

Voe = ZIn(1+ Ly/In) = 0.0259In(1 + %2A7)
=0.24V

Prob. 8.3
Plot I.-V for a St solar cell with I, = 5 nA and I, = 200mA.

From Eq.(8-2),

kT I+1.. I+0.2
V= p In(1 + T )—0.02591n(1+5><10_9)
I (mA) V (volt)
—200 0
—190 0.376
—180 0.39
—160 0.41 -I(mA)
—~120 0.43 200
—80 0.44
—40 0.448
0 0.453
100}

: L : V(volt)
0.2 04
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Prob. 8.4
Repeat Prob. 8.3 with a I Q) series resistance.

For a given current I and terminal voltage V,, the voltage I
across the diode is reduced by IR q-vv-—
V,=V+IR > | R *
1o Vv % Va
so -

] — Ith(eq{va—fn)[‘kT _ l) — Iop — 5 X 10—9(6(1/.,“[};‘0.0259 _ 1) — 0'2

I Ve -I(mA)

0 0.453
—0.04 0.408 200
—0.08 0.36 Prob. 8.3
-0.12 0.31
—0.16 0.25
—0.18 0.21 100 F Prob. 8.4

. . : V(volt)

Prob. 8.5 0.2 04

How can several semiconductors be used in a solar cell ?

In a GaAs cell ( E; ~ 1.4 eV), a top layer of AlGaAs ( E, ~ 2 eV) can
be grown lattice-matched to keep generated carriers from the surface, re-
ducing surface recombination. One might also use a second cell below with
E, < 1.4 €V (e.g., Si) to absorb the light passed through the GaAs band gap,

Prob. 8.6
Find the photocurrent Al in terms of 7, and 7, for a sample dominated

by pn.

Ao >~ quaAn = GHnGopTn
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Al = V/AR =VAAc/L = VAqungop™ /L
The transit time is

L L L?
Tt:__‘

va  paVIL  uV

Al = gALGopTa/Te

Prob. 8.7
What ternary alloys produce A = 680 nm ?
1.24
E,= —— =182V
7= 0.680 °

From Fig. 3-6(c),
Al;Ga;_zAs : x = 0.32

From Fig. 8-11,
GaAs;_P,: x=0.32

From Fig. 1-13,
In,Ga;_-P:x=04
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Prob. 8.8
(a) Why must a solar cell be operated in the 4" quadrant of the junction I-V

characteristic?

Power is consumed in 1** (+7, +¥) and 3™ (-Z, -¥) quadrants. Power is generated in 4t (-1,
+¥) quadrant.

&

_p n ———
/ 14

(b) What is the advantage of a quaternary alloy in fabricating LEDs for fiber optics?

Bandgap (E;) and therefore wavelength (A) can be chosen while lattice constant (a) is
adjusted for epitaxial growth on convenient substrates.

(c) Why is a reverse-biased GaAs p-n junction not a good photodetector for light of A =
Ium?

he  4.14x1071° x3x10'°
g, =te _#14x10 "X3X10° ) o4y

Since E; = 1.43 eV for GaAs, the photon is not absorbed.
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Prob. 8.9
For a uniformly illuminated p*-n diode with g,, in steady state, find (a) Sp(x,), (b) Dp(xy)
and 1,(0).

2
ddp % _&op
2 2
a, L, Dp
o Lz
Sp(x,)=Be "/ fr 4 22°P.
DP

LZ

atxn =0, SP(O)=ADH-ThUSB - ‘ﬁ,pn _gL‘DP_E_
P

: -x /L
(@) 3p(x,) =[pn(e?" " -1)~g,,L5/D,le """ +g,,L%/D,

dd ] -x,/L
r = -‘_—{A})n _gopL:;? /Dp]e o

&, L,

(®) 1,(x,)=—g4D,

dop 94D, 2 —x,/
=——="[Ap, "gopr ‘(Dp]e

&, L,

LP

gAD v/
I1,(x,=0)= —*-L—Ep,,(eq T _1)-qAL,g,,

D

This corresponds to Eq.(8-2) for n, << p, except that the component due to generation on
the p side is not included.

