CHAPTER 1

. (a) From Fig. 11a, the atom at the center of the cube is surround by four equidistant nearest

neighbors that lie at the corners of a tetrahedron. Therefore the distance between nearest
neighbors in silicon (a =5.43 A) is
1/2[(al2)’ + (N2a/2)’1"* =3al4 =235 A..

(b) For the (100) plane, there are two atoms (one central atom and 4 corner atoms each

contributing 1/4 of an atom for a total of two atoms as shown in Fig. 4a) for an area of
a’, therefore we have
2/a* =2/(5.43x107%)* =6.78%x10" atoms/cm>

Similarly we have for (110) plane (Fig. 4a and Fig. 6)

(2+2x1/2+4x1/4)/\2a" =9.6x10" atoms/cm? ,
and for (111) plane (Fig. 4a and Fig. 6)

(3x1/2+3x1/6)/1/2(N2a) /(Eja -2 —7.83x10"atoms/em’.
— |a
2
(a) For the simple cubic, a unit cell contains 1/8 of a sphere at each of the eight corners for
a total of one sphere.

.. Maximum fraction of cell filled

= no. of sphere X volume of each sphere/unit cell volume
=1x4x(al2)*la’ =52 %

(b) For a face-centered cubic, a unit cell contains 1/8 of a sphere at each of the eight

corners for a total of one sphere. The fcc also contains half a sphere at each of the six

faces for a total of three spheres. The nearest neighbor distance is 1/ 2(ax/§) . Therefore

the radius of each sphere is 1/ 4(ax/§ ).
~.Maximum fraction of cell filled
= (1+3){47l(a/2)/4T 13}/a’ =74 %.
(c) For a diamond lattice, a unit cell contains 1/8 of a sphere at each of the eight corners

for a total of one sphere, 1/2 of a sphere at each of the six faces for a total of three



spheres, and 4 spheres inside the cell. The diagonal distance between (1/2,0,0) and
(1/4,1/4,1/4) shown in Fig. 9a is

S ORORORS

The radius of the sphere is D/2 = %\/g

.. Maximum fraction of cell filled
3
—(1+3+4) {%’Z(%\Eﬂ la® = n3116 = 34%.

This is a relatively low percentage compared to other lattice structures.
. . . 11 1
Taking the reciprocals of these intercepts we get >3 and —. The smallest three

integers having the same ratio are 6, 4, and 3. The plane is referred to as (643) plane.

The heights at X, Y, and Z point are %, i, and % .

Length of diagonal = [az +a’+ aZT =r+2r+r

[3a°]* =4r.

Thus: a = 4r/[3]"

. (a) The lattice constant for GaAs is 5.65 A, and the atomic weights of Ga and As are

69.72 and 74.92 g/mole, respectively. There are four gallium atoms and four arsenic

atoms per unit cell, therefore
4/a’ = 4/(5.65x107")* =2.22x10** Ga or As atoms/cm”,

Density = (no. of atoms/cm’ x atomic weight)/Avogadro constant
=2.22x10%(69.72+74.92)/6.02x10* =5.33 g/cm’.

(b) If GaAs is doped with Sn and Sn atoms displace Ga atoms, donors are formed, because
Sn has four valence electrons while Ga has only three. The resulting semiconductor is
n-type.

42
E@)=1.17-2DX10 T o g
§ (T +636)

- E, (100 K)=1.163 eV, and E, (600 K) =1.032 eV



10.

42
E (T) =1.519—M for GaAs

(T +204)
- E,(100 K)=1.501¢V, and E, (600 K)=1.277 eV.

Effective mass m" = (d’>E/dp*)™" . Using given relation between E and p then ultimately
leads to: m" =m,(1+2aE)’.

The density of holes in the valence band is given by integrating the product

N(E)[1-F(E)ldE from top of the valence band ( E, taken to be E=0) to the bottom

of the valence band E

bottom -
p=,"" N(EI-F(E)E (1)
where 1-F(E) =1—{1/[1+"“ " =145
If E,—E> kT then
1- F(E) ~ exp[—(E, — E)/kT] (2)
Then from Appendix H and , Egs. 1 and 2 we obtain
p=4x2m 1" jOE E"? exp[~(E, — E)/kT1dE 3)

Let x=E/kT , and let E, =—oo, Eq. 3 becomes

p=47(2m, [h*)"* (KT)"* exp[~(E, IKT)] jom xetdx
where the integral on the right is of the standard form and equals Jri2.
. p=2[27m kT/h*T" exp[—E, /KT
By referring to the top of the valence band as E,, instead of £ =0 we have,

p=2Qam kT /h*)"? exp[-(E, — E, /KT

or p=N,exp[-(E,. —E,)/kT]
where N, = 2(27rmka/h2)3.
From Eq. 18

N, =2Qzm kT /h*)*?



The effective mass of holes in Si is

mp = (N, 12)**(h*127kT)

(26610 x10°m™ ) (6.625%107)?
3 27(1.38x10 2 )(300)

= 9.4x107"'kg =1.03 m,.
Similarly, we have for GaAs
m, =3.9x107"'kg =0.43 m,.
1. Using Eq. 19
E =(E.+E,)/2+(kT/2)In(N, /N_)
= (E. +E,)/2+ (kT /4)In[(m, /m,)(6)"’] )
At77K

E =(1.16/2)+(3x1.38x107T)/(4x1.6x107"*) In(1.0/0.62)
=0.58+3.29x10°T =0.58 +2.54x107° =0.583 eV.
At 300 K

E, =(1.12/2)+(3.29%107°)(300) = 0.56 +0.009 = 0.569 eV.
At373 K
E, =(1.09/2)+(3.29%107)(373) = 0.545+0.012 = 0.557 eV.

Because the second term on the right-hand side of the Eq.1 is much smaller compared

to the first term, over the above temperature range, it is reasonable to assume that E; is

in the center of the forbidden gap.
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mel/ze_xdx B r(3j B 0.5V
0

2




13.(a) p=mv=9.109x10""x10° =9.109x10 kg —m/s

a1l _6626x107™"

=5 100x107 - 7.27x10°m="72.7 A
P .

W A=Tog- L i ma_1is4A.
m, " 0.063

4.  p=N,=10"cm™. Now at 300 °K:n, =9.65x10’.
But from Eq. 19: ,(200)/n,(300) = [exp(—E, /(2k 200)]/ [exp(—E, /(2k 300)]
For silicon: . E, =1.12 eV.

— n,(77) =9.65x10°[exp(—1.12/(2 k 200)]/[exp(—1.12/(2 k 300)] =1.9473x10°cm".

From Eq. 17, n=n}/N, = (1.9473x10°)*/10" =3.7923x10”"cm™.
15.  From Ec-E, =kTIn[N./(N,-N,)]

which can be rewritten as N, —N, = N_.exp[—(E,. — E,)/kT]

Then N, - N, =2.86x10" exp(-0.20/0.0259) =1.26x10"°cm™

or N, =1.26x10"+ N, =2.26x10"cm™

A compensated semiconductor can be fabricated to provide a specific Fermi energy
level.
16. From Fig. 28a we can draw the following energy-band diagrams:

AT 77K : Ec(059eV)
““““““““““““ Er(0.53)

— o + — — —— — — —— — — EI(O)

Ev(-059)

AT 300K Ec(0.56eV)
e e e EF(0.38)
ELn SRR i S R S B Ei (0)

E,(-0.56)

Ec(0.50eV)

—— e Er~E;(0)

Ev(—oso)



17.

18.

19.
20.

Choose the valance band-edge as the zero reference. So then: E, =1.12¢eV and
E, ~0.56 eV. The given Fermi level E, is: 0.92 eV. The sample is clearly n-type.
Using Eq. 13 with N, =2.86x10”cm™ :n=N_ exp[(E, — E,)/(kT)]

— n=2.86x10" exp[(0.92-1.12)/(0.0259)] =1.2668 x10'° cm".

_ 16 -3
Hence: N, ~n=12668x10"cm '

Thus: p=n’/n~ (9.65x10%)*/1.2668x10" =7350.45 cm™.
From Eq.27: p+ N, =n+N,.
p+ 8x10"° =n+10"
p+7x10"° =n.
Using: pn=n’ leads to: p(p+7x10'°)=(9.65x10°)> . Solving leads to:
p=1330.32cm™ '
Since: p=n,exp[(E, — E,)/(kT)]
1330.32 =9.65%x10’ exp[(E, — E,.)/(kT)].
Thus: (E, —E,.)/(kT)=-15.797
E,. = E +0.40914=1.12/24+0.40914 =0.96914 eV.
(1) N, =2N,(2)2N,
Assuming complete ionization, the Fermi level measured from the intrinsic Fermi level
is 0.35eV for 10”cm™, 0.45 eV for 10”cm™, and 0.54 eV for 10”cm™.
The number of electrons that are ionized is given by
n=N,[1-F(E,)]=N,/[1+e " 5]

Using the Fermi levels given above, we obtain the number of ionized donors as

n=10"cm™ for N,=10"cm™
n=0.93x10"cm™ for N,=10"cm™
n=0.27x10"cm" for N,=10"cm™

. T . 15 -3
Therefore, the assumption of complete ionization is valid only for the case of 107em™,



1016 B 1016

21. N, = |+ o EoERT ~ [ 0135
16
:10—1=5.33><1015cm_3
+7
1.145

The neutral donor =10'® —5.33x10”°cm™ =4.67x10"cm™

o
.. The ratio of N—ﬂ’ = ﬂ =0.876.
N, 533



1. (a)

(b)

3. (a)

(b)

(©

CHAPTER 2

For intrinsic Si, 4, =1450,, =505, and n=p =n, =9.65x10’

1 1
qnllln +qpll'lp qni (Il'ln +Il'lp)

We have p = =3.31x10° Q-cm

Similarly for GaAs, u, =9200,4, =320, and n=p=n, = 2.25%10°

1 1
qnit, +qpit,  qn.(i, + 1)
The mobility = g *7/m . Using MKS (SI) units:

=2.92x10®* Q-cm.

We have p =

— 1000x107*m*/Vs =[1.6x10™° 7]/(0.26x9.1x 10 Kg).
— 7=1.4787x107"s.

p=5x10"cm™, n=n’/p=(9.65x10")*/5x10" =1.86x10*cm™
M, =410 cm®/V-s, g1, =1300 cm®/V-s

! = ! =3 Q-cm

p = =
qun+qu,p  qu,p

p=N,-N,=2x10"-1.5x10" =5%x10"cm™, n=1.86x10*cm™
M, =, (N, +Np)=p,3.5%x10') =290 cm*/V-s,
i, =i (N,+N,)=1000cm’/V-s

! = ! =4.3Q-cm

p =
qUA+qU,p i, p

p=N,(Boron)— N, + N, (Gallium) =5x10"cm™, n=1.86x10*cm™

M, =1, (N, +N,+N,)=p,(2.05x10"7) =150 cm*/V-s,
i, =4 (N,+N,+N,)=520cm’/V-s

p=83Q-cm.
Sinceizi+i
A

LI S w=167 cm*/V-s.
14250 500



5. (a)

(b)

(©

(d)

(N,/N,)= [mh/me]y2

—>m, = me(Nv/Nc)Z/3 =9 1x 10—32[2.5/3.0]2/3 —8.058 % 10_32 Kg

n! =[N,N_Jexp[-E,/(k,T)]—

E, = (k,T)Ln{[N,N )/n}}
=[1.38x107 x300/1.6x10"°]In(7.5%x10"®) >
E,=1.1245¢eV.

Fermi energy ~ [E, /2] below conduction band.

— E,. =-0.56228 eV with respect to the conduction band.
Thermal velocity v,, =[3k,T/m]"*.

— v, =[3x1.38x107 x300/8.058 x107*]"*~ 3.9261x10° m/s.

Hall coefficient,

_V,A 10x107° x1.6x10™

0= = = = =426.7 cm’/C
IBW  2.5x107x(30x10™ x10")x0.05

Since the sign of R,, is positive, the carriers are holes. From Eq. 22

1 1

= — =1.46x10"° cm™
gR, 1.6x107"x426.7

p:

Assuming N, = p, from Fig. 7 we obtain p=1.1 Q-cm
The mobility 4, is given by Eq. 15b

1 1

= = =380 cm’/V-s.
o grp 1.6x107"°x1.46x10"° x1.1

At the limit when d > s,CF = % — 4.53 Then from Eq. 16
n

Vv 10x107°

/():7><W><CF1 0= x50%x107*x4.53 =0.226 Q-cm

From Fig. 6, CF =4.2(d/s =10) ; using the a/d =1 curve we obtain

0.226x107
V=p-I/W-CF)=—"""__=10.78 mV.
PN ) 50x107™*x4.2

o =q(un+u,p)=qu,(bn+n’in)



From the condition do/dn =0, we obtain

n= nl./\/z
Therefore
1
P, _ aH, (bn, /b +~bn,) _b+1
S N
qu,n;(b+1)
. 1 1
9. Since Re< p and p=————, hence R o< ———
qni, +4gpH, ny, + pH,

From Einstein relation D o< u
u,/u,=D,ID, =50
L
Rl — NDll'ln
0.5R, 1
Npu, +N,u,

We have N, = 50 N,,.

10. Yes, in case of non-uniform internal doping.

11. (a) From Eq. 31, J, =0 and

&dn/dx:_k_TNo(—a)e =+k—Ta

E(x)=- =
ﬂn n q NOe q

(b) €(x)=0.0259(10*) =259 V/cm .
12. At thermal and electric equilibria,

dn(x) _

J,=qun(x)E+¢gD, 0

E(x)——& 1 dn(x)__& 1 N,—-N,
M, n(x) dx M, No+(N,—N,)x/L) L

D N, - N,

i LN, +(N, —N,)x
_.[L Dn NL_NO _ Dnln&'
NO

Oy LN,+(N,—N)x K

n

10



13.

14. (a)

(b)

15.

16.

An=Ap=17,G, =10x10°x10" =10" cm™
n=n,+An=N,+An=10"+10" =10" cm™
n’ _ (9.65%x10%)

p=——+Ap T+10“z10“cm’3.
D

PR S ! =10"s

’ o,v,N, 5x107x10"x2x10"

L, =D,r, =J9x10™* =3x10"* cm
S =v,0,N, =10"x2x107°x10" =20 cm/s

The hole concentration at the surface is given by Eq. 67

O)=p +7.G, |1 7S
Puf) = Poo T8, L +7,S,

92 -8
:(9.65><11(Z) 10 %10 | 1- 13 ><2_(z
2x10 3x107 +107° %20
~10° cm™.

Total excess holes =J-Ap(x) A dx where the integration goes from 0 to 2 um.

Here:
Ap(x)=5x10"(1-0.5%10*x), and A=10"*cm’.
Thus excess hole number = 5x10°.
Next, rate of total hole recombination: (excess hole number)/(hole lifetime)
=(5x10°)/(107") = 5x10"s™".
O =qni, +qpl,
Before illumination
=N Py = Pro

After illumination

n,=n,+An=n+17,G,

Py =Py +Ap=p,+7,G
Ao =[qu,(n,, +An)+qu, (p,, +Ap)l=(qu,n,, +qu,p,,)

=q(u, +u,)7,G.

11



17.

18.

19.

(a)

(b)

(c)

dp
dx

1
=—1.6x107" x12x———x10" exp(—x/12
12x107* p )

Jp,diff = _qu

=1.6exp(-x/12) A/cm’
J

=J o = P diff

=4.8—1.6exp(—x/12) A/cm’

n,drift

i = qniLE
. 4.8-1.6exp(—=x/12) =1.6x107" x10'° x1000x E
E=3—-exp(—x/12) V/cm.

Diffusion current density J, = gD dn/dx = kTu, dn/dx . In this case:

J, = kTu, dn/dx =1.38x107 x300x1500(0—10"°)/(10™*) = 621 A/cm”.
The field required for same current density:

E=J Il(nqu,)=621/(1.6x10" x10"° x1500) .

— E=258.75V/cm.

In steady state, the recombination rate at the surface and in the bulk is equal

Ap n,bulk Ap n, surface

Tp , bulk 3

p, surface

so that the excess minority carrier concentration at the surface

14 10_7 13 -3
Apn,surfacezlo 10_—6:10 cm

The generation rate can be determined from the steady-state conditions in the
bulk

14
G= 10_6 =10 cm™s™
10
From Eq. 62, we can write
9’ Ap Ap
D = +G—=0
rooxt T

p

The boundary conditions are Ap(x=o0)=10"cm™ and Ap(x=0)=10"cm™

Hence Ap(x)=10"(1-00.9¢ ")

Where Lp=+10-10° =31.6 um.

12



20. (a).

(b).

21. (a)

22.

23.

The potential barrier height
p=¢p—X, = 42-4.0=0.2 volts.
The portion of injection current that reaches the opposite surface by diffusion is
given by
o = J,W) _ 1
J,(0) cosh(W/L,)
L,=./D,z, =\50x50x10"° =5x10~ cm

1
~ cosh(102/5x107%)

0.98

s

Therefore, 98% of the injected current can reach the opposite surface.

For E =0 we have

_ 2
a_p:_pn pn()_i_Dpapzn:O
ot T, ox

at steady state, the boundary conditions are p (x=0)=p (0) and

p,(x=W)=p, . Therefore

sinh(W_x]
LK)

p,(x)=p,,+lp,0-p,]
sinh (]

p

J (x=0)=—gD, P

= qlp,(0)- pm,]%coth (LKJ

" ox |, . ,
ap, D
J,(x=W)=—¢D, 3 £

-  =4qlp,O)-p, l————.
X | L~ (w
P s1nh(]

14
The potential barrier height
b, =0 —xy= 42-4.0=0.2 volts

The number of electrons occupying the energy level between E and E+dE is

dn=N(E)F(E)dE
where N(E) is the density-of-state function, and F(E) is Fermi-Dirac

distribution function. Since only electrons with an energy greater than E, +¢g@,

13



and having a velocity component normal to the surface can escape the solid, the

thermionic current density is

= 4z(2m)*? (-
J :J'qvx _ .[E » (h:") VxEl/ze (E-Ep KT g

where v_ is the component of velocity normal to the surface of the metal. Since

the energy-momentum relationship

PZ
Lo n
= = m (p pi+pl)
Differentiation leads to dE = P;‘IP
m

By changing the momentum component to rectangular coordinates,

4 P*dP = dp.dpdp.

2 T o *° —(p2+pi+p>—2mE, )[2mkT
= q% J- J- .[ pxe P " dpxdp»dpz
mh Pyo $ Py=—o d p=—c° ’ '

Z

2 ®  _(p2-2mE,)2mkT © —(pE12mkT e 2
Hence = mZ3 J‘p e (py=2mE ;)/2m pxdpx.[ e (py/2m dp}J- e pz/2kadp
0 — o

where pfO =2m(E, +q¢,).

