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* 4.2:

a) We have two descriptions for g2;.

Chapter 4: Gain and Current Relations

921 = gmaz(f2 — fi1) 4.33

)02
gn = ﬁﬁ;ﬁhprwn)(h =) A6.25

Setting these expressions equal, we can solve for r,’pl.

2
rfpl ) 8“".:;1“6:‘ her (En)
gmaz = 104 cm™1,
From Table 1.1:
E, n
Al 9Ga gAs | 1.673 eV
GaAs 1.424 eV | 3.62

Find the C1-HH1 band edge energy by solving for the quantum well states in the conduction and valence
bands. AE,; = 0.249¢V from Table 1.1. Assuming that 60% of the band offset occurs within the conduction
band as in the previous problem (see also p. 10), we have AEc = 166 meV and AEy = 83 meV. Using

Eqs. Al.14, A1.17, and Fig. Al1.4, we can derive the energy levels of the quantum wells as we have done in
previous problems, such as 4.1:

B, — Ec = 56.12 meV
EV L — E?;OHI == 9‘89 meV

Ec1 - - Ec = 29 meV
Ecz — Ec = 10T meV
Ey - EHH] = 6.8 meV
Ev — Egga = 27 meV

Ea = 1.424 eV 4+ 0.029 eV 4 0.007 eV = 1.46 eV (C1 — HH1 band edge)
Ez = 1,424 eV + 0.107 eV +0.027 eV = 1.56 eV (C2 — HH2 band edge)
_ 124 eVpm _ ¢
Ag = 146—8\" = 0.849 Hm

m
pr(En) = “hid
. (0.057)(9.1 x 10~! kg)
= 7(1.05 x 10-31 J §)? (10-® m)
1.50 x 10 m~3 J-!
o (8.49 x 10=7 m)? (6.62 x 103 Ja) (1.50 x 1044 m_a.fl}' |
g 87(3.62)2 (10° m~1)
=217x10"%g
= 0.217 ns
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b)

In = Es;fb

ﬂ;']‘b(E?l] = gmu(Eil)(fi < fl)

where gmar = 10" cm™! at Ey; = 1.46 eV. For C-HH transitions gma. has a EI;‘ dependence according to

Eq. 4.37 (hv in denominator). If we assume pr(E2) and |Mp(E3)|? do not valry with transition energy,
1 .
gmaz O Fpr-

o3 (En) = (10 em~t) 2V (1, _ g

E,. eV 1
= 4 =1 gii = =S
= (10* em™!) - (l g ,(E.—Erv)lk‘r')

where we let Epc = 00 = f=1
We must consider C1-HH1 and C2-HH?2 transitions. All others are forbidden.

921 = g31*(1,1) + 931°(2,2)
For C1-HH1 transitions (ie. (1,1)), Ey = Eum — (B2 — Egu) -E:- (4.29)
For C2-HH2 transitions (i.e. (2,2)), Ey = Egyy — (B — Ega,) 2=

For case (i), Ery = Epm
For the C1-HH1 transition,
m,
Ey - Epy = —(Ey - Egu) =

v

0.057
— —»[Egl - 145)*0—38-
= (~E2 + 1.46)0.15

For the C2-HH2 transition,

mr
By~ Erv = (Egna — Exm) — (B - Egﬂ)a

= ((Ev - 0.027) — (B, - 0.007)) eV — (E3; — 1.56 ev)%{;?
= (~En + 1.43 eV)0.15

For case (ii), Epy = Eyya
For the C1-HH1 transition,

m,
Ey — Epv = (Exny — Exna) — (Egy — E',n)m—'
v

= ((By ~0.007) - (E, - 0.027)) eV — (Ey; — 1.46 eV)—-—%C;T

= (—E3 + 1.59 €V)0.15

For the C2-HH2 transition,
my
Ey - Epy = —(Ey - Egﬂ)';“—

v

0.067
0.38
=(—Ey + 1.56)0.15

= —(E3 — 1.56)
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gain (om*-1)
hoNe case ||
8000
6000
4000

case |
2000

E21 (eV)
1.45 1.5 1.55 1.6 1.63

Figure 4.2b. b) QW gain as a function of photon energy,

c)

Ry} = As1p.(Ear) f2(1 — h) (A6.31)
Use substitution: A, = 13,
A maximum occurs when (fa=1,f = 0).