Prob. 8.10
An illuminated Si solar cell has a short-circuit current of 100 mA and an open-circuit

voltage of 0.8V, and a fill factor of 0.7. What is the maximum power delivered to a load
by this cell?

Prax = (Ff) LeVoe = (0.8)(100)(0.7) = 56 mW

Prob. 8.11

For a solar cell with I,. under illumination and I, in the dark, find an expression for the
voltage at maximum power and solve graphically for I, = 1.5 nA and I;,. = 100mA to get

Vmp and the maximum power.

Eq.(8-2) can be written as
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=1, —1-1,
V=1 w1 v

ser
alv) _ I, (8K _,I)_i_%[myeqwkr_lx .

av

I

se.
th
ForI,, >> 1, andV,, >>kT/q,

(a) (l+%Vmp)qu”mT=1+

QVp o9V /KT _ Iy
kT L

(b) In(qV,,,/KT) +qV,,, | kT =1n(l,,/ I;)
I, _100x107°

Ic

I, 15x107°

ln&=18

th
Inx =18 —x, where x=qV,, /kT
(c) Thesolutionis x =153 '
=15.3x0.0259 = 0.396V

=6.67x107

V’"P
I=10"7e"%3 10" = —96mA
(d) P=—~IV =37.9mW

18
18-x

In x

X

153 18

Prob. 8.12
For the solar cell of Prob. 8.11, plot the I-V curve and draw the maximum power

rectangle.

V= 0.02591n( 1 +ﬂif—}

1.5%107°
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I(mA) V(mV)

Series Resistance (Q)
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0 467
25 459
-50 449
75 431
-90 407
95 389
-98 365
-100 0
100 i
<
E
~ 50F
0 0.4
V (volts)
Prob. 8.13
.80 i ]
Ha -
.58 l
5 421
S :
—_- .40 -
i E
324
24 T 1
1€ *I II
oe | |
.. f
0.0 1.0 2.0 3.0 4A0r 5.0!



Prob. 8.14
From Fig. 1-13, what epitaxial layer/substrate combination would you choose for an

LED with A = 1.55 um? Repeat for 1.3 um.

Assume the lattice constant varies linearly with composition between the binary limits.

For A = 1.55 pum, use GaAsysSbos on an InP substrate.
For A = 1.3 um, use InGaAsP on InP.

Prob. 8.15
How does degeneracy prevent absorption of the emission wavelength ?

Since absorption requires promotion of an electron from a filled state in the
valence band to an empty state in the conduction band, Fig. 8-19 shows
that photons with Av > (F,,—F,) are absorbed. On the other hand, emitted
photons have hv < (F, — F,). This is true only in the inversion region, and
absorption becomes important away from the neighborhood of the junction.
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Prob.8.16
Show By, = By, at high temperature.

Biany P(V12) = An ﬂz-l—BnnzP(Vlz)

P(Vlz)

As T — co, e (B2=E)/KT

Thus as p(V]_g) — 00, BI2 = Bgl

Prob. 8.17
Use Planck’s radiation law to find A /Bia.

A A
o) = 2 2242 ) = [ 22 + plona)] exp(—homa/kT)

Bz ny m B,

B2 = o) exp (hvsa/KT) — 1] =

8rhv3,

P

Prob. 8.18

Estimate minimum n = p for population inversion in GaAs.

Fo—F,=E,=143¢V
For n=p, F,—FE;=FE—F,~0.715

n = p = n; eFr BT = 15 0-715/0.0259

~10*%® em—3
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Chapter 9

Prob. 9.1
Relate the sheet resistance of a diffused layer to N,(z) and z;.

R =i _1

5 (o)

(o) = :ri f ’ ppNe dz, if Ny(z) > Ny over most of the profile
5 Jo

R, = [q 7 m(z)Vaz) dx]_l

Prob. 9.2

For a 200 2 /square diffusion, find the aspect ratio for a 10 kS resistor, and
draw a diffusion pattern for a width of 5um.