1/2
Since .[ T e dx = (zj , the last two integrals yield (2zmkT)"”.
e a
2 —2mE
The first integral is evaluated by setting LT
2mkT
Therefore we have du = pdp,
mkT

The lower limit of the first integral can be written as

2m(EF + Q¢m) - 2mEF _ Q¢m
2mkT kT

so that the first integral becomes mkT = jo; e du=mK Te /"
q m 1

Hence J = 47[ka T?e " = A'T? exp( Z O ]

14



24.

25.

27.

26.

Equation 79 is the tunneling probability

— 31 _ -19
p= 2@ =) _ [20.11x107)0- X107 _ ) 47,0y
5 (1.054x10°)

T=11+ [20xsinh(2.17x10°x3x107"°)]?
4x2x(20-2)

-1
} =3.19x10°°.

Equation 79 is the tunneling probability

— BN -19
ﬁ:\/m: 20113107 )6-220.6x107) _ g 99,1y
7 (1.054x107)

. 9 10472 ) 7!
T(10_10)= 1_|_[6><smh(9.99><10 x1077)] 0403
4x2.2%x(6-2.2)
. 9 9\1217}
T10™) = 1_'_[6><s1nh(9.99><10 x107)] = 7.8%10°.
4x2.2%x(6-2.2)

2F 2kT
Thermal velocity v, = [—% = |—
\ my  \ m

\/2><1.38><10‘23 %300
9.1x10™
=9.5x10"m/s =9.5x10° cm/s
For electric field of 100 V/cm , drift velocity

v, =4 E=1350%100=1.35x 10" cm/s <,
For electric field of 10* V/cm .
4 E=1350x10° =1.35x10"cm/s = v,,.

The value is comparable to the thermal velocity, the linear relationship between
drift velocity and the electric field is not valid.

From Fig. 22
As E=10° V/s

v, = 1.3%10°cm/s (Si) and v, = 8.7x10° cmm/s (GaAs)
t =77 ps(Si)and t =11.5 ps (GaAs)

As E=5x10* V/s

v, =10"cm/s (Si) and v, = 8.2x10° cm/s (GaAs)

t ~10ps (Si) and £ = 12.2 ps (GaAs).

15



CHAPTER 3
V,, =V, In[(N,N,)/n’1=25.81n[2x10" x2x10"*/(1.45%10'°)*].

Then, V,, =0.788 V.
W =[2(g,/q)(N, +N,)/(N,N,)V,]”*. Putting in the values:
W =[2x11.9%8.85x107/(1.6x107")(2x10"™ +2x10")/(2x10" x2x10")0.788]"

So: W=72x10"cm.

x, =WN,/[N,+N,1=7.2x1072x10"/[2x10" +2x10"]
=7.19x107cm

x, =WN,/[N,+N,]1=72x10"2x10"/[2x10" +2x10°]~10"cm.
E. =qN,x /e, =1.6x10""x2x10"x7.19x107°/(11.9x8.85x107"*).

E__=2.1847x10* V/cm.
The impurity profile is,

T o) (emr)

3><1014 |

v

X (pum)

a=10" em™

The overall space charge neutrality of the semiconductor requires that the total negative
space charge per unit area in the p-side must equal the total positive space charge per
unit area in the n-side, thus we can obtain the depletion layer width in the n-side
region:

14
0.8x8x10 —W % 3%10"

Hence, the n-side depletion layer width is:
W =1.067 yum

The total depletion layer width is 1.867 pm .

16



We use the Poisson’s equation for calculation of the electric field E(x).

In the n-side region,

dE ¢ q

E AN, SEx)=LNx+K

e g " 2 e "

E(x, =1.067um)=0=> K =—L N, x1.067x10™
E.

S

~E(x,) =L x3x10"(x—1.067x10™)
€

E_. =E(x, =0)=-4.86x10’ V/cm
In the p-side region, the electrical field is:

dE

q C] 2 7
—=—N,=>E(x,)=—Xax"+K
&g AT EE) 2¢,

s N

E(x,=-0.8um)=0= K’ = —%><a><(0.8><10‘4)2

N

-~ E(x,) =zi><a><[x2 —(0.8x107)?]
£,

E .. =E(x, =0)=—-4.86x10" V/cm

The built-in potential is:

- jox" E(x)dx  =0.52V.

n—side

V=" Bdv=—] E(xdx

p—side
From V,, =— _[ E(x)dx, the potential distribution can be obtained
With zero potential in the neutral p-region as a reference, the potential in the p-side

depletion region is

V,(0)==[ E(x)dx = —.[:zi8Xa X[ = (0.8 x10™)* Jdx

— _ﬂ[lf _(().8><10_4)2x—g(0.8><10_4)3:|
2e |3 3

N

=-7.596x10" x[%f —(0.8x104)2x—§(0.8x10‘4)3}

With the condition V,(0) =V, (0), the potential in the n-region is

17



V. (x)=—Lx3x10"

s

=-4.56x10’ ><(1x2 —1.067x10* x— 0.8
12 9

(;xz —1.067x10* x+

The potential distribution is

3
Osxw]
9

3

><107j

Distance p-region n-region
-0.8 0.000
-0.7 0.006
-0.6 0.022
-0.5 0.048
-0.4 0.081
-0.3 0.120
-0.2 0.164
—0.1 0.211
0 0.259 0.259413333
0.1 0.305788533
0.2 0.347603733
0.3 0.384858933
0.4 0.417554133
0.5 0.445689333
0.6 0.469264533
0.7 0.488279733
0.8 0.502734933
0.9 0.512630133
1 0.517965333
1.067 0.518988825

18



Potential Distribution

Potential (V)

0100

Distance (um)
The intrinsic carriers density in Si at different temperatures can be obtained by using

Fig.22 in Chapter 2 :

Temperature (K) Intrinsic carrier density (n,)
250 1.50x10°
300 9.65%x10°
350 2.00x10"
400 8.50x10"
450 9.00x10"
500 2.20x10"

The V,, can be obtained by using Eq. 12, and the results are listed in the following

table.
T ni Vbi(V)
250 1.500E +08 0.777
300 9.65E+9 0.717
350 2.00E+11 0.653
400 8.50E+12 0.488
450 9.00E +13 0.366
500 2.20E+14 0.329

Thus, the built-in potential is decreased as the temperature is increased.

The depletion layer width and the maximum field at 300 K are

26V, [2x11.9x8.85x10 ™ x0.717
W:\/;:\/ 16X10—19X1015 :0.9715um
D .
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_gN, W 1.6x107""x107x9.715x10°
g 11.9%8.85x107"*

s

172 ~19 18 172
Emax{zqv,g[ NN, H :4Xl05:{2x1.6x10 ><30(110 N, H

E =1.476x10* V/cm.

e \N,+N, 11.9%8.85x107* (10" + N,
—1.755%10 =—Vo__
ND
1+1(?

We can select n-type doping concentration of N, =1.755x10'cm™ for the junction.

The built-in potential is calculated from:

n 16 16
PuP _ 0025910 L0207 _ ey

b 10

4=V,In

The depletion layer width is obtained from:
2¢. [ 1 1
X = =t (V)
q Na Nd

b0y 20 V)

Xa

the electric field from:

and the potential across the n-type region equals:

gN,x,
g, =
2¢,
where
Na
X, =x, ——
N,+N,
Also:
5 ~GVIN,
" N,+N,
This yields the following numeric values:
V.=0V V. =05V V. =-25V
X, 0.315 um 0.143 um 0.703 um
£ 40 kV/cm 18 kV/cm 89 kV/cm
@, 0.105V 0.0216 V 0.522V

20



From Eq. 12 and Eq. 35, we can obtain the 1/C” versus V relationship for doping
concentration of 10",10' or 10" cm™, respectively.
For N, =10"cm™,

12V, -V) 2x(0.837-V)
C:  g&N, 1.6x107"x11.9x8.85x107*x10"

=1.187%10"°(0.837-V)

For N, =10"cm™,

1 2(V-V) 2x(0.896—V)

= =1.187x10"(0.896 -V
C:  geN, 1.6x107"x11.9x8.85x107*x10" ( )

For N, =10"cm™,
12V, -V) 2x(0.956-V)
C’  geN, 1.6x107""x11.9x8.85x107"*x10"

J

=1.187x10"(0.956 V)

When the reversed bias is applied, we summarize a table of l/Cf vs V for various N,
values as following,

\Y N, =1E15 N, =1El6 N, =1E17
-4 5. 741E+16 5.812E+15 5.883E+14
-3.5 5.148E+16 5.218E+15 5.289E+14
-3 4.555E+16 4.625E+15 4.696E +14
-2.5 3.961E+16 4.031E +15 4.102E+14
-2 3.368E+16 3.438E+15 3.509E +14
-1.5 2.7T4AE+16 2.844E+15 2915E+14
-1 2.181E+16 2.251E+15 2.322E+14
-0.5 1.587E+16 1.657E+15 1.728E +14
0 9.935E+15 1.064E +15 1.134E+14

Hence, we obtain a series of curves of 1/C* versus V as following,
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1/CM2vs V
TE+6

6E+16
SE+16

4E+16

2E+16
1E+16¢
4.5 -4 235 -3 2.5 -2 -1.5 -1 -0.5 0
Applied Voltage

1/Cr2

The slopes of the curves is positive proportional to the values of the doping
concentration.

The interceptions give the built-in potential of the p-n junctions.

For a 1-sided P* N junction, the capacitance change with voltage yields the doping
density at the lightly-doped junction. In this case, the N-region, i.e., Np(x).

The formula is: Np(X) = - Cc¥ [qes A’ (dC/dV)] . The corresponding values of position

x” are given by: x = (qes A)/c. From the given values of capacitance C at the

corresponding voltage V, one obtains:

Voltage Difference Capacitances C=(C1+C»)/2 | Np(x)cm™ | x (cm)
(V2-V1) Cl, C2 (pF) 3

0.6-03=0.3 273,257 265 3.3747 x | 3.0868
10'° x107

1.5- 0.6=09 257, 230 243.5 4.6544 x | 3.3593
10'° x107

21-15=0.6 230, 219 224.5 5.969 x | 3.6436
10'° x107

2.7-21=0.6 219, 210 214.5 6.3633 x | 3.8135
10'° x107

3.3-27=0.7 210, 204 207 1x10"7 | 3.9517
x107
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10.

11.

12.

13.

From Eq. 35, we can obtain

1 2V, -V 2V. =V,
— = (bz ):>ND: (bz R)CJZ
C‘ qg‘vNB qgv

J

2(Vy) = 2x4
i -19 _14
qE, 1.6x107" x11.9%8.85x10

V.0V, =N, = X (0.85x107%)

= N, =3.43x10"cm™

We can select the n-type doping concentration of 3.43x10" cm™ .

From Eq. 56,

—15 -15 7 15
_ 107°x107° x10” x10 x9.65%10° =3.89x10'

107" exp( 0.02 j+10"15 exp( —0.02 j
0.0259 0.0259

and
2e (V. +V 2x11. . 0™ J17+0.
we [Pt?) | [PALSEEAOTAONTEOD 1 goioem =1 266 m
A .
Thus

J o =qGW =1.6x10" x3.89x10"° x12.66x107° =7.879x10”" A/cm”.

The gentle slope is probably due to carrier generation in the depletion region, while the

abrupt current rise is due to junction avalanche breakdown.

J=J,(x)+J,(=x,)=J (""" =1)
1%
== 00259 _]
\4

= 0.95= 005 ]
=V =0017V.

Assume 7, =7, =7, =107, D, =21 cm’/sec, and D, =10 cm®/sec
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14.

15.

(a) The saturation current calculation.

From Eq. 55a and Lp =, /DPTP , we can obtain

J‘v = qupnO —+ annpO = qnlz L & +L {D”
Lp Ln ND Tpo NA TnO
1 10 1 21
=1.6x107"x(9.65%x10°)? / + ‘/
( ) 10%V10°® 10°V10°

=6.87x10"” A/cm?

And from the cross-sectional area A =1.2x10~ c¢cm?, we obtain
I, =AxJ =12x10"x6.87x107"* =8.244x107"" A.

(b) The total current density is

Thus

0.7

1,,, =8.244%x107" (e0-0259 —1} =8.244x107"" x5.47x10" =4.51x10° A

-0.7

1,,, =8.244x107" (e0-0259 —1} =8.244x107" A .

The built-in voltage V,, = (kT /q)In[(N,N )/ n’]

—V,. =25.9x10" In[10"*10"°)/(1.5x10'°)*]=0.813 Volt.
W =2um=[(2 &,/q)(V,; + V., AN, +1/IN )" .

Solving for V,, leads to: 29.53 Volts reverse bias.

From Eq. 59, and assume D = 10 cm?/sec, we can obtain

D, n? ‘
Jo=q [~ WV
T, N, 7,
o [ 10 (9.65x10%)”  1.6x107°%x9.65%10° [2x11.9x8.85x107*x(V,, +V,)
=1.6x10 ~ ——+ = =TT
10 10 10 1.6x107"” %10
19 15
v, =00259I 2 X190 _g834v
(9.65%10%)
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Thus
J,=5.26%x10"+1.872x1077,/0.834 +V,

VR Js
0 1.713E-07
0.1 1.755E-07
0.2 1.941E-07
0.3 2,129E-07
0.4 2.316E-07
0.5 2.503E-07
0.6 2.691E-07
0.7 2.878E-07
0.8 3.065E-07
0.9 3.252E-07
1 3.439E-07

rrent Density

1LE-07

0.E+00

0 0.2 0.4 0.6

Applied Voltage

When N, =10"cm™, we obtain

19 17
v, 2002591 —2 10 _gos3v

(9.65%10%)*

Jo=5.26%x10"+1.872x107°,/0.956 +V,



Current Density

3.00E-08

2.50E-08

2.00E-08

1.50E-08

Current Density

1.00E-08

5.00E-09 |-

0.00E+00
0 0.2 0.4 0.6 0.8 1 12

Applied Voltage
av
16. From J=J |e* —1

we can obtain

Vv J 107
=In|| — [+1|=V =0.0259%XIn|| ————— |+1|=0.78 V..
0.0259 J 8.244x10

s

17. From Eq. 39,
0,=4] (p, = p.o)dx
=4[ (g™ T =
The hole diffusion length is larger than the length of neutral region
0, =4[ (p, = p.o)dx

x, ~(x=x)/L
=q[ " p,, (""" —De T rdx
xn

av IR
=61PW(—LP)[6"T —lj e " —e

942 L B
R N EL e

16

=8.784x107 C/em’.
18. From Fig. 26, the critical field at breakdown for a Si one-sided abrupt junction is about
2.8x10° V/cm . Then from Eq. 85, we obtain

2
EW _&E, N,)"!
2q

V, (breakdown voltage) =
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19.

20.

_ 11.9%8.85x107"* x(2.8x10°)’
2x1.6x107"

(1 015 )—l
=258V

w

— —14
_ 2@(\% V)E\/2x11.9><8.85><10 X258 | 643%10° em = 18.43 um
B

q 1.6x107"° x10"

When the n-region is reduced to Sum, the punch-through will take place first.

From Eq. 87, we can obtain

V, _ shaded area in Fig.29 insert _ ( w J( w ]

oA
v, (E.W,)/2 W, W,

m

vi=v,| Y o= Wl sosgn 22> |=121v
W, W 18.43 18.43

m m

Compared to Fig. 29, the calculated result is the same as the value under the conditions

of W=5um and N, =10"cm™.

We can use following equations to determine the parameters of the diode.

D n? Wn. D »?
J,=q p 1 qu/kT+q i pdVI2KT =g p M qvir
T, N, 27, T, Np

EW ¢€E’ »
V — C — S C N
) 2g (V)

=

D, n’ [D oy 07
Al =Aq Zr b VAT s A1 .6%107 x L ©.65x10°) €009 =2 2%107
7, N, 10 N,

_EW ¢E] 11.9x8.85x107*E?

¢ (N,)) ' =130=
2 2g (Vo) 2x1.6x107"

Vi

(N,)™

Let E, =4x10° V/cm, we can obtain N, =4.05x10"cm™.
The mobility of minority carrier hole is about 500 at N, =4.05x10”cm™.

~.D,=0.0259%500=12.95 cm*/s
Thus, the cross-sectional area A is 8.6x10°cm?.
2x10"
a=
2x10™
3/2 1/2
_2EW _4E”|2¢, (@
3 3 q

=10"”cm™

Vi



4B | 2x11.9x8.85x107"
3 1.6x107"

=4.84x10°E?
The breakdown voltage can be determined by a selected E_ .

172
:| % (1 022 )—1/2

21. (a) The i-layer is easy to deplete, and assume the field in the depletion region is constant.
From Eq. 84, we can obtain.

6 6
IW104( E Sj dx=1:>104( E j X10° =1=E_,., =4x10°%x(10)"° =5.87x10° V/cm
0 4x10 4x105

-V, =587x10°x107 =587V
(b) From Fig. 26, the critical field is 5x10° V/cm.

EW ¢E:
V, (breakdown voltage) = —-— = ? (N
q
—14 5N\2
_ 12.4x8.85x10 ><_1(95><10 ) (2x10")"
2x1.6x10
=428 V.
22. To calculate the results with applied voltage of V=0.5V, we can use a similar

calculation in Example 10 with (1.6-0.5) replacing 1.6 for the voltage. The obtained
electrostatic potentials are 1.1 V and 3.4x10™* V, respectively. The depletion widths
are 3.821x10 cm and 1.274x10*cm , respectively.

Also, by substituting V ==5V to Egs. 90 and 91, the electrostatic potentials are 6.6 V

and 20.3x107V, and the depletion widths are 9.359x10°cm and 3.12x10%cm,
respectively.

The total depletion width will be reduced when the heterojunction is forward-biased
from the thermal equilibrium condition. On the other hand, when the heterojunction is
reverse-biased, the total depletion width will be increased.

