Problem Solutionsfor Chapter 4
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4-2.  The electron concentration in a p-type semiconductor is Np =N =pj

Since both impurity and intrinsic atoms generate conduction holes, the total
conduction-hole concentration p,  is
Pp =Na+ni=Na+ny

2
From Eq. (4-2) we havethat n, = n /pp - Then

2 2 2
Pp =Na+n, =Na+n, Pp or Pp -Napp - =0

S0 that

If n, <<Nj ,whichisgeneraly the case, then to agood approximation

2 2
Pp »Np and ng =n; IPp » N, INp

4-3. (&) From Eq. (4-4) wehave 1.540 = 1.424 + 1.266x + 0.266x2 or



4-4,

x2 + 4.759x - 0.436 = 0. Solving this quadratic equation yields (taking the plus

sign only)

X :% [ -4.759 + \/(4759)2 + 4(436) ] = 0.090

. . 1240
The emission wavelength is | = 1540 =805 nm.

(b) Eg=1.424 +1.266(0.15) + 0.266(0.15)2 = 1.620 eV, so that

1.240

| 1620 =766 nm

(@) Thelattice spacings are as follows:

a(BC) = a(GaAs) = 5.6536 A

a(BD) = a(GaP) =5.4512 A

a(AC) = a(InAs) = 6.0590 A

a(AD) = a(InP) =5.8696 A

a(x,y) = xy 5.6536 + x(1-y) 5.4512 + (1-x)y 6.0590 + (1-x)(1-y)5.8696

= 0.1894y - 0.4184x + 0.0130xy + 5.8696

(b) Substituting a(xy) = alnP) = 5.8696 A into the expression for a(xy) in (a),
we have

_ 0.4184x 0.4184x
Y= 0.1894-0.0130x ~ 0.1894

= 2.20x

(c) Withx =0.26 and y = 0.56, we have
Eg = 1.35 + 0.668(.26) - 1.17(.56) + 0.758(.26)2 + 0.18(.56)2
- .069(.26)(.56) - .322(.26)2(.56) + 0.03(.26)(.56)2 = 0.956 eV

Differentiating the expression for E, we have



2

h |
DE=—D or Dl =—DE
I hc

For the same energy difference DE, the spectral width DI is proportional to the
wavelength squared. Thus, for example,

Dl 1y _885505°

\ =1.40
Dl ., €13109

4-6. (@) From Eq. (4-10), the interna quantum efficiency is

h.. = _r =0.783, and from Eq. (4-13) the internal power level is
1+25/90
P =(0.789 143 M) _ o mw
(1310 nm)
(b) From Eq. (4-16),
P_ﬁl 26 mW =0.37 mW
~ 35(35+1) o

4-7.  Plot of Eqg. (4-18). Some representative values of P/P, are given in the table:

fin MHz PP

1 0.999
10 0.954
20 0.847
40 0.623
60 0.469
80 0.370
100 0.303

4-8. The 3-dB optical bandwidth isfound from Eqg. (4-21). It is the frequency f at
which the expression is equal to -3; that is,

& 0

10logg T2+ ="
S+ @rity] o
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4-10.

4-11.

4-12.

1
2p(5 ns)

With a5-nslifetime, we find f = (10°° - 1)= 9.5 MHz

(a) Using Eq. (4-28) withG=1

1 el &
= In ~ +10cml=556cm1
9th = 505 cm €032

(b) With Ry = 0.9 and Rz = 0.32,

— 1 ¢ 1 U 11— 1

(c) From Eq. (4-37)  hext = hi (gth - &)/0th ;

thus for case (a): hext = 0.65(55.6 - 10)/55.6 = 0.53

For case (b): hext = 0.65(34.9 - 10)/34.9 = 0.46

Using Eq. (4-4) to find Eg and Eq. (4-3) tofind | , we have for x = 0.03,

,_l2a 1.24
T Ey 1424+ 1.266(0.3) + 0.266(0.3)2

=1.462 nm

From Eq. (4-38)

dP(mw
di(mA)

hext = 0.8065 | (Mm)
Taking dI/dP = 0.5 mW/mA, we have hext = 0.8065 (1.462)(0.5) = 0.590
(@) From the given values, D = 0.74, so that Gr = 0.216

Then nZ, =10.75 and W = 3.45, yielding G = 0.856

(b) The total confinement factor thenis G= 0.185

From Eq. (4-46) the mode spacing is

_ 12 (0.80 mm)2
~2Ln ~ 2(400 nm)(3.6)

Dl =0.22nm

Therefore the number of modes in the range 0.75-t0-0.85 mmiis



4-13.