R= R,L/W, thus L/W = 10%/200 = 50

T 7

For W =5 um, L =250 um.
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Prob. 9.3

A boron isolation diffusion (D = 2.5 x 10712, Ny = 10%°) penetrates a 3um
epitazial layer with Ny = 10'°. (a) What diffusion time is required ? (b)
How far would an Sb-doped buried layer (D =2 x 1072, Ny = 10%°) move

during this diffusion ?

(a) N(z,t) = Ny erfc 2% - We want N(5x107%,t) = 10 cm™3.
1 —4
10 = 10 erfc 2 x
2v/2.5 x 10—1%¢
1016
erfcu = 0% = 107, v =~2.75 from Fig. P5 —2
300 300
2.75 = t=——, t=1192 d
b} 316 Vi Vit 269’ seconds
For D =2x1072, u= = = 3.24x10% z
2 /238 x 10-10
16
erfcu = % =10"%, «u=2.75
2.75
= — =08
Thus, 7= 3ot 104 = 085 #m
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Prob. 9.4
For the given p-type wafer with 4-point probe measurements on the doped and undoped

part of the wafer being used, find the measured sheet resistance in the undoped part.
Calculate the average resistivity if we have a sheet resistance of 90 ohms/square in the
doped part. Find the temperature at which the P diffusion was done.

[ |~

n 0.8 um

t=500um
15 C2cm

Ny =10%cm™,

. P 15
R¢ inundoped part = — = ———— = 300€2 / square
5 P = = 50010~ >

In undoped part, § = Rg_-x=90(0.8x107*)=0.0072Qcm = 72Qum.

From solid solubility curve for P (App VII), if P concentration = 6 X 10%° cm™, T = 900°C.
If P concentration = 6 x 10"° cm™ , extrapolating the curve, T = 700°C.
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Chapter 10
Prob. 10.1

Sketch band diagrams for a junction with a degenerate p side and Er = E,
on the n side.

Vo~V

Forward bias

Reverse bias

This is called 2 backwa,

direction (due to tunnel
forward bias.

rd diode because it conducts freely in the reverse
ng), but the current remains small for low voltage



Prob. 10.2
Explain what determines the peak tunneling voltage V, of a tunnel diode. For the given

tunnel diode, (a) calculate the minimum forward bias at which tunneling through E,
occurs. (b) Calculate the maximum forward bias for tunneling via E,. (c) Sketch the I-V
curve for this diode.

vp

i N e

The sizes of E,, — Er and Er— E., determine the voltage required to align the most filled
states opposite empty states.

(2) Tunneling through the level begins when Er, - Er, = E, i.¢., at a forward bias of 0.3 V.

Ery 7/71717)

()

(b) Tunneling through the level ends when E., — E,, = E; i.e., when Ef,- E, =V =03 +
0.1+0.1=05V.

(c) Band-to-band tunneling is maximum when Er, - Ep, = 0.1 V and is essentially zero
when EF,, - EFp =0.2 V.

I
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Prob. 10.3

(2) Relate Op/dt (where p is space charge density) to o and ¢, neglecting
recombination.

(b) Show space charge p(t) decays ezponentially with time constant 4.

(c) Find the RC time constant of a sample.

(a) V.J=—=0V?V: thus —%:Up/f

(b) p=poe ™. where 7, =¢/c

L €A
() B=22- C=7
(L €A €
o= () (T) ==~



Prob. 10.4
Find the criterion for negative conductivity in terms of mobilities and elec-
tron concentrations in the I' and L bands of GaAs.

J=0&=gqlprnr +prnr) € = qprnr + pr(no—nr)] €

aJ _ dnr  dpr  dpg
d€ =qlprnr +prnl+ g€ (#F_FL)K+RF JE +nL 73
since % =0.

This is negative when

E (pr —pr) dnp/dE + £ (np dur/d€ +ng, durp/dE) < _
Hrnr + prnp

1

If we assume pr = A/E and up = B/E,
(gg = —A/E* and (‘?—; = —B/&%, and the condition is
(A— B)dnr/dé — &Y (nrA+nLB) e
EnrA + £7'nB
E(A = B) dnr/dE
nrA + nB

1< -1

B is less than A, since pp < pr. Thus dnr/d€ must be negative. That 1s,
the conductivity is negative only while electrons are being transferred from
the lower lying I" valley into the upper L valley.
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Prob. 10.5
Estimate d-c power dissipated per unit volume in a 5 um GaAs Gunn diode
biased just below threshold.