23. E (0.3)=1.424+1.247x0.3=1.789 eV

E,, AE
Vi :_gz__c_(EFz —E,)lq=(Ec, —Ep)lq
q q
17 18
=1.789-021- L1y 2P0 KT DAV 73y
q 5%10™ qg 5x10

[ 2Neey, |7 [2x12.4x11.46x8.85x107 x1.273 |
"I GN, (&N, +€,N,) 1.6X107" x5x10°(12.4+11.46)

=4.1x107 cm.
Since Nyx, =N,x, ..x =x,

2

W =2x=82%10" cm =0.82 um.
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CHAPTER 4
1. (a) The common-base and common-emitter current gains is given by

o, =y, =0.997x0.998 = 0.995

@ 0995
—a, 1-0.995
=199.

(b) Since I, =0 and I, =10x10" A, then Iy, is 10x10™ A. The emitter current

is
Lepo = (I+ IBO)ICBO
=(14+199)-10x10”°
=2x10°A.
2. For an ideal transistor,
o, =y=0.999
aO
= =999,
h1a

I, is known and equals to 10x10™° A . Therefore,

Lepo =+ B eyo
=(14999)-10x10™°
=10 mA.
3. The creation of traps would reduce the carrier lifetime parameter by facilitating more
carrier capture and recombination events. In particular, there would now be more

recombination of the injected holes in the base region during their transit towards the

collector. Thus, the base transport factor a, would reduce, and so would the current
gain ap. Mathematically, a, =sech[W/L ], with L, =(D,7,,)" . Hence, a decrease

in carrier lifetime, will reduce L,

5» and thus, reduce a,. Also, emitter efficiency

y=U[1+(D,N,W)/(D,,NL,)]. Since L, =(D,7,)" the decrease in 7, will reduce

L., and hence, decrease y as well.

4. (a) The emitter-base junction is forward biased. From Chapter 3 we obtain

18 17
v, =i Mo | _ g gp591n| 210 2X107 1 o56 v,
g (9.65x10°)

n.

1
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The depletion—layer width in the base is

= LN J (Total depletion - layer width of the emitter - base junction)
26, (N 1) V7
s W v, ) 0

~ 2.1.05><10—”(5><1018\[ 1
1.6x107" kleo”J 5%10"® +2x10"

=5.364x10"° cm =5.364 x 10> um.

] (0.956-0.5)

Similarly we obtain for the base-collector function

2%x10"7-10'

V, =0.02591n -
(9.65x10%)

} =0.795 V.

and

W= 2.1.05x10™"( 10 \[ 1
2 1.6x107" szlo”J 10" +2x10"7

=4.254x107° cm = 4.254 x 107 um.

j (0.795+5)

Therefore the neutral base width is
W=W,-W,-W, =1-5364x107 —4.254x107 = 0.904 um.
(b) Using Eq. 13a

’ 9.65x10”)*
0)= p ekl — n; oWVen KT _ (
PnO)= P N, 2x10"

In the emitter region

D, =52cm/s L, =+/52.10° =0.721x107° cm

_(9.65%x10%)?

b= ow = 18.625.

In the base region

D,=40cm/s L, = [D 7, =+/40-107 =2x107 cm

n’  (9.65x10%)*

=g = 465613,
D

pn():

60.5/0.0259 — 2‘543xlollcm—3.
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In the collector region

D, =115cm/s L. =+115-10° =10.724x10~* cm

92
ngy = (9'6?% ~9.312x10".

The current components are given by Egs. 20, 21, 22, and 23:

1.6x107"7-0.2x10 - 40-465.613 ;50059
Ep = = e
0.904x10
I, =1, =1.596x10" A

_1.6x10™7-0.2x107*-52-18.625

1 =1.596x10" A

(€™ 1) =1.041x107 A

En 0.721x107
—-19 -2 3
Cn:1.6><10 0.2x10 11§ 9.312x10 3.196%10° A
10.724x10
I..=1_-1.=0.

BB —tgp Tl =

6. (a) The emitter, collector, and base currents are given by
I, =1, +1,,=1606x10" A
Io=1,,+1,=1596x10" A
I,=1, +1,,—1.,=1041x10" A.
(b) We can obtain the emitter efficiency and the base transport factor:

I -5
yolo 1S96XI0T o o0
I,  1.606x10

I, 1.596x107

"I, 1596x107

Hence, the common-base and common-emitter current gains are

a, =y, =0.9938
a,
= =160.3.
Ay 1-a,

(¢c) To improve ¥, the emitter has to be doped much heavier than the base.

To improve &, , we can make the base width narrower.
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We can sketch p, (x)/p,(0) curves by using a computer program:

1.0

0.8

0.6 WIL,<0.1

P.(X)/p,(0)

0.4+

0.2+

0.0 ———— .
0.0 0.2 0.4 0.6 0.8 1.0

DISTANCE x
In the figure, we can see when W/Lp <0.1 ( W/Lp =0.05 in this case), the minority

carrier distribution approaches a straight line and can be simplified to Eq. 15.

The forward bias at the emitter-base junction tends to inject electrons through the base
into the collector. Since the collector is floating, the terminal current is zero. The
injected electrons will accumulate. Hence, an electric field will be set up to pull back
these injected electrons to attain a steady-state. This field points from the base to the
collector. So the (p) base-(n)collector gets forward biased.

The total excess minority carrier charge can be expressed by

w
0, =dA[, [p,(0)~p,, Jdx

—oaf” Ve kT [ _ X
_qAI0 {pme (1 Wﬂdx

2 w
— A quEB/kT x_x_
43P0 oW ),
qAWp quEB/kT
=
_gAWp,(0)
5 .

From Fig. 6, the triangular area in the base region is Wp#(()) . By multiplying this value
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by ¢ and the cross-sectional area A, we can obtain the same expression as Q,. In

Problem 4,
B 1.6x1077-0.2x107-0.904x10™* - 2.543%x10"!

Oy 5
=3.678%x107" C.

10.  InEq.27,
I.=a, (""" ~1)+a,,

_ gAD,p,(0)

W

_2D, qAQp,(0)
w? 2
2D

= sz Q-

Therefore, the collector current is directly proportional to the minority carrier charge

stored in the base.

11. The base transport factor is

o {(eqvfﬂ’” —1)+cosh {ZVH
sinh (W g
ICp LP _

cosh (z/] (e 1)+ B
g cosh (W]
L

:1_1(
2

=1-(W?/2L).
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12.  y=[1+(D,/D,)W,/L,)(N,/N)I" =[1+(1){0.1L,/(0.5L,) }(N, /10N ;)]
y=[1+0.02]" =50/51
=0.98039.

Also: @, =1— W2I{2 I3} =1 —(1/2){(0.1L,)/(L,)}* = 0.995.

13. The common-emitter current gain is given by
_ % _ 7y
Ay l-o, 1-yp
Since y =1,
~ aT
b=t

~ 1-(W?/2L)
C1-[1-(W?/2L)]
=L /W?)-1.

—An72 2
If W/L, <1, then B, =21} /W".

14. L =D, =~100-3x107 =5.477x10"° cm =54.77 ym
Therefore, the common-emitter current gain is

2 2(54.77x107)?

=2I* W
A r (2x107)?
=1500.
15.  In the emitter region,
407
=543+ =87.6
Hor 1+0.374x107"7 -3%x10'®

D, =0.0259-87.6 =2.26 cm/s.
16. (a) The total number of impurities in the neutral base region is
Qs =[Nt dx=N,,I(1-¢"")
=2x10" 3107 (1—e™107™107) = 5 583%10" cm 2.

(b) Average impurity concentration is

Q; _ 5.583x10"
W 8x107”
=6.979x10"7 cm™.



17.  For N,=6.979x10"cm™,D, =7.77cm’/s, and

L, =D,t, =N7.77-10° =2.787x10~ cm

2 -5\2
o =1- 2 o OO 999588
22 2(2787x107)
yo— ! —0.99287.

13
142 s L4 L 558310
D, N,L, 7.77 10”-107"

Therefore,
a, = ya, =0.99246
a()
= =131.6.
By —a
18.  The mobility of an average impurity concentration of 6.979x10"cm™ is about

300 cm’/Vs . The average base resistivity p, is given by

Py = . 0.0299 Q-cm.
qi,(Q /W)
Therefore,
R, =5x107(p,/W)=5x10""-(0.0299/8x107) =1.869 Q.
For a voltage drop of kT/q,

1, = _ 00139 A,

qRB
Therefore,

I.=p,1,=131.6-0.0139=1.83 A.
19. From Fig. 10b and Eq. 35, we obtain

1,(uA) I.(mA) 5 - Al
AIB

0 0.20 —

5 0.95 150

10 2.00 210

15 3.10 220

20 4.00 180

25 4.70 140
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[, is not a constant. At low I,, because of generation-recombination current, [,
increases with increasing /,. At high [,,V,, increases with I,, this in turn causes a
reduction of V,. since V,,+V,.=V,.=5V. The reduction of V,. causes a widening

of the neutral base region, therefore [, decreases.

The following chart shows /£, as function of 7, . It is obvious that /3, is not a constant.

250
]

200

] ]
ey
150 ]
]

100 T T y T J T T T T T T

0 5 10 15 20 25 30

I (nA)
20. Comparing the equations with Eq. 32 gives
Lo =ay, Cplyy =ay,

o1, =a, ,and I,, =a,.

Hence,
a,, 1
a, =—=
’ a, 1+E.&. Mgo
LE Dp pno
a, 1
a., =
g Ay 1+E.& "co
LC Dp pno
21.  Inthe collector region,

L.=+D.t. =N2-10° =1.414x10" cm
oo =17 IN. =(9.65x10”)*/5x10" =1.863x10"cm™.

From Problem 20, we have
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1 1
o, = =
LW Dy 1, 05x107 1 931
L, D, p, 10° 10 9.31x107
=0.99995
o, = 1 = 1
W Deon, 05x107 2 1.863x10’
L. D, p, 1414107 10 9.31x107
=0.876
D,p D.n
I =a. =qgA| =22 E"E0
FO 1 Q( W L ]
2
= 1.6x107 510 | L0907 193]
0.5x10 10
=1.49x10™* A
D,p D.n
. =a.=qgA| =22y Zcco
RO 2 CI( W Lc J

2 4
:16X10—195X10_4 10 931)(_140 +2 1863xl2
0.5%10" | 1.414x10"

=1.7x10"" A.
The emitter and collector currents are
1,=1,,""" - +a,,,
=1.715x10" A
I =01, (e D) +1,,
=1.715x107 A.

Note that these currents are almost the same (no base current) for WIL, <1.

22. Referring Eq. 11, the field-free steady-state continuity equation in the collector region

is

Dc dznc/(zx,) - e (X/) _ npo =0.
dx T

The solution is given by (L. =4/D.7.)
n.(x)=Ce"" +Cye ',
Applying the boundary condition at x" = yields

oo/ L, —oo/ L
Ce™+Ce ™ =0.
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23.

Hence C, =0. In addition, for the boundary condition at xX'=0,
C,e ' =C, =n.(0)
n.(0) = ng, (e’ ~1).
The solution is
ne(x)=ng, (e /M _ 1) te

The collector current can be expressed as

] + A(_ch dpc/
x=W d

X x'=0 ]

D D D
— qA%(quEB/kT _1)_qA( [{;no + 2nc0 j(quCB/kT _1)

C

dp,
IC = A(—QDP E

— a21 (quEB/kT _ 1) _ a22 (quCB/kT _ 1).

Neutral base width W =X, -x . " —x .

n.depl ndepl
Here: x, " =[(2elq)N,"I{N,"(N," + N," )}V, =V,;,")], and
i =LREIDN, N (N + NNV, " V™)
Now: V,** =25.9x107°Ln[(5x10" x10")/(10'°)’1=0.8766 V,
Vv, =259%10"Ln[(10" x10"°)/(10'°)*]=0.656 V.
Xpaer =[{2X11.9%8.85x107/(1.6x107™")}5x10" /{10"° (5x10"* +10'°) }(0.8766 — 0.5)],
e X, =222x107cm.
Xpa - =[{2%11.9%8.85x107/(1.6x107?)}10%°/{10'° (10" +10'°) }(0.656 +5.0)],
—> X, 4, =2.6x107cm. Hence: W =107 -2.22x10~ —2.6x107° =5.182.6x10 cm.

Emitter efficiency: y=1/{1+(D,W N,)/(D,” L, N,)}.

But: L, =[D,7,]* =[10x107]* =10"cm.

L,=[D,7,1"=[2x10"°]* =1.41x10"cm.

L. =[35x107°]* =5.916x10 cm.

y=1/{1+(2x5.182.6x107° x10'*)/(10x1.41x10~* x5x10"*)} = 0.00085.

a, =1-W?/(2 Lpz) =1-(5.18x107)*/(2x{107°}*) = 0.9986.
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24.

25.

o, =0, y=0.99845.

B, =a,/(1-a,)=0.99845/(1.0—0.99845) ~ 644,

a,, = qAl(Dp® n>)/(N, W)+ (Dn"n>)/(L,N,)

a, =1.6x10™ x0.03[(10x107°)/(10" x 5.18 X 107) + (2x10*°)/(1.41x107* x 5x10'*)]
a,, =9.27x107"> Amps.

Similarly, a,, =q ADp” n>/(N,W)=1.6x10"x0.03x10x10/(10"* x5.18x107)

a, =9.264x107" Amps.

Next: a,, =a,, =9.264x10™"> Amps.

Finally, a,, = q A[(Dp” n>)/(N,W)+(Dn n>)/(L.N,)

a,, =1.6x10™" x0.03[(10x107)/(10"° x5.18x107) + (35%10*)/(5.916 X107 x10")].
a,, =1.21x107"" Amps.

Using Eq. 44, the base transit time is given by

—4\2
7, =W?/2D _O5X10 )7 5551005,
? 2x10

We can obtain the cutoff frequency :
fr =1/27t, =1.27 GHz.
From Eq. 41, the common-base cutoff frequency is given by:

1.27x10°
=fla,=——""—"=1275GHz.
f(z fT 0 0998

The common-emitter cutoff frequency is

fe=0-a)f, = (1-0.998)x1.275x10” = 2.55 MHz.

Note that f, can be expressed by
1
fﬁ =(1-)f, :(1_a0)/a0XfT?fT‘
0

Neglect the time delays of emitter and collector, the base transit time is given by

1 1

T, = = - =31.83x107" s,
2xf,  2xx5x10

From Eq. 44, W can be expressed by

W =/2D,7,.
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26.

27.

28.

Therefore,

W =2x10x31.83x10™"2
=2.52%10"° cm
=0.252 pum.

The neutral base width should be 0.252 pm .

Stored base charge Q, = (V../R,)7,, where.
=W?/(2D,)=(0.5x107)*/(2x10) =1.25x10™"’s . Hence,
Q, =[5/(10x10°)]x1.25x107"" =6.25x10™"* Coulomb.
Next, storage delay time 7 = 7,Ln[Q,(?,)/0,], where 7, = minority lifetime = 107s.
But: Q,(t,) = 1,7, [1-exp(—t,/7,)]. Thus:
Q,(t,) =2x10°x107 X[1—exp(—10°/107)].

i.e., 0,(t,)=2x10""C. Finally, t, =107 Ln[2x107°/6.25x107*]=1.16 x10"s.

AE, =9.8%x1.12=110 meV.

AE,)

~expL

kT

B,(100°C) ~ ex 110 meV 110 meV ~029.
B,(0°C) 373k 273k

f3,(HBT) (E —Eggj {EgE(x)—lAzﬂ
S =eXp| ————— |=eXp| ——————
B,(BJT) kT 0.0259

where
EgE (x)=1.424+1.247x, x<0.45
=1.9+0.125x+0.143x,0.45< x < 1.

The plot of £,(HBT)/f3,(BJT) is shown in the following graph.
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1.8+0,126x+0,143x

1.424+1.247x

Note that B,(HBT) increases exponentially when x increases.

29.  The impurity concentration of the nl region is 10*cm™. The avalanche breakdown
voltage (for W >W ) is larger than 1500 V(W, >100 um). For a reverse block voltage
of 120 V, we can choose a width such that punch-through occurs, i.e.,

_gN, W’

VP T 2 g‘v

Thus,

2
W= [g—vf’Tj =3.96x10" cm.
qND

When switching occurs,

o +a,=1.
That is,
L
@ =0.5,/-21n S
w Jy
=1-04=0.6
J) 06 /25><10—4
11’1 —_— | = ——
J, 0.5V39.6x10
=1.51.
Therefore,

J =4.5J,=2.25x10" A/cm’

-3
Area = = LO_S =444 cm’.
J 2.25x10
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CHAPTER 5

Yk V4
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METAL OXIDE

n-TYPE SEMICONDUCTOR
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| SR A SRR te ’ —— --------------- Er

n" POLYSILICON OXIDE p-TYPE SEMICONDUCTOR

The flatband voltage equals the work function difference since there is no charge in the oxide or
at the oxide-semiconductor interface.

E
Vig =P ps = Py, —Z—z—g—thn X,
q n;
1017

=4.1-4.05-0.56—-0.026 X1In =093V

1010
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A ps(x)

Op

gNp

S ]

)
S

E (x)

=V

v

(a)

(b)

(©)
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9.65x10°
1.6x107Y x5%10"
=1.5x107 cm =0.15 um.

16
11.9><8.85><10‘14><O.0261n( >x10 ]

=2

The electric field E at the semiconductor and oxide sides of the junction are given by:

E =(qN, W)/e,andE_=(qN, W)/¢,.
Now W =depletion width =[(2eV{"™)/(qN,)]”, where V™ is the voltage at

inversion.

Thus: V™ =2(kT/q) Ln(N,/n,)=2x25.9x10"xLn (5x10"/1.45x10'°)=0.636 V.

So: W=[(2x8.85x107* x11.9%0.636)/(1.6x107" x5x10")]* =0.41 um.
Hence: B =(1.6x107" x5x10"” x0.41x107)/(8.85x107"* x11.9) = 31.14 kV/cm.

Also: : E = (1.6x107" x5x10"” x0.41x107*)/(8.85%107"* x3.9) =95 kV/cm.

&

ox

ijn =
d+(g, €)W,
W =0.15um From Prob. 5
3.9%8.85x107™"

nC = 39 =6.03x10™° F/cm®.
8x107 +—=-x1.5x107
11.9
17
788 :k—Tln&:O.O%lnL():OAZV
qg n 9.65x10
gN W . .
E, =—%— atintrinsic ¥, =y,

S SS
—14
W [2evs :\/2x11.9><8.8i>9<10 X042 7410 em
gN, 1.6x107" x10

E - 1.6x107"”x10" x0.74x107
s 11.9%8.85x107

E =B 55 = 1.11x10° x 2 = 3.38x10° V/em
£ 39

o

=1.11x10° V/ecm

ox

V=V +y,=Ed+y, =(338x10°x5x107)+0.42.
=0.59 V.