21 "y ﬂr(Eil)
Rlp,mc: — _}T
_ 150 x 104 m~-23 j-1
T 21Tx10-104

=6.91 x 1053 ;y~3 j-1! g1

= 1.11 x 10%® cm~3 oV ! g1

d)
V = (10" cm) (2 x 107* cm) (200 x 107* cm) = 4 x 10~12 ¢py?

Iy
Rop= [ B3} diyy = Lat

Iraa = QV/RE; dEﬂ
RE’I, e thpl,ma.e f?(l _’fi)

Note: The assumptions stated in the problem allow us to assume Rf",'mu is independent of energy or,
equivalently, wavelength. This is not normally the case.

We must integrate for both C1-HH1 and C2-HH2 transitions, We again assume f, = | and i s
1

14+ B_LITLZ'
Irad = qVR2 . f (1= f1) dEay
(1-f)= I
YT (S
1+ e__le.ax
88

Solutions by R. Kehl Sink



Chapter 4: Gain and Current Relations Solutions Manual: Coldren & Corzine 4-2.4

m

Ey = Ey — (En — E,) (4.29)

r
my

Define z = (E| — Epy)/kT. Then

"'1 mr
dz = — —
5 kT my dEn
fis 1+ e(Bi—Epv)/kT
= =3 1
[ T 14 ef
= 1
el rilagis 14 e
e:
- o 14 e*
5 1
E T 14 e
1-— dEq; =
2 j( fi) dExy j;:' T3 o-*
E)]_:CD
= 53 sV, kT/ —1-— dz
my Ea=E, 14 e—=
— - my = =
== KT In(1+ e)[gZE,
where Fy = Egy; for the C1-HH1 transitions and Ey = Egq3 for the C2-HH2 transitions.
=
B case (1): EFpy = Egpy,:
| C1-HH1:
Using the definition above for Ey, with Ey = Ey gy for the C1-HHI1 transition, we have
' z = (Eh1 — Erv)/kT
= (E\ - Egm)/kT
m
- = (Bum = (En — Eg)—— — Eyyy)/kT
my
e .1
i z(Ey = Egpy) =0
r(Fq = o0) = —o0
P Then solving for the integral of the fermi function as described above, we have
my =y |Ear=00
J- ) den = -2 o7 a1 4 )iz
me .
| = 2L AT (14 €)[E5;"
my
my
3 = —"’;r— kT [In(l) p— In(2)]
ML) &
- kT In(2)
: =¥ kT 0.693
2l m

r
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C2-HH2:

Using the definition above for Ey, with Ey = Egpgy for the C2-HH2 transition, we have
= | z = (Ey — Epv)/kT
= (E1 — Egm)/kT

= (Enna — (B2 — Eq)— =

1
kT

1 = (Epna — Enm)/kT - (Eu - p)

1
= —0.77 — (B2 — E,)"" &

1 z(Eg = Egg) = —0.77
—_ .".'(En = 00) = —00

Then solving for the integral of the fermi function as described above, we have

|~ i f(l - hfH)dEy = —— kT In(1+ e=)|g::—°°
] - )| ittt
7 = In(1.46))
1 =V kT 0.380

r
—_—

Traga = (1.6 x 107°) (4 x 107" em®) (1.11 x 10 em~3eV~1571) ( & (0.026 eV) (0.693 + 0. 380))

0.057
E =13.2mA
= case |2|: EFV = EHH!:
1 Cl-HH1:
Using the definition above for E;, with Ey = Eg g, for the C1-HH1 transition, we have
I—— z=(E, — Epv)/kT

= (Ey — Exna)/kT

r = (Egm — (B2 —

A (B —Eye 1
= (Epn — Epna)/kT — (En E”)mvk

m, 1
| =0.77— (En - Eq) 17
2(531 = E,“) = 0.77
I(En = 00) = -
. Then solving for the integral of the fermi function as described above, we have
[= ) dBn = -2k a1+ B2,
i = Nezo7r
= (3.16))
= ¥ kT 1.151

r
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%4.3:

Show . .
H(Egm) = (1- f2(Eci))®

From Appendix 2,

m? kT Poi-s
- c "‘“Q‘LET"E‘G'
N=Zo (1+ e ) (42.7)

Similarly, '

p="wAT (1+ eﬁu&mﬁ)

nhd

(consider only C1 and HH1)
By charge neutrality, N = P. This implies that

m? In (f:le(E?l—)) =my ln (m)

and

fi(Eam) = (1 - f2(Ecy)) b
where D = 'r%’
a) Fraction of empty states at Egm =1- fi(Egy).
b) Stimulated absorption fermi factor — (1= f2(Ecy)) H(Exm).
Stimulated emission fermi factor — f2(Ec)(1 = fy (Ermi))
€) 921 = gmaz(f2(Ec1) — fi(Enmy))
Normalized gain = 2= = fo(Eca) - fi(Exm)

d) N = ZEE n (14 - 5052 | mutr In =77ty

Normalized carrier density = x_((;?(i%l—{);%
2=0.

_ nltzy)
- In(2)
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a)

0.

0.

0.

0.

0.2 0.4 0.6 0.8 1
Figure 4.3a. Fraction of empty states at K.

b)

Solutions by R. Kehl Sink

0.2 0.4 0.6 0.8 1

Figure 4.3b. Stimulated absorption.

0.2 0.4 0.6 0.g 1

Figure 4.3b. Stimulated emission.
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c)
Figure 4.3c. Normalized gain.
d)
8
&
4
2

0.2 0.4 0.6 0.8 1

Figure 4.3d. Normalized carrier density.

e) Transparency occurs when

9=0
or equivalently, when fo—fi=0
or equivalently, when stimulated absorption = stimulated emission.

Plots (b) and (c) show that the symmetric (D = 1) band structure reaches transparency first. The
reason is that we require neutrality (N = P) to hold and in the asymmetric case, there is a much higher
DOS in the valence band than the conduction band. Hence, one must push Epc well into the conduction
band before Epc - EFV = Eg(= ECI - EHHI) and fg - f1 =0.

f) The symmetric structure reaches transparency at fo = 0.5 while the asymmetric structure reaches
transparency at f, = 0.75 according to plot (c). This corresponds to a normalized carrier density of 1 for
the symmetric case and 2 for the asymmetric case according to plot (d). If current density o« BN 2 the ratio
of the asymmetric current density to the symmetric current density will be 4:1.
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g) We start with a definition that we will need. By egs. 4.37, 4.25, Table 4.3, and D = En;fﬂ

2
_ mg‘h 1 9
Imaz = oo B |M7(E21)|* pr(E21)

2
_ mg*h 1 3
- negemy Eop iMT(E?l)l

*x ®
1 mmy
2
whd mg +mj,

1 m

L

2
= m“- L iMT(Ezi)P
Eq

negem?

¢

+1
D
+1

a

3 -

wh?
2
mg*h 1 s 1
= — |Mp(E
negemy Eop | Mr (B2

%)

hZ

=
o
o

Note that 7 in denominator of Eq. 4.37 should be n.

First, we calculate %21

dfz *
g21 = gmas(f2 - fl)
fi=(1-f)b
d 1
% = 9max (1 + ‘5(1 - fz)-‘%'—1>
Next, we calculate %}.\.’._
2
mikT 1
N=- 1
s (1 - fz)
d_N _mikT 1
dfs  wh*d 1—fa
d
dgor G
= N
dN T

m¢*h 1 . [ D 1 ;
neoc-_mng E; |Mr(E2)| (m) ((1 — f2) + B(1 — fz)v)

«(527) (= + pa-1%)

Evaluating at transparency:

D=1: f2=05 L2 o 0.5
D=5: f2=0.75 U2 0.33
ratio = E)% = 1.52

Therefore, the symmetric case has 50% higher differential gain than the asymmetric case.

h) From the above discussion, we clearly want a symmetric band structure. Strain lowers the asymmetry
parameter D. As a result, we expect lower N;, and higher differential gain. This leads to lower threshold
current and higher speed performance.
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