(@) noL =~ 10", no~10"/(5x107%) = 2x10' cm ™3
7= Lfv, =5x107%/107 = 5%x107 s

(b) P =1V = (gqnovsA)(EL)

P -

— = 1.6x107"° x 2x10" x 2x10” x 3x10°

AL

~ 2 x 10" W/cm?

For a device with higher frequency, 7, must be smaller. Thus, L must be
smaller and ng correspondingly larger. As a result, the power dissipation
P, which is proportional to ngL, is about the same according to this simple

analysis. However, the power density, which is proportional to ny, is larger
for higher frequency devices. This is important, since P/AL is critical to

heat dissipation requirements.

Prob. 10.6

(a) Calculate the ratio of the densities of states in the I’ and L conduction
bands in GaAs.

(b) Assuming d Boltzmann distribution, find the ratio of electron concentra-
tzons in these bands at 300 K.

(c) What is the equivalent temperature of an electron in the L minima ?

(a) N, =2(2xkTm.[h?)%?

N [m(B] 10551 s g
Nr = |me(D) 0.067

(b) nL _ 93.5 ¢—0-30/0.0259 _ 93 5 ~116 _ o o  10—%
nr
We notice that the upper (L) valley is essentially empty in equilibrium
at 300 K, compared with the lower (I") valley.

(c) T =Fk""(0.0259 + 0.30) = 0.326/(8.62x107°) = 3782 K
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Chapter 11

Prob. 11.1
FEzplain why two separate BJTs cannot be connected to make a p-n-p-n switch.

The p-n-p-n switching action depends on injection of carriers across both
base regions (n; and p; in Fig. 11-3) and collection into the base regions of
the opposite transistor. Transistor action in the p-n-p feeds majority carrier
holes to the base of the n-p-n, for example. This cannot occur with separate
transistors, so the p-n-p-n switching effect does not occur.

Prob. 11.2
How does gate bias provide switching in an SCR ?

Switching in the SCR of Fig. 11-4 occurs when holes are supplied to p;
at a sufficient rate. Although j; is forward biased with i = 0, transistor
action does not begin until hole injection by i¢ reaches the critical value for
switching.

Prob. 11.3

(a) Sketch the energy band diagrams for the p-n-p-n diode in equilibrium; in
the forward-blocking state; and in the forward-conducting state.

(b) Sketch the excess minority carrier distributions in regions n, and p;
when the p-n-p-n diode is in the forward-conducting state.
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1151 P2

(b) Each equivalent transistor
is in saturation. Thus the
minority carrier distribution
in each base resembles

Fig. 7-14b.

:;_u__\_—
Forward-conducting

Prob. 11.4
Draw diagrams such as Fig. 7-3 for the forward-blocking and forward- con-
ducting states of a p-n-p-n.

Forward-blocking state

J J2 js

Y

———> hole flow ©  generation
m electron flow @ recombination
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In the simplified diagram above we neglect minority carrier transport across
each base region. Electrons generated thermally in and about j; recombine in
n; and j; with injected holes. Similarly, generated holes feed recombination
with injected electrons in p; and j3. In the absence of transistor action, /
is limited to essentially the reverse saturation current of j,. In the figure be-
Jow we neglect generation compared with transport due to transistor action.
Recombination takes place in n; and p,, but many injected carriers are trans-
ported througi: the device by transistor action. More complete diagrams can
be found in the book by Gentry et al. (Chapter 11 reading list), p. 72 and 76.

Forward-conducting state

J1 J2 73

AN

“\\'\‘\\\\ AR

e | - — e

NN

n

N2

Prob. 11.5
Include avalanche in j, in the coupled transistor model.

Referring to Fig. 11-2,
z‘CI = Qll‘Mp + ICOIMp

to2 = agtMy, + Icoe M,

t =101+ 1c2 = (M, + o M,,) + Ieoy M, + Icos M,
i = Icor My, + Icoa M,
1 — (M, + M)

The current becomes large as a; M, + o, M, approaches unity.
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