45



10.

11.

12.

13.

C../C... =1+, /eg) (W _/d). Since W _ does not depend on the oxide thickness, and
all other parameters are the same for the two devices, one gets:

[1+ (e, /eg)(W /d))]=3 and [1+ (e, /e )(W, /d,)]=2

->[(3.9/11.9)(W_/d,)]=2 and [(3.9/11.9)(W_/d,)]=1.

Solving: d,/d, =Y.

1 1o 1.6x10"°[1

=— 107)dy=—""—"—| —x10"7 x(10°° 2}

Q, dfo g0 )dy =—"= {2 10™)
=8x107°C/cm?

0, 8x10”

C —WZ 2.32)(10_2 V.

AV, =

1 ¢d
0, =, yPu()dy

, y=5><10_7

=g x5x%x10"d(x), where o(x) =
Pou =4 ) ) {o, y#5x107

=0, —LXSXIOM x5%x107 x1.6x107"

10
=4x10"* C/em?
-8
nay, =L Ay
C  3.45x10

o

x1.6x107" x%xs X107 (107°)°.

10°°

AV, = %’ = Cixngm , where N is the area density of Q.

o o

Ly JAVgXC, 0.3x3.45x107’

. el =6.47x10" cm™.
q .6X

1 p10-6
0, =—[, ¥@x5x10" x ydy

=2.67x10" C/cm?

0,  267x10°°
C, 3.45x107

o

AV, = =7.74%x107 V.
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14.

15.

16.

Since V,, <(V,—V,), the first term in Eq. 35 can be approximated as

V4 V
Z/'lnco (VG - 2‘/’8 _TD)VD

Performing Taylor’s expansion on the 2" term in Eq. 35, we obtain

3 3
(VD + 21//3 )3/2 _ (21/13)3/2 = (21//3 )3/2 +E(2I/IB)1/2VD _ (21/13 )3/2 — E(21//3)1/2‘/D

Equation 33 can now be re-written as

22&4qN, 3
e e S NTAY
3 SN2YVs

Z V
ID Ezﬂnco l:(VG_zl//B_?D)VD ]
V
‘?}VD

VzESqNA(2WB)

C

o

Z
Ezﬂnco {VG _|:2‘//B +

Z V
= (Z);un Co (VG - VT - 7D)VD

\ 2e,9N,(2y,)

where V, =2y, + C .

The threshold voltage equals:

J4€.gN
VT :VFB+2¢F+ sq a¢F

ox

=-0.93+2x0.42

N J4x11.9%8.85%107 x1.6x107° 107 x0.42
3.9%8.85x107*/20%x10~’

=0.88V
16
W= k—Tln(ﬂ) =0.0261In LO_Q =040V
q n, 9.65x10
K = JEaN, J11.9x8.85%107™ x1.6 X107 x5x107*
- C, 3.45x107
=0.27

([ v,

.'.VDMTEVG—ZI//B+K2L1— 1+ KZGJ
=5-0.84(0.27)°| 1—- 1+L2
(0.27)

=342V
ZucC 10x800x3.45x107

IDwr = ItzlnL . (VG _VT)2 = %1 (5—07)2
=2.55%10A.

47



17.

18.

19.

20.

21.

The device is operated in linear region, since V, =0.1 V <(V,;-V,)=0.5V

ol Z

Therefore, g, = # Vo mconst = 7 uC (V,-V,)
D

=2 500%3.45%107 X 0.5
025

=1.72x107S.

ol z
= o =—ucCyv
gm aVG Vp=const. Lﬂn o' D

:i><500><3.45><10‘7 x0.1
0.25

=3.45x107*S.
2.J€qgN W 10"
V.=V, +y, +—Y 51 AT8 =0.026In| ———
P =l C, Vo (9.65><109
0 E 1.6x107" x5%x10"
VFB :¢ms __f:__g_l//B_ —7
C 2 3.45%10

o

=-0.56-042-0.02=-1V

2711.9%8.85%107 x10"7 x0.42x1.6x10™"
3.45%107

~V,=-1+0.84+

=—-14+0.84+0.49
=033V
(¢, . can also be obtained from Fig. 8 to be —0.98 V).

ms

0.7= 033+q—F;g_7
3.45x10

~ 0.37x3.45%10”

? 1.6x107"
The oxide capacitance equals:

=8x10" cm™.

—14
o _ &y _ 3.9><8.85>_<610 173 nF/em?
t 2x10

ox

The flatband capacitance equals:

1
‘=TI,
_— 4D
C()X 85
1
= —— =142 nF/em’
1 1.3x10

+
173x10”°  11.9%x8.85x107"
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where the Debye length is obtained from:

A% 11.9x8.85%107"*x0.0259
Ly=,|—"7= = B =13nm
gN, 1.6x107" x10

The high frequency capacitance in inversion equals:

= 1 105 x10° =63 nF/cm®
.05 x

+
173%10”  11.9x8.85x107™"

and the depletion layer width at threshold equals:

Xar =
\ aN,

2x11.9%8.85x107* x2x0.419
= — - =105 nm
1.6x107" x10
E N
22. VFB:qDMS:q)M_Z__g_‘/zln “
2q i
1017
=4.1-4.05-0.56-0.026 X In——=—-0.93 V
10
E
P = —7”'+ v,=-056+042=-0.14V
Qf z\lquNDWB
VT:¢mv___ l//B_
‘ C{) C()
24/11. . 107 x1.6x107" x10" 42
140,02 084 2V11:9x885x10™ 6x10 " x10” 0
3.45%10
=-149V.
qF;
23. -0.7=-149+—"—L—
3.45%x1077
-7
P _0.79%3.45x10 —17%10” em™.

i 1.6x107"
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24.

25.

26.

(107 )
=0.026In]| —————— =042V
Vs L9.65><109 J

QQf+2 ngsqNAl//B
C

V,=¢,. _C_ W, +
— 0.98— 1.6x10™" x10" 0844 2\11.9%8.85x10™ x 10”7 x0.42x1.6x10™"
C, C
15.2x10°*

=—0.14+

o

c - 3.9%8.85x10™""  3.45x107"

: d d
-8
v, >20= X207 554y
3.45%10

ood <4.57x107cm = 0.457 pm.

\29e.N
AV, :%(\/mﬂzs +Vis _\/ZVIB)

o

1017
=0.026In(———=)=042V
Vs G 65x10"
_ 3.9x8.85x107"
’ 5x107
AV, =0.1V if we want to reduce I, at V; =0 by one order of magnitude,

6.9%10” F/cm®

since the subthreshold swing is 100 mV/decade.

19 —-14 17
0,12 Y2X16X10™" x4.9x8.85%10™* x10 (J084+7,, o4

6.9x107

.V, =0.83 V.

V,=0.5Vatl,=0.1uA
-1

logl) |y, _y, —log 1|y,

Subthreshold swing =
V, =0
01= 0.5
—71-logl, ‘VG:O

log 1, —12 |y, =1x1077 A,

Ve=0"
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CHAPTER 6
Scaling factor x =10

Switching energy = %(C CAV?

¢’ =L —kc
d
, A
A :F
y=Y
K
.. scaling factor for switching ener 'l('i'i—i—L
- Scaling & eIy K 2 78 T 1000
A reduction of one thousand times.
1 1
a) .. Switching energy =—(C-A)V?* = ——
(a) g energy 2( ) 5000
(b) Pr~izlx1:%x1:#x1:1nﬂ
k™ k k 1000

C, =¢,/t, =39%8.85%x107"/(200x107*)=1.726 x10"" F/cm".
AV, =—qN, W, 1,/(C, DI[{I+2 W, /r.}*-1].

AV, =={[1.6x107" #3x10"°*0.18x107*(0.3/1.0)] /[1.726 x 107" ]} [{1+2*0.18/0.3}* 1]
— AV, =-0.0726 V.

i' é P'- -
]El\'k‘l'g region § ])—hl.lh:';[l'illt'

n* poly

‘T\ = ”Afr- =X
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4. The junction built-in voltage =25.9x107°Ln[10"*10'°/(1.5x10")*]=0.874 V.
The zero-bias source-substrate pn junction width X, is: [(2e, V,,)/(qN,)]”
Thus: X, =[(2%11.7%8.85x1070.874) /(1.6x10™° 10"*)]* = 0.336 um.
Let the reverse-biased drain-substrate pn junction width be X,.
So: X, =[{2&,(V,; + V) } /(GN )]”
At punch-through: : X, +X,=L —0.336+X,=12— X, =0.864 um.
Using: X, =[{2¢e,(V,, + Vps) }/(GN,)]” leads to: V,, + Vs =5.77 V.
Thus: Vi =5.77-0.874=49 V.

5. L=0.7 um, W=7 um, t, =17.5nm, N, =7.14x10" cm™, and voltage =2.1V.

6. Pros:
1. Higher operation speed.
2. High device density
Cons:
1. More complicated fabrication flow.
2. High manufacturing cost.

7. The rise time if the minimum geometry CMOS will be substantially greater than the fall

time due to the fact that the hole mobility is much smaller (about one-third) than the
electron mobility.
8. (a)

Time
(b)

v()lll

NMOS cut-off
PMOS linear

0 C NMOS saturated

PMOS linear

NNIOS saturated
PNOS saturated

NMIOS linear

PMOS saturated

NMIOS linear
PMOS cut-off

52



(c) At point C, the voltage Va=Vin (input voltage), the NMOS is just becoming saturated
from the linear region. Since NMOS is in the linear region and PMOS in the saturation
region, the drain current of NMOS is equal to the drain current of the PMOS, that is

Ipn =Inp
Therefore,

—-2)?
20{(V3 -2)’ - A 5 ) } 20 —((5-V, -1y
200V, —2)* =20(4-V,)> =V, =3V

9. The maximum width of the surface depletion region for bulk MOS
Wo=2 \/8skT 1121(NA/nl.)
q°N,

_ 2\/11.9><8.85><10‘14><O.026><1n(5><10”/9.65><109)
1.6x107"" x5x10"
=4.9%x10°cm
=49 nm
For FD-SOI, d,<W =49 nm.

Thus, the ﬁnge of V, is from (0.18—0.046) =0.134 V to (0.18+0.046)=0.226 V.
_1.6Xx107"” x5%10"7 x5%x107

8.63x10~
=46 mV
N.d
1. V.=V, +2p, +L4%
E, kT (N,) 112 5x10"
Vi =0y, === In[ ~ 4 === ==0026In (x—}_— 102V
‘ 2 q n, 2 9.65x10
T
2y, =2x 1y {N—} 0.92V
q
14
c, = 22X88XI0 g 635107 Frem?
4x%x10

1.6x107"” %x5%10"7 x3x10°°
8.63x1077

SV, =—1.02+0.92+

=-0.1+0.28
=0.18 V.
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12.

13.

14.

15.

16.

o En _39X885x10°"
t 50%107®

Area = (0.5%0.5) +4(0.5x1) = 0.25+ 2/ pm®
5 -19
0=CV c:%:m Xl‘gxm —8x1075 F

8x107° =6.9x107(0.25+20)x10™* =6.9x107 (0.25+21)
1.16-0.25

%%

1
'
1
t
! ' /=0.46 pm
i
i
!
i

<y

0.5

=6.9%107 F/cm?

ol =0.46 um

2.
1=c¥ _sx10 ><—5_3:3.1><10‘”A
dt 4%10

The planar capacitor
. (1x107)*3.9x8.86x107"
C=Af0x/ —
%I 1x10°°
For the trench capacitor
A=4x7pm’ +1pm® =29 pm®
C =29%3.45x107"” F=100x10"" F.

=3.45x10"" F

8 =2 u,G Y, ~Vy)

4x107° = A(-5-V,) -V, =7V
1x107° = A(-5+2)

AV =7—(=2)=9V.

O = Crgec XAV
Cro.c6 XAV 2.59%107°%0.5

610" = 8094 electrons.
q 6%

Npg
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17.

18.

19.

po Vo 0
1_ .
d +d,(gl€,) €+¢&,(d/d,)

7
J=0g,=107 |0 10Q =0.2-2.26x10°|Q)
10+100(j 4+10 — [8.85x107"
10 100
0.2 ;
whenJ, =0 |Q|=————==8.84x10 Couls
2.26x10
7
AV, = 0 _ 8.85><1(_)4 =10V
&ld, 10x8.85x107°/10
Cell size | Write one | Rewrite Keep data Applications
byte rate cycle without power

SRAM Large Fast unlimited | No Embedded
in ligic
chips

DRAM Mid Fast unlimited | No Stand-alone
chips and
embedded

Flash Small Slow limited Yes Nonvoltaile
storage
stand-alone

VEGN W

V, =V +2y, +
0

8.854x107"

-5

(107 )
=0.026ln]| ————— =042V
Vs L9.65><109 J

0 E
Vis :¢m_7f:_7g_l/13_0

=-0.56-0.42=-098 V

C,=3.9x =3.45x10"* F/em®

2711.9%8.85%107 x10"7 x0.42x1.6x10™"°

-V, =—=0.98+0.42+

=-0.98+0.42+4.9
=434V

3.45%107®




11 -19
0. AVFB:—%:—SMO ><1.6>f810 _ 53V
C, 3.45%10
V, =434-2.32

=2.02V.




CHAPTER 7

1. From Eq.1, the theoretical barrier height is
On = P — Y =4.55-4.01=0.54eV
We can calculate V,, as

19
2x10%°

g Nbp
Therefore, the built-in potential is

Vi =@ —V,, =0.54-0.188=0.352 V.

j:0.188V

2. (a) From Eq.11

2 _ 14
d/C7) _(62=46)x107 __, 5 1014 (cm?/F) 1V

adv -2-0
ND = 2 —1 =4.7%x10'° cm™
q&s d(1/C?)/dV
17
V, = k—Tln& =0.02591n ﬂ =0.06V
g No 471016

From Fig.6, the intercept of the GaAs contact is the built-in potential V;,
which is equal to 0.7 V. Then, the barrier height is
O8n =Vii +V, =0.76 V
(b) J;=5x 10" A/em’
A* = 8 A/K*-cm? for n— type GaAs
J, = AT 2e 9 /kT

8% (300)?

. = —1In
Ps 5%10~7

q

kT (A*TZ

j =0.0259 ln{ } =0.72eV

The barrier height from capacitance is 0.04 V or 5% larger.
(c) ForV=-1V

W [260hi+Ve) \/2><1.09><10-12(0.7+1)
gNp 1.6x107" x 4.7 x10'®

=222x%x107 cm=2.22 um

_ qNDW
Es

E. =1.43x10° V/cm
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=5 2520%10% Flem?.
%

The current-voltage expression for a Schottky barrier diode is given by:

=1 [exp{qV/(KT)} - 1], where I, = A A" T* exp[-q®y/(kT)].

Under the condition: kT/q << V, the above equation can be re-written as:

Ln(I/T?) = Ln(A A") — q (@, — V)/(KT). So plot of Ln[I/T] versus 1/T at constant bias
V has a slope of — q (@, — V)/k and an intercept of Ln(A A*).

For the data given: V = 0.4 Volt and area A = 0.001 cm?’. Plotting Ln[I/T2] versus
1000/T yields slope of: -1.7642 and intercept of: -.9584.

Hence: slope =-1.7642 = — q (@, — V)/k = -1.6x10™"° (@, — 0.4)/1.38x10™>
Consequently: @, = 0.751 V.

Intercept = -.9584 = Ln(A A") = Ln(0.001 A") & A" = 110.0525 A/cm” K>

The barrier height is
Oen =@n = =4.65-401=0.64V
19
V, = 1n Ne _o.0259x1n| 2509 ) g 177y
g Nbp 3x10'6

The built-in potential is
Vii = @y =V, =0.64-0.177 =0.463 V
The depletion width is

W [260h=Ve) _ \/2><11.9><8.85><10‘14
gNp 1.6x1071 x3x10'®

x0.463 = 0.142 ym

The maximum electric field is

Np v, _ (1L6X101) X (3x10'%) X (1.42x107?)

=6.54x10* V/cm.
& 11.9%x(8.85x1071%)

|[Eml=IE(x = 0)l=

The unit of C needs to be changed from uF to F/cm?, so
1/C? =1.74%x10% - 2.12%x10" V,(cm?/F)?
Therefore, we obtain the built-in potential at 1/C?=0

_1.57x1015

= 2axion T4

bi

From the given relationship between C and V,, we obtain
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6.

(&)
=-2.12x10" (cm?/F)2/V
dv,

From Eq.11

ND =2 1
g€, | d(1/C?)/dV

2 1
T 1.6x10719x11.9%8.85x10714 (2.12x1015j

=5.6x10% cm™3
19
Vn=k—Tln&=0.0259ln M =0.161V
q Np 5.6x10"°

We can obtain the barrier height
O8n =Vii +V, =0.74+0.161=0.901 V.

The built-in potential is

T
Vii = ¢Bn —k—hl&
g Nbp

2.86 X 1019]

=0.8— 0.0259ln(
1.5x10'°

=0.8-0.195
=0.605V

Then, the work function is

On =Ppn+ X
=0.8+4.01
=481V.

The barrier height equals: g = @y —x=4.5-4.05=0.45V.
Now the built-in potential ¢; equals: ¢p — (kT/q) Ln[N/Np]
=0.45 - 0.0259*Ln [2.82x10"/10""] = 0.3 Volt.
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8. The saturation current density is

Js = AT?exp —40en
kT

0.8
=110%(300)? xex
(300) p(0.0259j

=3.81x107" A/cm?
The injected hole current density is

;o _aDpn? _1.6x107x12x(9.65%10°)
" L,Np 1x1073 x1.5% 1016

=1.19%10""" A/cm?

Hole current  J o (e?V*T —1)

Electron current  J,(e?”AT —1)

-11
_Jpo _LA8XI0T
Jy  3.81x107

9. The difference between the conduction band and the Fermi level is given by
17
V. =0.02591n 47107 ) 0.04 V.
1x10"7

The built-in potential barrier is then

Vi =0.9-0.04=0.86V
For a depletion mode operation, V7 is negative. Therefore, From Eq.38a

Vi =0.86-Vp <0
_qa*Np _ 1.6x107"a? x10"
© 2g,  2x12.4x8.85x1071*

1.6x1072

2.19x10712
a>1.08x107 cm =0.108 pm.