4-14.

i 1
85- .75 -7?3:5 " 103 = 455 modes
22°10° -

_ _ 1y o € (I -850 nm)2y
() From Eq. (4-44) we have g(l ) = (50 cm™) exp & 232 nm)2 i

5 (I - 850)4y
_ 1 &
= (50 cm )expée 2048 4

(b) Onthe plot of g(l ) versus| , drawing a horizontal line at g(l ) = at
= 32.2 cmrl shows that lasing occursin the region 820 nm < | < 880 nm.
(c) From Eq. (4-47) the mode spacing is

12 (850)2
~2Ln T 2(3.6)(400 mm)

Dl =0.25nm

Therefore the number of modes in the range 820-t0-880 nm is

- 82
N = % = 240 modes

(@ LetNm=n/l = % be the wave number (reciprocal wavelength) of mode m.

The difference DN between adjacent modes is then
1
DN =Nm - Nm-1 :Z (a'l)

We now want to relate DN to the change DI in the free-space wavelength. First
differentiate N with respect to | :

dN _degy _1dn n _ 1g | dng

d ~d8g | =728 g,

Thus for an incremental change in wavenumber DN, we have, in absolute values,
_1

dng
DN |2§-| a5 D (a2)



2
Equating (a-1) and (a-2) thenyidlds DI = |

dng
iy
o __ (.85mm)2 :
(b) The mode spacing is Dl = 2(4.5)(400 mm) =0.20 nm

4-15. (@) Thereflectivity at the GaAs-air interfaceis

1P 61
Ri=Ro= %ﬁ = %6 =0.32

1é 1 u
Then Jh=-_.a+—In .= 2.65" 103 Alcm?
bE 2L R,R,f

Therefore
lth=3h" |~ w=(2.65 103 A/lcm?)(250" 104 cm)(100" 104 cm) = 663 MmA

(b) Ith = (2.65" 103 A/cm?2)(250° 104 cm)(10° 104 cm) = 66.3 mA

4-16. From the given equation

(66256" 10%0sf' e 1 . 16

8(5 nm)’ €6.19° 10¥ kg 5.10" 10* kg@

DE,, =143 eV +

=143 eV +0.25 eV =1.68 eV
Thus the emission wavelength is| = hc/E = 1.240/1.68 = 739 nm.

4-17. Plots of the external quantum efficiency and power output of a MQW laser.

4-18. From EQ. (4-484) the effective refractive index is

_mp  2(1570nm) _
Me="o " =2460nm) =

34

Then, from Eqg. (4-48b), for m =0



2
I's (1.57 nm)(1570 nm)

_ 6 _
' =lB* 5L gb 1570 nm £ 3 4)(300 mm)

=1570 nm % 1.20 nm

Thereforeform=1, | =1 g+ 3(1.20 nm) = 1570 nm = 3.60 nm
Form=2, | =1 pg*5(1.20 nm) = 1570 nm £ 6.0 nm

4-19. (@) Integrate the carrier-pair-density versus time equation from time O to tq (time

for onset of stimulated emission). In this time the injected carrier pair density
changes from 0 to ngp.

N=ng

d Nin 1 né P s .
td:\t:C\) dn:'tg’ei-—o =t In Q—JQ
;. ¢ —>.h eqd to| eJ- J, @

I .
where J=1,/A and Jn = Iw/A. Therefore tg=t Inaeg—Lp_ |th§;

(b) Attimet=0wehaven=ng, and at t =ty we have n = ny,. Therefore,

td n &i'ﬁo
. 1 qd +
=g dt = 035 dn:tlng T Ty
0 " qd t eqd t o

In the steady state before a pulseis applied, ng = Jgt/qd. When apulseis applied,
the current density becomes I/A =J=Jg + Jy= (I + Ip)/A

a&-186 e Ilp 0o

=~ =tlIn -
g-lthg gpns-lm

Therefore, tg=t In

4-20. A common-emitter transistor configuration:

4-21. Laser transmitter design.