Vp

> 0.86

a’>>0.86

10. From Eq.33 we obtain

Ip Vp
= VD
2V,,2 Vo + Vii

= —Z,Lln &s EVD
al V Vb,’

Vo = gNpa? 1.6x107" x7x10'° x (3x107%)?
P e, 2% 12.4%8.85x10-14

8m

=462V

_ 5x107*x4500x12.4x8.85x107* 4.62 «
0.3x10™* x1.5x10™ 0.84
=1.28x107% S =1.28 mS.

S gm

1
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ll(a) Now: q Vbi + EC = EF + q OBn -> Vbi = (EF - EC )/q + OBn -
But: (Ec — Er )/q = (kg T /q) Ln[N¢ / Np] = 25.9 x 10~ Ln[4.7 x 10" /10"]1 = 0.039 V.
2 V4, =0.9-0.039=0.861 V.

Hence: Wlvg -0 = [(2 &5 Ve)/(q Np)]*?
D Wivg=0=[(2x 12.9x 8.85x 107* x 0.861)/(1.6 x 107" x 10'7)]*?
2 Wivg=0=0.119x 10 cm < a.
So channel exists at Vg = 0, and MESFET is a normally ON device.

(b) Ip s [at (V= 0)] = [(Z & pa 80 )/(2aL)] (VG — Vi) lvg =0,
> Ip [at (Vo= 0)] = [(Z & pa €0 )/(2aL)] (Vi)
Now Vi, = threshold voltage = Vy,; - (a2 q Np )/ (2 &)
D Vyp=0861-(02x10")21.6x 107" x10"7 /(2% 8.85x 107*x 12.9) =-1.942 V.
Hence, Ip g = 10 x 107 X 5000 x 8.85 x 107 x12.9 (-1.942)* /2 x 02 x 10* x 107) .
So: Ip sat = 5.38 mA.

(c) Cut-off frequency: fr=gn/2nCs) ~ [2 tn q Np a’ /(7w e L2).
Putting the values: fr = 2 x 5000 x 1.6 x 107" x 10" (0.2 x 10°H%[x x .85 x 107 x
(1077,
S fr=1.75x 10" Hz.

12. From Eq.31b, the pinch-off voltage is

_gNpa® _ 1.6x10719x10!7(2x1075)

v
S 2x12.4%8.85%1014

=0.364 V

The threshold voltage is
Vi =V, =V, =0.8-0.364=0.436 V
and the saturation current is given by Eq. 39

ZEUy
2al
 50x107*x12.4x8.85x 10714 x 4500

B 2x(0.5x104)x (1xX107*)

Ipsar = (VG _VT)2

(0-0.436)2 =4.7x10™ A.

2

17 _19
13. 0.85—0.0259111(4'7)(10} 1.6X1071° X Ny

 2x12.4x8.85%10°14

D

For Np=4.7 x 10" cm™
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14.

15.

16.

4.7><10”]% (3.7%10°%)

JNo

a= (0.85 —0.02591n

D

=1.52%x107 cm =0.152 um
For=Np =4.7x10"cm™
a=0.496=10"cm = 0.0496 pum

Built-in voltage Vy; = (kg T /q) Ln[Na /n;]
>V, =25.9%1073La[(8x10'7)(2%x10")/(1.45%10'°)2]1=0.7682 V .
Total depletion width W = [(2 & V { Na + Np }D/(q Na Np)]>?
For pinch-off, one needs: x, = a , where x, = W N /(N4 + Np) = a.
Using expression for W and equating: W N /(N + Np) = a leads to:
V=qa’(Na+Np)Np/(2Npg) = V, (by definition.)
Hence: V, = [1.6 x 107 x (3 x 107*1/[2. x8.85x 10"*x 11.9] = 13.7 V.
Comment: Since V, = Vpg+ Vg + Vi, here we have:
Visar + Vo =13.7-0.7682 =12.93.
So as long as (Vp+ Vg ) < 12.93 V, the channel will remain open.

From Eq.48 the pinch-off voltage is

AE,
VP = ¢Bn - _VT
q
=0.89-0.23-(-0.5)
=0.62V

and then,

_gNpd? 1.6x107"9 x3x10'8 xd?
2¢, 2x12.3x8.85x107"
di =1.68x107° cm

Vp =0.62V

di =16.8 nm
Therefore, this thickness of the doped AlGaAs layer is 16.8 nm.
Vp=(qNpdi?)/(2e) = 1.6 x 107 x 10" (50 x 107)*(2 x 12.3 x 8.85 x 107™*) = 1.836 V.
The threshold voltage V1= @, — AE/g — Vp=0.85-0.23 - 1.836 =-1.216 Volt.
Therefore, the device is a normally on MODFET.
The two-dimensional electron gas at the source for Vg = 0 is:

ng=[12.3 % 8.85 x 107 /(1.6¥107"9#(50 + 4 + 8)*1077) * [-1 — (=1.216)]
=2352% 10" cm?.
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17.

18.

19.

The pinch-off voltage is

_gNpd? 1.6x107" x5x10"7 x(50x1077)?
2¢&, 2x12.3x8.85%x10714
The barrier height is

Vp =184V

AE.

q
The 2DEG concentration is

O, =Vr + +Vp=-13+0.25+1.84=0.79 V

I 12.3x8.85x1071
T 1.6x107° % (50+10+8)
The pinch-off voltage is

2¢&

-19 18
_ 1.6x107"x3x10 (35%107)2 =27 V
2x12.3x8.85x1071

the threshold voltage is

VP d 12

A
Vr = ¢Bn LS Vp
q
=0.89-0.24-2.7
=-2.05V

Therefore, the two-dimensional electron gas is

. 12.3%8.85x1014
Y 1.6X10719x (35+8)x1077

The pinch-off voltage is

_gNpd? 52 1.6x10719 x1x10'8 x d?
26, ’ 2%12.3x8.85%x10~*

The thickness of the doped AlGaAs is

Ve

=4.45%107% cm = 44.5 nm

p _\/1.5><2><12.3><8.85><10‘14
1 1.6x10719 10"

AEc

-Vp=0.8-0.23-1.5=-0.93V.

X[0—(-1.3)]=1.29%10"? cm™2.

X[0—(-2.05)] =3.2x10'2 cm™2.
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1.

2.

3.

CHAPTER 8
The differential negative resistance is: I(Vy - Vp)/(Iy - Ip)!
=1(0.6-0.15)/(2mA-20mA)| = 25 Ohm:s.
Vi = (Eqlq)+V, +V, =1.42+0.03+0.03=1.48 V
W= \/2& (NA +Np j(vm )
g \ NaNp

_[2x1.16x107"2 (10" +10"
1.6x107" 10¥ x 10"

j(l 48-0.25)

=1.89%x10° cm=18.9 nm

-12
=& JLI6XI077 o 107 Flem?.,

W 1.89x107°
The frequency f = vg /[2(W—x4)] . So minimum frequency ~ vs /(2W).
=2>107/(2'1073) =5"10° Hz.

2
() 1resc=leAde=l o e W
170 1790 Aggvg 2AEsvs

(12x1074)?

= =137Q
2(5%107)1.05x 10712 x107

(b) The breakdown voltage for ND = 10" cm™ and W= 12 pm is 250 V
(Refer to Chapter 4).
The voltage due to Rgc is
IRsc =(10°x5%x10™#)x137=68.5V
The total applied voltage is then 250 + 68.5 =318.5 V.
(a) The dc input power is 100V(10™'A) = 10W. For 25% efficiency, the power dissipated as
heat is IOW(1-25%) =7.5 W.
AT =7.5Wx(10°C/W) =75°C
(b) AV =(60mV/°C) x75°C=4.5V
The breakdown voltage at room temperature is (100—4.5) =95.5V .
(a) For a uniform breakdown in the avalanche region, the maximum electric field is

En = 4.4 x10° V/cm. The total voltage at breakdown across the diode is
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VB=meA+(E QQJ(W x4)
Es

1.6x10719 x1.5%10!'2
1.09x10-12

:4.4><105(0.4><10‘4)+(4.4><105— j(3—0.4)><10‘4

=17.6+57.2=748V

(b) The average field in the drift region is

572 =2.2x10° V/cm
3-0.4)x107*
This field is high enough to maintain velocity saturation in the drift region.
7
© f= 10 =19 GHz.

2(W xA) 2(3-0.4)10*

7. f=vu /(L) -> L=10"/(2*20 x 10°) =2.5 x 10 cm.
So, avalanche region length x4 = 5% of L = 0.05%2.5 X 10%=1.25% 10" cm and
length of drift region xp = 95% of L = 2.375 x 10~ cm.
From Poisson’s equation, the electric field profile E(x) in avalanche region is:
E(x) = Emax — ¢*Nhignh X/(&) for avalanche region: 0 < x < x4, and
E(x) = Emax — ¢*Nhigh Xa /(&) — ¢*Niow (X—Xa)/(€;) for drift region: x4 <x < L.
Since E(x=L) goes to zero: E,qx — q*Nhigh Xa /(€s) — §*Niow (L—x4)/(€5) =0
Given that: Epay = 450 X 10° V/em, nioy = 5 X 107/cc, & = 12.9%8.85 x 107"
One obtains: Njow = 1.618 X 10"

8. (a) In the p layer

B0 =En I < x<h=3um
&

Ba(x) = E,, — V0 b<x<W =12um
Es

E,(x) should be larger than 10° V/cm for velocity saturation

SE, — Vb o5
Es
or £, 2105+ _ 105 1 4.66%10-11 N,
Es

This equation coupled the plot of E_ versus N in Chapter 3 gives
NI=7x10" cm™ for E_ =4.2 x 10° V/cm
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_(42-1)x10°x3x10™*
2

En—E2)b

~ Vg = E.W +10°x9x10™*

=138V

W-b 12-3)x10™
Vs 107

(b) Transit time t = =9x10715 =90 ps.

9. (a) For transit-time mode, we require ngL > 102 cm™.
no =102/ L=10"2%/1x10"* =10 ¢m
() t=Lrv=10"/10"=10" s =10 ps
(c) The threshold field for InP is 10.5 kV/cm; the corresponding applied voltage is

3
V= (%j (Ix10)=0.525V

The current is
I =JA=(qu.noE)A = (1.6x107" x4600x10'6 x5.25x10%)x10™* =3.86 A

The power dissipated in the device is then
P=1V=202W.

10.  Using: noL > 10" one gets L > 10'%/10"° = 10~ cm.

Next, using: f=1/1=vp/L > f=1.5x10" /107 = 1.5 x 10" Hz.
So time between pulses T = 1/f = 6.667 x 107" second.

11. Prior to reaching the cavity region, the domain moves at some velocity (say) Vdom.

When this domain reaches the cavity region, carriers move around the cavity. This
“detour” effectively increases the local electron density. This larger density causes an
enhancement in the electric field within the domain as the result of the Poisson
equation.
This increased field correspondingly increases the domain velocity. As a result, the
domain moves quicker towards the anode. The net results are: (i) the current
oscillations are still maintained, and (ii) the frequency of oscillation is slightly
increased.

12. The energy E, for infinitely deep quantum well is
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13.

h*

n = ; n
&8m"I[?
AE, h2n2 2E1
. o)L ==L
‘ AL 8m” =2 L
AE, = ﬁAL
L

S AE; =3meV, AE, =11meV.
From Fig. 14 we find that the first excited energy is at 280 meV and the width is 0.8
meV. For same energy but a width of 8 meV, we use the same well thickness of 6.78
nm for GaAs, but the barrier thickness must be reduced to 1.25 nm for AlAs.
The resonant-tunneling current is related to the integrated flux of electrons
whose energy is in the range where the transmission coefficient is large. Therefore, the
current is proportional to the width AEn, and sufficiently thin barriers are required to

achieve a high current density.
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CHAPTER 9
P(x) = Po(1 —R)exp(—ax)
x = (= Va)In[P(x)/Po(1 —R)] = (- 1/4 x 10HIn[1/(2 x 0.9)] = 0.15 pm.
Incident power = 15 mW. Of this 0.1 (= 10%) is reflected. So net power entering
device =0.9 * 15 mW = 13.5 mW.

Of this, 55% is dissipated as heat.
This then equals: 13.5 mW * 0.55 = 7.425 mW.
So thermal energy dissipated per second to the lattice = 7.425 mJ per second.

Power used for carrier generation = 13.5 mW * 0.45 = 6.075 mW.

(14

Now power through device P(x) decreases with distance “x” according to Beer-
Lambert law. Thus: P(x) = P(x=0) exp(-ax) where a is the absorption coefficient of

4x10* cm™ (value as given) .
Differential power lost per differential length dx is: dP(x) = [dP(x)/dx] dx

Here: dP(x)/dx = - P(x=0) a exp(-ax).
So: dP(x) = - P(x=0) a exp(-ax) dx.

So power used for carrier generation over this differential length dx = IdP(x)l =

magnitude of power lost.

So total power used in generating carriers = | dP(x) dx.
Thus, total power used for carrier generation = [of" P(x=0) a exp(-0x) dx
= {P(x=0) [1-exp(-aLl)] .

But as already determined (above), the power used for carrier generation = 13.5

mW *0.45 =6.075 mW.

Thus: 6.075 mW = 13.5 mW [1- exp(-4x10*L)] =& L = 1.4945 x 10” cm.
hv (0.6um) =1.24/0.6 = 2.07 eV (From Eq.9)
(0.6 pm) =3 x 10* cm™
The net incident power on the sample is the total incident power minus the reflected
power, or 10 mW.
1072(1—e™>10W) = 5x1073
W =0.231pm.
The portion of each photon’s energy that is converted to heat is

hv—E, 2.07-142
hv 2.07

=31.4%

The amount of thermal energy dissipated to the lattice per second is
314% x 5=1.57T mW.

From Eqgs. 11 and 12, the spectral half-width of the intensity is

247, = (2/hc) kT = (2/hc)(550 x 10°°)2 x k x 293 = 18 nm.
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10.

11.

The critical angle 0. = sin™'(ny/ny) = sin”'(1/3.4) = 0.298532 radians.

So: cos(6.) = 0.95577.

Hence electrical-to-optical conversion efficiency = 4*3.4* (1-0.95577)/(143.4)*
0.031.

Electrical power = 1.8 * 80 x 107 =0.144

Hence, optical power produced: 0.144*0.031 W =4.464 mW.

Of this, 50% of the photons would be going towards the top region -> 2.232 mW.
So, the power reaching the reaching the surface = 2.232*exp[-aW].

Here aW = 5x 10°*3x 107" = 1.5.

So power reaching surface = 2.232*exp[—1.5] = 0.4977 mW.

1
fT_zm
19
T 10 1 g0 07 =100
r 10° 1077
r=10"108
f -1  _i6cH
" Tozx100
From Eq. 13 P(w) = _rO
J1+ (o7)?
P@@_ 1 1
p0) Jl+(wr)*? 2
4=1+ (w0
3=’
f= \/§ \/§ =0.28x10'° Hz

27T - 27 x10710
Energy (in eV) corresponding to the 680 nm wavelength = hc/(qA). This in MKS units
is: (6.626 x 107" * 3 x 10%/(1.6 x 107" * 680 x 10™%) = 1.827 eV.

Thus 1.42 +1.2x =1.827 -> x =0.3391.

80 x 1.8 x 0.716=103.1 mW.

0.5 % 103.1 X exp(—5 x 10°x 3 x 10%=11.5 mW

11.5%4m 72 | (m +72)> x4, 113/ (7 +713)2 =11.5x4x3.38x1.6/(1.6+3.38)2 x4x1.6
/(1+1.6)> =9.5 mW.

From Eq. 1
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J_c_he_ 124

= m,
v hv  E,(eV) H
dA _ he (dE j 2.8

=——nm/°K =-0.28 X107 um/°K

dar E2 dT 10

2
d& (dﬂj (1.42) (0.28x107%)=4.55x10* eVK
dT hc\dT 1.24

12. (a) For GaAs, ny =3.66 at 4 =0.8 um and for air, 7 =1.0.

6. =sin! (@j =sin~! (Lj =15.9°
ny 3.66

The fraction of photons that will not experience total internal reflection is
2x15.9

360

R= ng—nl 366 1 —0326
nm+n 3.66+1
0.0883(1-0.326) =0.0595=5.95%

2
13. (a) From Eq. 30 IAAlz —

The critical angle is

=0.0883=8.83%
(b) Fresnel loss:

L
= (1300 nm) —0.828 nm
2%3.4%x300%x10° nm
C
b) v=—
(b) P
dvi_ ¢
il a2
2
av=Spav=az=C A _ c
A2 A2 A2 2nl.  2nL
c 3x10' cm/s

= = =147 GHz
2nl.  2x3.4%x300x10* cm

2
:(3.39—1j — 0.296
3.39+1

lln(lj: ! ln( ! j=40.58 cm™L
L R 30010~ 0.296

(b) The threshold current reduction is

14. From Eq. 22

(a) The mirror loss
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15.

16.

17.

Jin(R=0.296) — J;(R1=0.296, R, = 0.9)
Jin(R =0.296)

40.58 — ! ln( ! j
_ 2-300x10*  {0.296-0.90
10+40.58

=36.6%.

The gain is given by:
7/(0) =K. hv— Egap . [fc(E2) - fv(El)] :

Hence for Egap < hy < Epy — Egy: fo(E2) ~ 1, fu(E7) ~ 0. So gain is positive.

For case hy < Egap: gain = 0. Finally, for hy > Eg, — Egp, one has: f.(E>) ~ 0, fi(E;) ~ 1.

So gain < 0, i.e., a net loss.

From Eq. 23

sind, :@ = n =np -siné,
np
From Eq. 26
I'=z1-exp(—CAnd)=1-exp(—8x10°-3.6(1—sin6,)-1x10™)
ForOc=84° n; =358 I7=0.794
0.=78° n,=352 1,=0.998.

From Eq. 28 we have
mA =2n L.

Differentiating the above equation with respect to A, we obtain

ld—m+m = ZLﬁ.
dA dA

Substituting 2nL/A for m and letting dm/d\ = —Am/A, yield
ﬂ(—Amj N 2nL _ ZLﬁ

AL A dA
2
oAl = A i’" —
7L 1—(_)(”)
{ n)\dA
and
(0.89)%2 x1

Al =

0.89 =9.7x10™* pm = 0.97 nm.
2(3.58)300 1—('j 2.5
(3.58) { 3.58 ( )}
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18.

19.

20.

21.

Using AA = kZ/(ZnL), here n = 3.6, and L =75 um, and A = (hc)/(q*Egap)

= (6.626 x 107* * 3 x 10%)/(1.6 x 107" * 1.42) = 8.74912 x 107" meter = 8.74912
x 107 cm. So: AL = (8.74912 x 107)%/(2%3.6*75 x 10™*) = 1.41754 x 107" cm =
0.14175 A.

Using Ji, = (gol 7P)+(1/M)[a + {1/(2L}Ln({1/(R1R3) }], one gets:

2000 = (100*0.9/0.1) + (1/0.1)[100 + {1/(2L)} Ln{1/(0.5*%0.9)}].

Solving for L:

L =[Ln{1/0.45}]/20 ~ 0.4 mm.

The gain = {1/(2L}Ln({ 1/(R1R»)}) = (1/0.08) Ln(1/.45) = 9.981.

From the equation, we have for m = 0:

which can be solved as
A =272 —
A = i[ 4nLi\/l6n L +16nL/10j

2 (25b)

There are several variations of + in this solutions. Take the solution which is the only

practical one, i.e., Ag = Ao, gives Ag = 1.3296 or 1.3304 pum.

_ 133
T 2x34

=0.196 pm.

The threshold current in Fig. 38b is given by
Ly = 1o exp(T/110).

Therefore
_ Ldln _ 1 0091000) .
1, dT 110

If Ty = 50 °C, the temperature coefficient becomes

1
=—=0.02(°C)"".
S =0 0O

which is larger than that for 7 = 110 °C. Therefore the laser with 7)) = 50 °C is worse

for high-temperature operation.
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CHAPTER 10
1. A=0.8 um

R(ideal) =(100%) x 0.8 x 10™/1.24=0.645 A/W
The photon energy for 0.8 um is 1.24/0.8 = 1.55 eV

(I) GaAs bandgap is 1.42 eV, since photon energy is larger than the bandgap, we have
n=0.645 A/W.

(2) For A10.34Ga0.66As the bandgap is 1.424 + 1.247 x 0.34 = 1.85 eV (Eq. 58 in Ch. 12).
The photons with 1.55 eV energy have insufficient energy to generate electrons and
holes .. =0

(3) For the heterojunction cell, photons will be absorbed in the 1.42 eV region, but will not
be absorbed in the 1.85 eV regions .. n=0.645 A/'W

(4) For the tandem cell, photons will not be absorbed in the upper 1.85 eV cell, but will be
absorbed in the lower 1.42 eV cell. However, since the cells are in series, the top cell
will block the current generated by the bottom cell once the current is larger than the
top cell's dark saturation current value.

The bottom cell will be forced to open-circuit, dissipating the generated current -.n= 0
2. Incident optical power Py = TR* = 1(0.04)* * 0.3 x 10 = 1.5079 x 10° W.
Responsivity R = Iy, / Py = 5 % 107/1.5079x107° = 0.33157 A/W.
Quantum efficiency = R[hc/(qh)] = 0.33157%(6.623 x 107* * 3 x 10*)/(1.6 x 107" *
800 x 10™)
=0.514689 ~ 51.4%.
3. (a) 4I=gq (un + pp) AnEA

.. An = electron — hole pairs = A
q(4n + pp )EA
_ 2.83x1073 —10%em-3
1.6x1071°(3600 +1700)(10/0.6)(2x1x1072)
2.83%x1073

b) 7=—7-—-7—=120
®) 23.6 A

_ 13 10~ — 9 am-3
(¢) An(t) =Anexp(—t/7)=10" exp| ——— [=2.5%10” cm™.

1.2x107
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From Eq. 6

-6 . -10 .
Ip:q(0'85'10 )(3000 6x10 5000)

3xgq 10x10
=2.55x107° =2.55pA
and from Eq. 8
Gain = M _ 3000-6x10-12-5000 Y
L 10x107*
R =ni/1.24=0.168 x 1.1/1.24 = 0.149 A/W.

Ly =0.149 x 5 x 1070 =0.745 pA.

Next = 0.9 x 0.8 x [exp(=10° x 10°)—exp(—=10° x 2 x 10°)] = 0.168.

From Eq. 9
q hv Iopt q q

The wavelength A of light is related to its frequency v by v = ¢/A, where c is the velocity
of light in vacuum. Therefore hv /q = hc / Aq and h = 6.625 x 107* J=s, ¢ = 3.0 x 10"
cm/s, q=1.6 x 1019 coul, 1 eV =1.6 x 107" J.

Therefore, h v/q =1.24 / A (um)

Thus,n=(R x 1.24) /A and R = (nA) / 1.24.

Thermal equilibrium current = q(n p, +p pp ) (V/L) A ~qn p, (V/L) A

> 1.6x 1077 *5x 10" 1200 [3/(120 x 107™] 5 x 107* = 0.12 A.

Steady-state excess carrier density An ~ G, Ty = 102! % 5% 107 em™ =5 x 10" cm™
Photocurrent I, = q A [An p, + Ap pp] (V/L) =q A An [p, + pp] (V/L)

=1.6x 1077 * 5x 10" [1200 + 400] [3/(120 x 107)] 5x 107* = 0.016 A.

Photocurrent gain = 0.012/0.016 =7.5

From Fig. 5, Ch. 9, the absorption coefficient at 900 nm is ~3 x 102 cm'l, and the
absorption depth is ~33 um. We can assume that absorption and hence photogeneration
occurs over the entire i layer. The field in the i-Si layer is

€ =(100V)/(20 x 10*cm) =5 % 104 V cm™!
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10.

1.

At this field the electron drift velocity is very near its saturation at 10’ cm/s, whereas
the hole drift velocity is about 7 x 10° cm/s as shown in Fig. 22, Ch. 2. The transit time
t of holes across the i-Si layer is

tr= (20 x 107 em)/(7 x 10° cm/s)=2.86 x 10" s or 0.3 ns.
The optimum occurs when the depletion layer is chosen so that the transit time is of the

order of one-half the modulation period

T w
27
If vy = 10" cm/s

W = v(fj oo 19 504 =5 um,

2 2f  2x10x10°

Energy at earth’s mean distance/unit area/unit time = (ry/de)® energy at sun’s
surface/unit area/unit time = (I‘s/des)ZGT4
Absorbing energy of the Earth = radiating energy of the Earth
(rs/des)zcsTs47tre2 = csTe44nre2
Te=Ty(rs/des) /2" = 289.38 K
(b) The absorbing energy of the Earth decreases to 0.7, and the radiating energy of the
Earth decreases to 0.6. The earth is hotter.
0.7(ty/des)* 0 Ts *nre’=0.60Te *4mr”
T.'= Te(0.7/0.6)"*=300.75 K
(c) The increase of 2 °C is roughly from a doubling of atmospheric CO,.

302.75= T.(0.7/e")""*
¢ =0.584

12. (a) For a photodiode, only a narrow wavelength range centered at the optical signal

wavelength is important; whereas for a solar cell, high spectral response over a broad

solar wavelength range are required.

(b) Photodiode are small to minimize junction capacitance, while solar cells are large-area

device.

(¢) An important figure of merit for photodiodes is the quantum efficiency (number of

electron-hole pairs generated by incident photon), whereas the main concern for solar

cells is the power conversion efficiency (power delivered to the load per incident solar

energy).
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13.

14

15.

16.

17.

Ly = [Dytool * = [25%5 x 107 1% =35.4 um ; L, = [D, 0] * = [10¥1077 1 = 10 pm.

Js = [qDn npo/Ln + qDy npo/Ln]

= 1.6 x 107%%(1.5 x 10'%)* [25/(35.4 x 107* * 5 x 10"*) + 10/(10 x 107* * 10°)]

=3.6x 107" Alem®

Hence: Vo = Ve Ln[1 +J1/J] =259 x 107 La[1 + 15x 107 /3.6 x 1071 = 0.514 V.
Pax=(0.8)(90)(0.75)=54 mW

The maximum power is generated for: dP/dV, = 0. This is:

I V™V = 1) = Ln +#(Vi/ V) I e"™V" = 0, where V,, is the voltage corresponding to the
maximum power point. This voltage can be obtained by solving the following
transcendental equation:

Vi =V Ln[{1 + L/I }/{1+ V/V }].

Using iteration and a starting value of V,, = 0.5 V, one obtains the following successive
values: V, =0.5, 0.542, 0.54.

The value I, ~ I, (Vin/V) e"™V' = 107" (0.54/0.0259) exp(0.54/0.0259) = 0.02365

The efficiency n equals: n =1V, I,/ Pinl = 0.54 * 0.02365/0.1 = 13%.

Hence fill factor = (Vi Im )/(Voe Isc ) = 83%.

From Fig. 15, we draw a load line with a slope 1/5Q to intersect the I-V curve at about I
= 80mA and V = 0.4V. The power delivered to the load is

P..=0.08 x0.4=0.032 W

The input power is

P,=600x4x107*=0.24 W

The efficiency is

N =0.032/0.24 =0.13 = 13%.

From Fig. 40

The output powers for R, =0 and R; = 5 Q can be obtained from the area

P; (Ry=0)=95 mA x 0.375V =35.6 mW,

P> (Ry=50Q)=50mA x 0.18V =9.0 mW

- ForR;=0P;/ P; = 100%

For Ry=5 Q Py/ P; =9/35.6 =25.3%.
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From Eq. 8, Ch. 9,

For amorphous Si, W = _—11n W) _ _—11n(0. 1)=2.3x107 ¢cm=0.23 pum.
o Dy o

For CIGS, the thickness is 2.3 pm.

From Eq. 38 and 39
I =1,(e?V* —1)—1,
and
Voe = k—Tln[I—L+ 1] = k—Tln(I—L]
q N q
= Lo VAT = 3. o~ 06002585 _ 5 493 5 10710 A

[=3-2493 x10710. 028 qnqp=1V

N

vV 1 P

0 3.00 0.00 )00 -

0.1 |3.00 0.30 150

02 |3.00 0.60 2

03 |3.00 0.90 s 100

04 | 3.00 1.20 = 0.50

05 |294 1.47 0.00 —
051 |291 1.48 0 0.5

052 |2.86 1.49 V (volts)

0.53 |2.80 1.48
0.54 | 271 1.46
0.55 |2.57 1.41
0.6 0.00 0.00

~Maximum power output = 1.49 W

Fill Factor

_LV. P, 149
IL‘/()C IL‘/()C 06 X 3

FF




20. The efficiencies are 14.2% (1 sun), 16.2% (10-sun), 17.8% (100-sun), and 18.5%

(1000-sun).
Solar cells needed under 1-sun condition

__ n(concentration) X B, (concentration)
n(1—sun) X Py, (1 — sun)

:16.2‘7—0><10:11.4 cells for10—sun
14.2% x 1

:W—OXIO:IZS cells for 100 —sun
14.2% x 1

_18:5%>10_ 1300 cells for 100 sun.
14.2% x 1
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C,=10"cm™

k,(AsinSi)=0.3

CHAPTER 11

C, =k,Cy(1-M /M )"
=0.3x10"1-x)"" =3x10'°/1-1/50)"7

X 0 0.2 0.4 0.6 0.8 0.9
I(cm) 0 10 20 30 40 45
Cs(cm-3) | 3x10' | 3.5x10'" | 4.28x10" | 5.68x10'° | 1.07x10" | 1.5x10"
16
14 /'
S 10
s g 7
]
Z 6
£ 4
2
0 1 1 1 1 ]

0 10 20 30 40 50
1 (cm)

Volume of the melt =10x1000/2.53 cm® =3.95257x10°cm”.

Number of boron atoms = Weight of boron * Avogadro number/(Atomic Weight)
= (10~ grams *6.02x10* atoms/mol)/(10.8 gram/mol) = 5.574x10" atoms.

So initial concentration of boron =5.574x10" atoms/3.95257x10’cm’

Thus, initial concentrationof boron =1.41x10" atoms/cc.
C,=Ck[1-M/M,]*". So in this case: C, =1.41x10"°"0.8[1-0.5]"*"

> 1.2957x10" /cc.

k, = 0.8 for boron in silicon

MIM,=0.5

The density of Siis 2.33 g/cm’.

The acceptor concentration for p=0.01 Q —cmis 9x10"*cm™.

The doping concentration CS is given by
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Therefore

18
c = C, 9%10

5T 0.8(1-0.5) "2
" (1_M]

0

=9.8x10" cm™
The amount of boron required for a 10 kg charge is

10,000
2.338

x9.8x10" =4.2x10* boron atoms

So that

4.2x10* atoms
6.02x10* atoms/mole

10.8 g/mole x =0.75 g boron.

(a) The molecular weight of boron is 10.81.

The boron concentration can be given as

_ number of boron atoms

= volume of silicon wafer
_ 5.41x107g/10.81gx6.02x10%
- 10.0>x3.14x0.1
=9.78x10" atoms/cm’

(b) The average occupied volume of everyone boron atoms in the wafer is

1 1 X

=—————Cm
n, 9.78x10"

We assume the volume is a sphere, so the radius of the sphere (1) is the average distance

between two boron atoms. Then

r= ,/3—V =2.9x10"cm.
4

The segregation coefficient (k) for boron is 0.8, while that for phosphorous is 0.35.

Since k for boron is close to 1, the concentration of boron atoms in the silicon ingot

grown will tend to be (roughly) uniform as about 0.8%10" ~ 8x10'°atoms/cc.
On the other hand, the k-value for phosphorous is much smaller. So the initial

concentration of  phosphorous in the silicon ingot will be

~0.35'8x10' ~2.8x10"°atoms/cc. So the initial portion of the wafer will have more
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boron and will be p-type. Later, the concentration of phosphorous will tend to increase
at a more rapid rate. At some fraction f=M/M , it would be greater than that of
boron. In this case, the wafer will become n-type. Hence, a pn junction can form.

The fraction solidified after which the wafer begins to have n-type characteristic is
given by the relation:

8x10"°"0.35°[1— £1°¥" >10'0.8"[1— F1**".

We have
o 0.21
O
“ 011
0.01 !
0 0.2 0.4 0.6 0.8 1
Fraction Solidified
M ko—1
CS/CO:kO[l——j
MO
Fractional 0 0.2 04 0.6 0.8 1.0
solidified
C,/C, 005 006 [008 [012 [023 [

The cross-sectional area of the seed is

2
75(0—255 =0.24 cm?

The maximum weight that can be supported by the seed equals the product of the

critical yield strength and the seed’s cross-sectional area:
(2x10°)%x0.24 = 4.8x10°g = 480 kg

The corresponding weight of a 200-mm-diameter ingot with length [ is
2
(2.33g/cm3)7£(%j [ =480000 g

S 0=656cm=6.56 m.
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10.

1.

12.

13.

The segregation coefficient of boron in silicon is 0.72. It is smaller than unity, so the
solubility of B in Si under solid phase is smaller than that of the melt. Therefore, the
excess B atoms will be thrown-off into the melt, then the concentration of B in the melt
will be increased. The tail-end of the crystal is the last to solidify. Therefore, the
concentration of B in the tail-end of grown crystal will be higher than that of seed-end.

The reason is that the solubility in the melt is proportional to the temperature, and the
temperature is higher in the center part than at the perimeter. Therefore, the solubility is

higher in the center part, causing a higher impurity concentration there.

The segregation coefficient of Ga in Si is 8x107

From Eq. 18
C./C,=1-(1—k)e ™"

L ( 1-k
x="In| —"—
k (1—(?5/0()]

2 1-8x107

- 8x107 n(1—5x1015/5><101"j
=2501n(1.102)

=24 cm.

We have

We have from Eq.18
C, =C,[1-(1-k,)exp(—k,x/L)]

Sotheratio C,/C,=[1-(-k,)exp(—k,x/L)]
=1-(1-0.3)-exp(-0.3x1)=0.52 at x/L =1
=0.38 at x/L =2.

Using C, =C,[1-(1—k,)e "], one gets in this case:
5x10"° =2x10"[1-(1—k,)e **]. Solving for k, leads to: (1-k,)e** =0.75
k. ~0.093.

We have
M, weightof GaAsatT, C, —-C, s

M, weightof liquidatT, C,—-C, I

Therefore, the fraction of liquid remained f can be obtained as following
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14.

15.

16.

17.

m I 30 _
m +m, s+l 16430

From the Fig.11, we find the vapor pressure of As is much higher than that of the Ga.
Therefore, the As content will be lost when the temperature is increased. Thus the

composition of liquid GaAs always becomes gallium rich.

1, = N exp(=E, /KT) = 5 x 10” exp(2.3 eV/KT) = 5% 10 exp| — o>
‘ : (T/300)

=1.23x10" ecm™ =0 at27°C=300K
=6.7x10% cm™ at 900°C=1173 K
=6.7%x10" cm™ at 1200°C = 1473 K.

37x4 =148 chips
In terms of litho-stepper considerations, there are 500 um space tolerance between the

mask boundary of two dice. We divide the wafer into four symmetrical parts for
convenient dicing, and discard the perimeter parts of the wafer. Usually the quality of

the perimeter parts is the worst due to the edge effects.

- .

/)
/300 MM

Total Dies: 148

e -

ny = N NN exp(—E,/2kT)

— \/leozz ><1><1027e—3.8eV/kT Xe—l.leV/ZkT — 7 07)(1024 Xe—94.7/(T/300)
=5.27x10""7 at 27°C =300 K
=2.14x10" at 900°C =1173K.
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18. v J:vf"dv: 8kT
[ Ve

3/2 )
Where f, A (M exp _My
Jr \ 2kT 2kT

M: Molecular mass

k: Boltzmann constant =1.38x107J/k
T: The absolute temperature
v: Speed of molecular

So that

=468 m/sec = 4.68x10*cm/sec.

L o2 \/2><1.38><10‘23><300
> Jr ' 29x1.67x107

19. /1=9'—66cm
P(in Pa)
P _066 _066 4.4%107 Pa.
A 150

20.  Using the formula: t=N [MT]*/(2.64x10*°P) with T =300, P=10",M =28.0855,

yields: r=4.0784. However, in this case, the process took 5 hours. This implies that
not all silicon molecules “stuck” to the surface. The sticking fraction was:
4.0784/5=81.568%.