4-22. Since the dc component of x(t) is0.2, itsrange is -2.36 < x(t) < 2.76. The power
has the form P(t) = Pp[1 + mx(t)] where we need to find m and Py. The average

valueis
<P(t)> =Pg[1+0.2m] =1mwW

The minimum vaueis
. 1
P(t) = Pg[1 - 2.36m] 2 O which implies m £2_36 =042
Therefore for the average value we have < P(t)> = Pg[1 + 0.2(0.42)] £ 1 mW,
which implies

Po = W184 =092mW  sothatP(t) = 0.92[1 + 0.42x(t)] mW and

i(t) =10 P(t) =9.2[1 + 0.42x(t)] mA
4-23. Substitute x(t) into y(t):

y(t) = a1b1 cos wit + a1bp cos weot

+ ap(bZcos? wit + 2b1bp cos wit cos wet + b3 cos? wet)
+ ag(b? cos3 wit + 3b? by cos? wyt cos wet + 3b1b3coswat cos? wot+ b’ cos3 wet)
+ay(b; cos* wit + 4b>bp cos3 wit cos wet + 6b? b2 cos? wat cos? wot

+ 4b1 b3 cos wit cos3 wot + b cos? wet)

Use the following trigonometric relationships:

. 1

i) COS2 X = 5 (1 +cos2x)

. 1

ii) cos3x = 7 (C0s 3x + 3cos X)

1

iii) cos4x:§(cos4x+40052x+3)

iv) 2C0S X COSY = CO0S (X+Y) + cos (X-y)

1
V) COS2 X COSY = 2 [cos (2x+y) + 2cosy + cos (2x-Y)]



Vi)  ©0s? X Cos?y =% [1+ cos 2x+ cos 2y +% cos(2x+2y) +% cos(2x-2y)]
.. 1
vii)  cos3xcosy = 3 [cos (3x+y) + cos (3x-y) + 3cos (x+Yy) + 3cos (X-y)]

then

3 4y constant
yt) = %2131 + b2 4a4b1 + 3a4b1b2 a4b2§ terms

3. .3 2 3 a3, .2 ¢ fundamental
+,880b;] + 2agb1boH coswit +5 &g, + 2bjbol cos vt terms

by b5
+> %Q + a4b1 + 3a4b2u cos 2wyt + = %Q + a4b2 + 3a4b1u cos 2wot

2nd-order harmonic terms

1 3 1 3 .

+4 ahb; cos3wit+7; agh, cos3wpt  3rd-order harmonic terms
1 4 1 4 :

t3 agb, cos4dwit + 3 agb, cosdwot  4th-order harmonic terms

. 3 3 3 3
+ &aobaby + 7 aghibp + 5 agbibod cos (witwy)t + cos (Wi-wo)t]

2nd-order intermodulation terms

3 2 3 2
+7 aghy bo [ cos(2witwo)t + cos(2wi-wo)t]  +3  agb1b, [ cos(2wa+wi)t + cos(2we-wi)t]
3rd-order intermodul ation terms

1 3
+5 agby by [ cos(3wi+wo)t + cos(3wi-wo)t]
3 2 .2
+7 agby b, [ cos(2wi+2weo)t + cos(2wi-2wo)t]
+% a4b1bg [ cos(3np+wi)t + cos(3wa-wa)t] 4th-order intermodul ation

terms

This output is of the form

y(t) = Ag + A1(wq) coswat + Ao(wq) cos 2wit + Az(wy) cos 3wat

+ Az(wq) cos 4wt + A1(wo) coswot + Ao(Wo) COS 2wt



+ Ag(Wp) €os 3ot + Ag(wy) cos Aot + 8 & Brmn cos(mwy+nwe)t
m n

where Ap(w,) is the coefficient for the cos(nw)t term.

4-24. From Eq. (4-58) P= Py e”tm \here Po=1mW andtm =2(5 104 hrs) = 105
hrs.

(@ 1 month =720 hours. Therefore:

P(1 month) = (1 mW) exp(-720/10%) = 0.99 mwW

(b) 1year =8760 hours. Therefore

P(1 year) = (1 mW) exp(-8760/10°) = 0.92 mW

(c) 5years=5" 8760 hours = 43,800 hours. Therefore
P(5 years) = (1 mW) exp(-43800/10°) = 0.65 mW

EaA/kBT
eAB

4-25. From Eg. (4-60) ts=K or Ints=InK + EA/KBT

where kB = 1.38" 1023 J°K = 8.625" 10 eV/°K

At T =60°C = 333°K, we have

In4” 104 =InK + Ea/[(8.625 10> eV)(333)]

or 10.60 = InK + 34.82 Ep 1)
At T =90°C = 363°K, we have

In 6500 = In K + Ea/[(8.625 10 eV)(363)]

or 8.78=InK + 31.94 Ep )
Solving (1) and (2) for Ea and K yields

Ea =0.63eV and k =1.11" 105 hrs

Thusat T =20°C = 293°K

10



t_ =111 105 exp{0.63/[(8.625 105)(293)]} = 7.45" 105 hrs

11