21. For close-packing arrange, there are 3 pie shaped sections in the equilateral triangle.

Each section corresponds to 1/6 of an atom. Therefore

1
N = number of atoms contained in the triangle 3xg
o area of the triangle -
Hang ; d X \/25 d

2 2
3d?  J3(4.68x107)>

=5.27x10" atoms/cm®.
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22. (a) The pressure at 970°C(=1243K) is 2.9x10™" Pa for Ga and 13 Pa for As, . The arrival

rate is given by the product of the impringement rate and A/TL’:

Arrival rate = 2.64%10 (LJ( A j

JMT \ x*

5 64%107 2.9x10™" ( 5 j
J69.72x1243 \ mx12?

=2.9%10" Ga molecules/cm?* —s

The growth rate is determined by the Ga arrival rate and is given by

(2.9x107)x2.8/(6x10"*)=13.5 A/s =810 A/min.

(b) The pressure at 700°C for tin is 2.66x10™° Pa . The molecular weight is 118.69.

Therefore the arrival rate is

[ 2.66x10° 5
2.64x10% (
L\/11869><97J Tx12°

If Sn atoms are fully incorporated and active in the Ga sublattice of GaAs, we have an

] =2.28 x 10" molecular/cm” - s

electron concentration of

2.28x10" \( 4.42x10%*
2.9x10" 2

j:1.74><1017 cm™.

23. The x value is about 0.25, which is obtained from Fig. 26.

24. The lattice constants for InAs, GaAs, Si and Ge are 6.05, 5.65, 5.43, and 5.65 A,
respectively (Appendix F). Therefore, the f value for InAs-GaAs system is

f=(5.65-6.05)/6.05=-0.066

And for Ge-Si system is
f=(5.43-5.65)/5.65=-0.39.
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CHAPTER 12
From Eq. 11 (with 7=0)

x*+ Ax =Bt
From Figs. 6 and 7, we obtain B/A=1.5um/hr, B=0.47 umzlhr , therefore

A=0.31pm. The time required to grow 0.45pum oxide is
t= l(x2 + Ax) = L(OASZ +0.31x0.45) = 0.72 hr = 44 min.
B 0.47

After a window is opened in the oxide for a second oxidation, the rate constants are
B=0.01 um®/hr, A=0.116 pm(B/A=6x10"" pm/hr).

If the initial oxide thickness is 20 nm =0.02 um for dry oxidation, the value of 7 can
be obtained as followed:

(0.02)> +0.166(0.02) =0.01(0+7)
or
7=0.372 hr.

For an oxidation time of 20 min(=1/3 hr), the oxide thickness in the window area is

x” +0.166x =0.01(0.333+0.372) = 0.007
or
x=0.0350 pm =35 nm (gate oxide).

For the field oxide with an original thickness 0.45 um , the effective 7 is given by
T= l(x2 +Ax) = L(0.452 +0.166x0.45) =27.72 hr.
B 0.01

x* +0.166x =0.01(0.333+27.72) = 0.28053
or x=0.4530 um (an increase of 0.003pum only for the field oxide).
Governing equation is: X+ Ax=B(t+7). Using: x=2, A=0.5, B=0.203, leads to:
t =24.63 hours.

X+ Ax=B({t+7)

2 2
(x+é) —A—=B(I+T)
2 4

(x+éj =B[A—2+(t+r)}
2 4B
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A2
when > 7,t > —,

4B
then, x> = Bt

similarly,

A2
when > 7t > —,
4B

then, x = E(t +7)
A

5. At 980°C(=1253K) and 1 atm, B=8.5x10"pm’/hr, B/A=4x10"um/hr (from Figs.
6 and 7). Since A=2D/k, B/IA=kC,/C,, C,=5.2x10"° molecules/cm’ and

C, =2.2x10”cm™, the diffusion coefficient is given by

Ak _A(B ¢\ B(q)
“2lae)™2le)
_8.5x107 2.2><1022
2 52x10°
=1.79x10°um> /hr
=4.79x10”° cm?/s.

D=

pm” /hr

6. (a) For SIN H,

St_l_y,
N =x
~.x=0.83

100y
1+0.83+y

- y=0.46

atomic % H =

The empirical formula is SiN . H .

(b) p=5x10%7>? =2x10" Q-cm

As the Si/N ratio increases, the resistivity decreases exponentially.

7. Set Ta,Oy thickness =3t,&, =25
Si0, thickness=¢, £, =3.9
Si;N, thickness =t¢, £,=7.6, area=A

then
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10.

11.

— glgOA
Ta,05 — 3t

1 t t t
+ +

Cono &EEA EEA £EA

I &egA
Cono  (6,+28)1
Crio,  &(&,+2€) 25(3.9+2x7.6)
Cono 366  3%3.9x7.6

=5.37.

Rate varies as exp[—E,/(kT)]. Here: 700°C=973.15°K, while 800°C=1073.15°K

Hence deposition rate predicted at 800°C is:

(1000)[exp(—2*1.6x107"?/(1.38x107> #1073.15))/[exp(—2*1.6x107"°/(1.38x107 ¥973.15)].

= 9210.99 A/minute predicted at 800°C .

If the measured rate is lower, it may be due to a low “sticking coefficient” , i.e., a value
less that 100% to account for the fact that not all reacting molecules will deposit and

stick onto the surface.

Let
Ta,O, thickness =3t, & =25
Si0O, thickness=t, €, =3.9
Si,N, thickness =¢, £,=7.6,
area=A

then

EEA  EEA

3t d

_ 3.t
81

d =0.468t.

We can use energy-enhanced CVD methods such as using a focused energy source or

UV lamp. Another method is to use boron doped P-glass which will reflow at

temperatures less than 900°C.
The deposition rate can be expressed as

r =r,exp(—EalkT)

where E, =0.6 eV for silane-oxygen reaction. Therefore for 7, =698 K
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12.

13.

14.

15.
16.

17.

@)y ologl Lo L
kT, KT,

0.6 300 300
In2= —
0.0259|( 698 T,

~.T,=1030 K =757°C.

Moderately low temperatures are usually used for polysilicon deposition, and silane
decomposition occurs at lower temperatures than that for chloride reactions. In

addition, silane is used for better coverage over amorphous materials such SiO, .

There are two reasons. One is to minimize the thermal budget of the wafer, reducing
dopant diffusion and material degradation. In addition, fewer gas phase reactions occur
at lower temperatures, resulting in smoother and better adhering films. Another reason
is that the polysilicon will have small grains. The finer grains are easier to mask and
etch to give smooth and uniform edges. However, for temperatures less than 575°C the
deposition rate is too low.

Atomic density = (Avogadro’s No.)

(density/g/mole = 6x10* (molecules/mole)[(3g/cm’)/102g/mole)]

2/3

The surface density (#molecules/cm?®) is just (molecules/cm’®)”? or approximately

7x10" molecules/cm?.

3600/4 =900 cycles. 0.34nm/cycle X 900 cycles/hr = 306 nm/hr.
The flat-band voltage shift is

9,

AV.,=05V ~
FB C,

£, 3.9x8.85x107"

j— oxX

] —~——=6.9x10" Flem™.
d 500x10
. Number of fixed oxide charge is

0.5C, 0.5x6.9x10°°
q 1.6x107"

=2.1x10"ecm™

To remove these charges, a 450°C heat treatment in hydrogen for about 30 minutes is
required.

20/0.25 =80 sqs..

Therefore, the resistance of the metal line is
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5%50 =400 Q..
18. For TiSi,
30x2.37=71.1nm
For CoSi,
30x3.56 =106.8 nm.
19.  For TiSi,:
Advantage: low resistivity
It can reduce native-oxide layers
TiSi, on the gate electrode is more resistant to high-field-induced hot-electron
degradation.
Disadvantage: bridging effect occurs.
Larger Si consumption during formation of TiSi,
Less thermal stability
For CoSi,:
Advantage: low resistivity
High temperature stability
No bridging effect
A selective chemical etch exits Low shear forces
Disadvantage: not a good candidate for polycides
20.  RC=R’L/t, =[(1000x107)/(5000x10~*)]*[(1* ¥3.9%8.85x107"*)/(107")]
= RC ~ 70 ns.

1
0.28x107*x0.3x107*

21. (a) R:p§:2.67x10‘6x =3.2x10°Q

Cc_EA_€TL _ 3.9%8.85%107*x0.3x107™* x1x10* x10™°

- =2.6x10° F
d S 0.36x10
RC =3.2x10°%2.9%x10™" =0.93 ns
(b) R—p£—17><10‘6>< ! =2x10°Q
A 0.28x10*x0.3x10™
—14 —4
C:ﬁ:.STLZZ.SxSBleO x0.3x10 X1:2.1><10‘13F

d S 0.36x107™*
RC =2x10°x2.1x10" =0.42 ns



0.42

(c) We can decrease the RC delay by 55%. Ratio = 093 =0.45.

22. (a) The aluminum runner can be considered as two segments connected in series: 20% (or

23.

0.4 mm) of the length is half thickness (0.5 um) and the remaining 1.6 mm is full

thickness (1 um) . The total resistance is
R=p ﬁ_i_ﬁ_z —3%10° 4(‘).1644_ _ 0.04 _
. A 107 x10™ 107 x(0.5x107")
=72 Q.

The limiting current / is given by the maximum allowed current density times cross-

sectional area of the thinner conductor sections:
1=5%10°A/em*x(107*x0.5x107) =2.5x10° A =2.5 mA.

The voltage drop across the whole conductor is then

V =Rl =72Qx2.5x107° A =0.18V.

Let: MTF = C{exp|E,/(kT)]}/J*, where C is the proportionality constant.

From data given: 72.2 = C{exp[E,/(25.9x107)]}/10°, and
0.00722 = C{exp[E,/(25.9x107°)]}/10".

Solving yields: C =2.78x10°h cm*/A* and E, =0.8 eV.

91



24. 0.5 um

Cu =

wn g0

Al

40 nm

60 nm

h: height , W : width , ¢ : thickness, assume that the resistivities of the cladding layer

and TiN are much larger than p,, and p,

/
R, = X =2
w = Pa hxW (0.5-0.1)x0.5

_ 14

R. = X =1.7
cu = Peu hxW (0.5-21)x(0.5-21)
When R, =R,

27 T
0.4x0.5  (0.5-2¢)°

The

=t=0.073 um =73 nm.
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CHAPTER 13
1. With reference to Fig. 2 for class 100 clean room we have a total of 3500 particles/m’

with particle sizes =2 0.5 pm

%X%OO =735 particles/m2 with particle sizes > 1.0 um

%X%OO =157 particles/m2 with particle sizes > 2.0 um

Therefore, (a) 3500 —735 = 2765 particles/m’ between 0.5 and 1 pm
(b) 735-157 =578 particles/m’ between 1 and 2 pm

(c) 157 particles/m’ above 2 pm.

2. Y= 121 e 4
n=1

A=50mm* =0.5cm’
Y = ¢ HOPOD 5 g 020 5 o710 — o712 = 3(), 1%

3. If a reticle contains a defect, that defect will appear in every exposed field on the wafer.
If the field contains a single chip and the defect is fatal, then every chip will be
inoperative. A mask projected onto the whole wafer at once need not be entirely defect-
free. A single defect will affect only one chip in this case.

4. (a) The resolution of a projection system is given by

o=k 2 —0.6x 23M 6 178 um
NA
DOF =k, 05| Z123Hm | 228 1m
(NA) (0.65)

(b) We can increase NA to improve the resolution. We can adopt resolution enhancement
techniques (RET) such as optical proximity correction (OPC) and phase-shifting Masks
(PSM). We can also develop new resists that provide lower k, and higher k, for better
resolution and depth of focus.

(c) PSM technique changes k, to improve resolution.

5. In practice, reducing the wavelength below about 193 nm, light tends to be absorbed by

the lenses that are often used in standard lithographic processes. This can led to
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material damage and reductions in intensity. Also, at low wavelengths (e.g., below

157 nm ) there are few options for light sources.

6. Using equation (1), minimum linewidth ~ (ﬂ,g)%, the values for the two cases turn out

to be: (430%10)* =65.5744 , and (250*40)” =100, respectively. Hence, the 1* printer
(with 10 pm mask) has a smaller resolution and is better.
7. (a) Using resists with high y value can result in a more vertical profile but throughput

decreases.

(b) Conventional resists can not be used in deep UV lithography process because these
resists have high absorption and require high dose to be exposed in deep UV. This
raises the concern of damage to stepper lens, lower exposure speed and reduced
throughput.

8. (a) A shaped beam system enables the size and shape of the beam to be varied, thereby
minimizing the number of flashes required for exposing a given area to be patterned.
Therefore, a shaped beam can save time and increase throughput compared to a
Gaussian beam.

(b) We can make alignment marks on wafers using e-beam and etch the exposed marks.
We can then use them to do alignment with e-beam radiation and obtain the signal from
these marks for wafer alignment.

X-ray lithography is a proximity printing lithography. Its accuracy requirement is very
high, therefore alignment is difficult.

(c) X-ray lithography using synchrotron radiation has a high exposure flux so X-ray has
better throughput than e-beam.

9. (a) To avoid the mask damage problem associated with shadow printing, projection
printing exposure tools have been developed to project an image from the mask. With a
1:1 projection printing system is much more difficult to produce defect-free masks than
it is with a 5:1 reduction step-and-repeat system.

(b) It is not possible. The main reason is that X-rays cannot be focused by an optical lens.
When it is through the reticle. So we can not build a step-and-scan X-ray lithography

system.
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10. As shown in the figure, the profile for each case is a segment of a circle with origin at
the initial mask-film edge. As overetching proceeds the radius of curvature increases so
that the profile tends to a vertical line.

11. (a) 20 sec
0.6x20/60=0.2 pm.....(100) plane

0.6/16x20/60 = 0.0125 pm.....(110) plane

0.6/100%x20/60 = 0.002 ym.....(111) plane

W, =W, —21=15-2x02=122um
(b) 40 sec

0.6x40/60 = 0.4 pm.....(100) plane

0.6/16 x40/60 = 0.025 pm.....(110) plane

0.6/100x40/60 = 0.004 um.....(111) plane

W, =W, —/21=1.5-/2x0.4=0.93 um
(c) 60 sec

0.6x1=0.6 um.....(100) plane

0.6/16 x1=0.0375 pm.....(110) plane

0.6/100 x1=0.006 pm.....(111) plane

W, =W, /21 =1.5-2%0.6=0.65 um.

12. Using the data in Prob. 11, the etched pattern profiles on <100>-Si are shown in below.

(a) 20 sec [=0.012 ym, W, =W, =1.5 um
(b) 40 sec [=0.025 pm, W, =W, =1.5 um
(c) 60 sec [=0.0375 um, W, =W, =1.5 um.

13. (a) The equation states that the activation energy plays a role. Hence, one can expect
silicon etching to be an activation-limited process. This, rather than the in-diffusion of
the etchant into silicon, would be the critical step.

(b) Assuming the activation energy to play a role, illumination by photons which can

deposit energy onto the material, can be expected to have an influence and increase the

etch rate.
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14.

15.

16.

17.

18.

19.

(c) The high silicon bond density on the {lI11} surface results in a denser silicon

environment and hence leads to a slower rate of etching.

Si Etch Rate (nm/min) =2.86x107" xn, xT"* x e %'*"

—2.48x10°

=2.86x107" x3x10" x (298)"? x ¢19872%8
=224.7 nm/min.

-3.76x10°

SiO, Etch Rate (nm/min) =0.614x107" x3x10" x(298"%)x ¢'-%72% = 5.6 nm/min

Etch selectivity of SiO, over Si = 6 0.025
224.7

Or etch rate (SiO, )/etch rate (Si) = ()Z'Lglgx e TTOPRAVILITAN _ () 025.

1Pa=7.52 m Torr
PV = nRT
7.52/760x107° =n/V x0.082x273

n/V = 4.42x107 mole/liter = 4.42x107" x6.02x10**/1000 = 2.7x10"*cm™
Mean-free-path

A=5x10"/P cm =5x107x1000/7.52 = 0.6649 cm = 6649 pm

150Pa =1128 m Torr

PV =nRT

1128/760x107° =n/V x0.082x273

n/V = 6.63x10  mole/liter = 6.63x107° x6.02x10%/1000 = 4x10'°cm™

mean-free-path
A=5x10"/P cm =5x107° x1000/1128 = 0.0044 cm = 44 um.

If the etch rate can be controlled to within 10 %, the polysilicon may be etched 10 %
longer or for an equivalent thickness of 40 nm . The selectivity is therefore

40 nm/1 nm = 40.

Assuming a 30% overetching, and that the selectivity of Al over the photoresist
maintains 3. The minimum photoresist thickness required is

(1+30%)x1 pm/3 =0.433 um =433.3 nm.

_4q8B
m

e

()

e
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20.

21.

1.6x10"" xB

27%2.45%10” = —
9.1x10

B =8.75x107*(tesla)
=875 (gauss).

Traditional RIE generates low-density plasma (10° cm™) with high ion energy. ECR

and ICP generate high-density plasma (10" to 10" cm™) with low ion energy.
Advantages of ECR and ICP are low etch damage, low microloading, low aspect-ratio
dependent etching effect, and simple chemistry. However, ECR and ICP systems are
more complicated than traditional RIE systems.

The corrosion reaction requires the presence of moisture to proceed. Therefore, the first
line of defense in controlling corrosion is controlling humidity. Low humidity is
essential, especially if copper containing alloys are being etched. Second is to remove
as much chlorine as possible from the wafers before the wafers are exposed to air.
Finally, gases such as CF, and SE, can be used for fluorine/chlorine exchange
reactions and polymeric encapsulation. Thus, Al-Cl bonds are replaced by Al-F bonds.
Whereas AI-Cl bonds will react with ambient moisture and start the corrosion process ,
Al-F bonds are very stable and do not react. Furthermore, fluorine will not catalyze any

corrosion reactions.

97



CHAPTER 14

E, (boron) =3.46 eV, D, =0.76 cm’/sec

From Eq. 6,

-E -3.
D =D,exp| —= |=0.76 exp > ‘f =4.142x107" cm®/s
kT 8.614x107° x1223

L=+/Dt =4.142x1075 x1800 = 2.73x10™° cm

From Eq. 9, C(x) = C erfc (ij —1.8x10%erfc (%}
L 5.46%10

If x=0, C(0)=1.8x10* atoms/cm’;

x=0.05x107", C(5x107°)=3.6x10" atoms/cm’;
x=0.075x10"*, C(7.5%107°)=9.4x10" atoms/cm’;
x=0.1x10"*, C(107) =1.8x10" atoms/cm’;

x=0.15x10"*, C(1.5%107°) =1.8x10" atoms/cm’.
(. Cu)
The x; =2+ Dt Lerfc_1 C;“”J =0.15um

Total amount of dopant introduced = Q(t)

= iCSL =5.54x10" atoms/cm”.

Jr

D =D, exp 1076 exp( _3"_‘56 j =4.96x10"*cm?/s
kT 8.614x107°x1323

S
Dt

From Eq. 15, C, = C(0,t) = =2.342x10" atoms/cm’

C(x)=Cerfc (ij =2.342x10"erfc (;_Sj
2L 2.673x10
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If x=0, C(0)=2.342x10" atoms/cm’; x=0.1x10"*, C(107°)=1.41x10" atoms/cm?;

x=0.2x10"", C(2x107°)=6.79%x10"™ atoms/cm’;
x=0.3x10"", C(3x107°)=2.65%10" atoms/cm’;
x=0.4x10", C(4x107°)=9.37x10" atoms/cm’;
x=0.5x10", C(5x107)=1.87x10" atoms/cm?;
x=0.6x10"*, C(6x107°)=3.51x10" atoms/cm’;
x=0.7x10", C(7x107°)=7.03x10" atoms/cm’;

x=0.8x10", C(8x107°)=5.62x10" atoms/cm”.

The x; = =0.72 um.

S
4DtIn——F—
\/ CyN 7Dt

From equation (14): C(x,t) =[S/(nDt)"*] exp[ — x*/(4Dt)], one has for this situation:

10" =10" exp[(4x107*)/(4¥*D*3600)] ¢ D=4x10" cm?/s.

-8
1x10" =1x10" exp L_B
4x2.3x107"¢
t=1573 s =26 min

S
Dt

For the constant-total-dopant diffusion case, Eq. 15 gives C, =

S =1x10"%7x2.3x103 %1573 = 3.4x10" atoms/cm’.

At 1100°C, n, = 6x10"™ cm™ . Therefore, the doping profile for a surface concentration

of 4x10"™ cm™ is given by the “intrinsic” diffusion process:

C(x,t)= Cserfc(

)
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where C, =4x10" cm™, t=3 hr=10800 s, and D =5x10""* cm®/s. The diffusion
length is then

VDt =2.32x107cm = 0.232um
The distribution of arsenic is C(x) =4x10" erfc (;’Sj
4.64x10

The junction depth can be obtained as follows

4.64x107
x; =1.2x107" cm =1.2um.

X.
10° =4x10" erfc (—’J

The process is called the ramping of a diffusion furnace. For the ramp-down situation,
the furnace temperature T is given by

T=T,—rt
where T, is the initial temperature and r is the linear ramp rate. The effective Dt

product during a ramp-down time of t, is given by

(Dt),; = jo D(t)dt

In a typical diffusion process, ramping is carried out until the diffusivity is negligibly

small. Thus the upper limit t;, can be taken as infinity:

1 1 1 rt
—= =—|1+—+...
r T,-r T, 1,
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where D(T))) is the diffusion coefficient at T, . Substituting the above equation into the

expression for the effective Dt product gives

= —rE t kT?
(D1) 5 zjo D(T,)exp kT; dt = D(T,) - 0
0 a

Thus the ramp-down process results in an effective additional time equal to kTO2 ItE, at

the initial diffusion temperature T, .

For phosphorus diffusion in silicon at 1000°C, we have from Fig. 4:

D(T,)=D(1273K)=2x10" cm’/s

r=2B7TT5 _ 6417 Kis
20% 60
E, =3.66eV

Therefore, the effective diffusion time for the ramp-down process is

KT,”  1.38x107(1273)

= =91s = 1.5 min.
rE, 0.417(3.66x1.6x10™")

For low-concentration drive-in diffusion, the diffusion is given by Gaussian

distribution. The surface concentration is then

S S
C(0,1) = = ex ( . j
Dt \[zDyt Lkt

dc S E —? C
—= exp| —4 =-0.5x—
dt 7D, 2kT 2 t

or d_C = —O.5><ﬂ
C t

which means 1% change in diffusion time will induce 0.5% change in surface

concentration.
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10.

11.

12.

dc S ( E, j( -E, j E,
—= exp ~ |=-C—5
dT  JzDy  \2kT )\ 2kT 2kT

dC -E,_dT  -3.6x1.6x10™" _dT dr
P =—tx— = _— X— =—16.9x—
C 2kT T 2x138x10%2x1273 T T

which means 1% change in diffusion temperature will cause 16.9% change in surface

concentration.
At 900°C, n, = 2x10"™ ¢m™. For a surface concentration of 4x10'® cm™, given by the

“extrinsic” diffusion process

E —4.05x1.6x107"

=—a PR 18
D=Dye T X =45 8¢!3510 17 x 4X1018 =3.77x107"° cm?/s
n, 2x10

l

x; =1.6v/Dt =1.6v/3.77x10°x10800 =3.23x10® cm =32.3 nm,

The Gaussian profile goes in deeper and has a longer tail. By contrast, the high-density
profile has much higher values for low depths. Since the total number of atoms is
constant, the area under both profiles is the same.

For impurity in the oxidation process of silicon,

equilibrium concentration of impurity in silicon

segregation coefficient = — - - e .
equilibrium concentration of impurity in SiO,

11
k=210 _ 3 4,006,
5%10° 500

The ion dose per unit area is

It 10x107°x5x60

9
- . =2.38%10" ions/cm’
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13.

14.

15.

16.

From Eq. 25 and Example 3, the peak ion concentration is at x =R, . Figure. 17

indicates the o, is 20 nm .

Therefore, the ion concentration is

S 2.38x10"

o2z 20x10727

From Fig. 17, the R, = 230 nm, and o,= 62 nm . The peak concentration is

S 2%x10°

o \2r  62x107\2x

From Eq. 25,

10” =1.29x10% expl:
P

x; =0.53 pm.

~0.5=—1.1+gF,/C,
£, 3.9x8.85x10™"

S

=3.45%x10"

o d 10°°
-7
F,= 3.45x% 1(_)19
1.6x10
107
7(10.16)*

x0.6=1.3%10" cm™

t=13%x10"x1.6x107"

The implant time r=6.7 s.

Using equation (28):

Energy lost =[4(11m,)(28m )]/[(11m  + 28mp)2](1 00keV) ~ 81 keV.

—(Xj _Rp)z

2

=4.74x10" cm™.

=1.29x10"cm™

|

Current = 0.5 mA = boron charge deposited in 2 minutes = 0.5x107 *2*60 C. The

number of ions = (0.5x107°2760) /(1.6x107") =3.75x10"".

Hence, flux =ions/area/time =3.75x10"/(I1*10%)/120 =9.9471x10".
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17.

18.

19.

20.

21.

The dose S =ions/area =3.75x10" / (I1*10*) =1.1936x10".
N(x =0.2 pm) ={S/[(2n)"c,1} exp[ - {(X-R,)*}/(20,*)] works out to:

{1.1936x10" /[(2n)” *7x107°]} exp[—{(2X107° =3.1x107)*}/{2*(7x107°)*}] =1.979%10" /cc.

_14
Dose per unit area _Q_GAV, _ 39x885xI07 I =8.6x10" cm™

q g  250x10°x1.6x107"

From Fig. 17 and Example 3, the peak concentration occurs at 140 nm from the
surface. Also, it is at (140—25) =115 nm from the Si-SiO, interface.

The higher the temperature, the faster defects anneal out. Also, the solubility of
electrically active dopant atoms increases with temperature.

The projected range is 150 nm (see Fig. 17). The average nuclear energy loss over the
range is 60 eV/nm (Fig. 16).

60x0.25=15 eV (energy loss of boron ion per each lattice plane)
the damage volume = V,=7(2.5 nm)” (150 nm) =3x107"* cm’
total damage layer =150/0.25 =600

displaced atom for one layer =15/15=1
damage density =600/ V, =2x10" cm™

2%x10%/5.02x10% =0.4%.

Fraction= o['[S/{(2m) 6, } Jexp[-{ (x-Rp)/(5,N2) } 1o/ *[S/{(27) "G, } ]
expl-{(x-Rp)/(5p\2)}’]

Manipulating the above:

Fraction = {erf[R,/(c,\2)] - erf[(Ry-t)/(5,¥2)]1} / { 1+erf[(R,)/(c,\2)]}.

Putting in the values, one gets:

Fraction = [erf(1.767767) — erf(1.502602)]/[ 1+erf(1.767767)] = 0.010648.

av,=1v=2
C

ox
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where (), is the additional charge added just below the oxide-semiconductor surface by

S

ion implantation. C,, is a parallel-plate capacitance per unit area given by C, = E

(d is the oxide thickness, &, is the permittivity of the semiconductor)

-14
0 =AVC, = 1V><3.9><8.85_>§10 F/cm —863x10” C2
0.4x10™ cm cm
-7
8'63#1(_)19 =5.4x10"%ions/cm?
1.6x10
12
Total implant dose = SAXI07 ) 510 ions/em?,
(0]

22. The discussion should mention much of Section 13.6. Diffusion from a surface film

avoids problems of channeling. Tilted beams cannot be used because of shadowing
problems. If low energy implantation is used, perhaps with preamorphization by silicon,
then to keep the junctions shallow, RTA is also necessary.

23. From Eq. 35

The effectiveness of the photoresist mask is 97.7%.

_M2

_ 1 e
- Wr u
~u=3.02
d=R,+4270,=0.53+4.27%x0.093=0.927 pum.

24. T =107
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CHAPTER 15
Each U-shape section (refer to the figure) has an area of 2500 pmx8 pm = 2x10* pm®.
Therefore, there are (2500)*/2x10* =312.5 U-shaped section. Each section contains 2

long lines with 1248 squares each, 4 corner squares, 1 bottom square, and 2 half squares
at the top. Therefore the resistance for each section is

1kQ/> (1248 x2+4x0.65+2)=2500.6 kQ

The maximum resistance is then

312.5%2500.6 =7.81x10° Q=781 MQ

S
N
N

/ ;.;.:..z: /
Al
i
/ ' 4/ 7 (zﬁg‘m

If the space between lines is 2 um, then there is 4 um for each turn (i.e., 2xn , for one
turn). Assume there are n turns, from Eq.6, L= gn’r =1.2x10°n’r, where r can be

replaced by 2xn . Then, we can obtain that n is 13.

(a) Metal 1, (b) contact hole, (c) Metal 2.
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4.

(a) Metal 1,

(b) contact hole,

(c) Metal 2.

The circuit diagram and device cross-section of a clamped transistor are shown in (a)

and (b), respectively.
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A
SCHOTTKY Tt

DIODE

T (a)
COLLECTOR o— . /_1

< EMITTER

C SCHOTTKY

Si02

(b)

OHMIC

5. (a) The undoped polysilicon is used for isolation.
(b) The polysilicon 1 is used as a solid-phase diffusion source to form the extrinsic base
region and the base electrode.
(c) The polysilicon 2 is used as a solid-phase diffusion source to form the emitter region
and the emitter electrode.

6. (a) For 30 keV boron, R, =100 nm and AR, =34 nm. Assuming that R, and AR for

boron are the same in Si and SiO2 the peak concentration is given by

s 8xI0"
V27AR, 21 (34x107)

=9.4x10" cm™

The amount of boron ions in the silicon is
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Q_~__S -
q L V27AR, p{ 2AR;

o]

8x10" 750
= 2—erfc —_—
2 J2 %340

=7.88x10"cm™

_S

Assume that the implanted boron ions form a negative sheet charge near the Si-SiO,

interface, then

91V

-19 11
AV, =g g /c. = 1.6x10 ><5174.88><10 )_7 _
3.9%8.85x107" /(25%107")

(b) For 80 keV arsenic implantation, R, =49 nm and AR, =18 nm. The peak arsenic

1016

x/_AR ~ JZx(18x107)

=2.21x10" cm™

concentration is
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X'(A)—FOR SOURCE/DRAIN
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X (A)— FOR CHANNEL REGION

7. (a) Because (100)-oriented silicon has lower (~ one tenth) interface-trapped charge and a
lower fixed oxide charge.
(b) If the field oxide is too thin, it may not provide a large enough threshold voltage for

adequate isolation between neighboring MOSFETs.

(c) The typical sheet resistance of heavily doped polysilicon gate is 20 to 30 /], which is
adequate for MOSFETSs with gate lengths larger than 3 um . For shorter gates, the sheet

resistance of polysilicon is too high and will cause large RC delays. We can use
refractory metals (e.g., Mo) or silicides as the gate material to reduce the sheet

resistance to about 1Q /[J.
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(d) A self-aligned gate can be obtained by first defining the MOS gate structure, then using
the gate electrode as a mask for the source/drain implantation. The self-aligned gate can
minimize parasitic capacitance caused by the source/drain regions extending
underneath the gate electrode (due to diffusion or misalignment).

(e) P-glass can be used for insulation between conducting layers, for diffusion and ion
implantation masks, and for passivation to protect devices from impurities, moisture,

and scratches.

Charge stored in each cell =CV =50x10"x5=2.5x10" C.

So, number of electrons =2.5x107°/1.6x10™" =1.5625x10°.

Leakage current =dQ/dt =2.5x107"°/4x107 = 0.625x107'" A =62.5 pA.

The lower insulator has a dielectric constant €/&, =4 and a thickness d, =10 nm The
upper insulator has a dielectric constant &,/€, =10 and a thickness d, =100 nm . Upon
application of a positive voltage V,, to the external gate, electric field E, and E, are
established in the d, and d, respectively. We have, from Gauss’ law, that

gk =¢,E,+Q and V, = Ed, + E,d, where Q is the stored charge on the floating

gate. From these above two equations, we obtain

E = Yo + 0
d +d,(gl€,) ¢€+&/(dld,)

10x10’ N 0
1o+100(4j 4+1o(10j x8.85x107"
10 100

(a) If the stored charge does not reduce E, by a significant amount (i.e.,

=0.2-2.26X10° 1 Q|

J=0E, =10"

0.2>2.26%x10° | Q1, we can write
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0= [ oEdr’ =02Ar=02x(0.25x10°)=5x10" C

0 5%x107
AVT = = 14 7
C, (10x885x107")/(100x107")

=0.565V

(b) when t — o0, J =0 we have |1Q1— 0.2/2.26x10° =8.84x107" C.

-7
Then AV, =2 = 8810445y
C, (10x8.85x107%)/10
10. + +
{a) p-TUB
+ +
+ +

(b) POLYSILICON GATE

(c) n-TYPE DIFFUSION
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1.

(d) p-TYPE DIFFUSION

+ +
+ +

o] ) [Ea)

(¢) CONTACT WINDOWS
O d &
=
+ 5
L +
—
] :—-j (f) METALLIZATION

The charge will shift the threshold voltage by an amount AVt. This will be given by:

AV, =—-AQ/¢& where “d” is the thickness of the top oxide layer. This shift will affect
the 1, -V, characteristic. This will also lead to a shift in the channel conductance g,
givenby: g, =1,/V, =(ZIL)uC, (V,-V,)e Ag, =(ZIL)uC, K AQ/¢ . Thus, the g, -V,

plot will shift to the right by AV
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12. X
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13.

14.

15.

16.

17.

To solve the short-channel effect of devices.
The device performance will be degraded from the boron penetration. There are

methods to reduce this effect: (1) using rapid thermal annealing to reduce the time at

high temperatures, consequently reduces the diffusion of boron, (2) using nitrided oxide

to suppress the boron penetration, since boron can easily combine with nitrogen and
becomes less mobile, (3) making a multi-layer of polysilicon to trap the boron atoms
the interface of each layer.

This structure: (a) overcomes short channel effects of typical MOSFETSs while still

at

making transistors scalable. (b) The structure allows a small-length transistor that can

thus have a large intrinsic gain compared to its bulk counterpart. (c) The heavily-doped

poly-Si film that wraps around the fin greatly reduces the source/drain series resistance

and provides a convenient means for local interconnects and for making connections

to

the metal. (d) The channel width is roughly twice the fin height plus the fin width. This

increases the device current-carrying capacity. (e) Much Lower off-state current
compared to bulk counterpart.
Total capacitance of the stacked gate structure is:

c_byE a8 )T 25 (7+25j:2.12
d d,/\d d,) 05 10/105 10

3.9

— =212

d

sod =£=1.84 nm.
2.12

Disadvantages of LOCOS: (1) high temperature and long oxidation time cause V.

shift, (2) bird’s beak, (3) not a planar surface, (4) exhibits oxide thinning effect.
Advantages of shallow trench isolation: (1) planar surface, (2) no high temperature

processing and long oxidation time, (3) no oxide thinning effect, (4) no bird’s beak.
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18. For isolation between the metal and the substrate.

19. GaAs lacks of high-quality insulating film.

_4
20. (@) RC=(p£] [Ewé] =[10‘5><—1 _8] 3.9%8.85x107 x X 1X10 )
A d 1x0.5x10 0.5%10

=2000x(69.03x10™"*)=1.38x10"s=1.38 ns.

(b) For a polysilicon runner

RC = (RY uare Aj(gox éj
ew d

= 30(101 j(69.03><10_14) =2.07x107 s

—4
=207 ns
Therefore the polysilicon runner’s RC time constant is 150 times larger than the
aluminum runner.

21. SOI technology helps in the continued miniaturization of microelectronic devices.
Some of the benefits of SOI technology relative to conventional silicon processing
include:

(a) Lower parasitic capacitance due to isolation from the bulk silicon. This improves

power consumption at matched performance.

(b) Higher resistance to latch-up due to complete isolation of the n- and p-well structures.

(c) SOI overcomes the need for complex well structures and isolation processes.

(d) There is no risk of nonuniform inter-diffusion of silicon and Al in the contact regions
because of oxide isolation at the bottom of the junction. Hence, the contact barrier is
not necessary.

(e) Since modern bulk silicon device needs high doping at the drain and substrate to
eliminate short-channel effects and punch-through, this high doping results in high

capacitance when the junction is reversed bias. However, with SOI, the maximum
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capacitance between the junction and substrate is the capacitance of the buried
insulator. The related dielectric constant is three times smaller than that of silicon.
(f) Thus SOI offers higher chip performance per watt, lower DC power consumption, and
better scalability at smaller geometries over traditional process technologies.
22.  When we combine the logic circuits and memory on the chip, we need multiple supply
voltage. For reliability issue, different oxide thicknesses are needed for different supply

voltages.

23. (a) 1/Cv[()tal = %T o +% itrid

Hence EO%Q = 7%5+1% =173 A

(b) EOT =16.7 A.
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