CHAPTER 1

1. The necessary elements of a laser cavity are two mirrors and a gain region. For single
wavelength operation, a mode selection filter is also required.
2. To find the lasing wavelength, you need to find the mode with the largest gain.
mhi=2nL, assumen=1, L =1mm
g=-1.25%10"cm™(A-1.55um)*+10%cm’™

From the plot below, you can see that m = 1290 is closest to the gain peak, and has a
wavelength of A =1.5503%9um
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Advantages: diode gas or solid state

higher wall plug efficiency ~ 50% =~ 1% (< 10%)
(direct electrical pumping allows higher efficiencies)

longer lifetimes ~10°h.  w~10° A
higher frequency modulation is possible due to direct electrical pumping ~ 10 GHz =100 MHz
small size due to higher gain (& 1000 cm~! vs. < 5 cm™') <lmm >10cm
.c.heaper
wavelength ranges and size make diode lasers better for fiber optic systems

Disadvantages:

larger divergence angle due to the small cross sectional area = 30° =~ 0.1°
makes collimating optics necessary for free space applications.

elliptical mode shape is less desirable than circular TEM mode of gas and solid state lasers

larger linewidth (less coherence) due to larger gain bandwidth
(atomic transition has narrower linewidth than band to band transition)

wavelength is more reproducable >14A small

larger temperature sensitivity than the atomic transitions ~5A/C small
of solid state lasers

lower power
more limited wavelength range
more difficult to tune wavelength

energy storage is smaller due to smaller cavity volume



4. Some common applications of a laser diode are CD/DVD players. Blu-Ray
Players, laser printers. bar-code scanners and laser pointers. Other applications are
optical mice, LIDAR. pump lasers for Er-doped fiber amplifiers, optical coherence
tomography. and many others.

5. In solid state lasers, the energy levels of atoms are only slightly perturbed by the
surrounding gas or host atoms. and remain effectively unchanged from the isolated
atom. So, the emitted or absorbed photon needs to have a very specific energy. In
diode lasers. the semiconductor materials are covalently bonded. and atomic levels of
the atoms actually broaden into bands of allowed levels because of the perturbations
from the nearby atoms. and the valence and conduction bands are formed. This gives
a distribution of emitted photon energies.

6. Spontaneous Recombination: An electron i the conduction band recombines ]
spontaneously with a hole 1n the valence band and generates a photon.

Stimulated Recombination: An incoming photon will perturb an electron in the
conduction band and it will recombine with a hole in the valence band, emitting
another photon; the incoming photon 1s not destroyed 1n this process. This leads to
multiplication of photons and lasing.

Stimulated Generation: A photon 1s absorbed and the energy from the photon
stimulates an electron in the valence band to jump to the conduction band. leaving
behind a hole n the valence band.

Nonradiative Recombination: Recombination of an electron and hole in a way such
that no photon 1s emitted: rather the energy from recombination dissipates in the form
of heat into the crystal lattice. This can occur through the presence of traps or Auger
recombination




7. In practice, there are two general nonradiative mechanisms for carriers that are
important. The first involves nonradiative recombination centers, such as point defects,
surfaces, and interfaces, in the active region of the laser. To be effective, these do not
require the simultaneous existence of electrons and holes or other particles. Thus, the
recombination rate via this path tends to be directly proportional to the carrier density, N.
The second mechanism is Auger recombination, in which the electron-hole
recombination energy, E21, is given to another electron or hole in the form of kinetic
energy.

Thus, again for undoped active regions in which the electron and hole densities are equal,
Auger recombination tends to be proportional to N3 because we must simultaneously
have the recombining electron-hole pair and the third particle that receives the ionization
energy.

8. A double heterostructure 1s formed from a smaller bandgap material being
sandwiched between two larger bandgap materials. The discontinuities between the
smaller bandgap material and larger bandgap maternial aid in electron and hole
confinement within the smaller bandgap material. The larger bandgap material also
has a lower index of refraction than the smaller bandgap material, which increases the
confinement factor by confining the optical mode to the smaller bandgap region,
where the carriers are present. The Nobel Prize winners for this invention were
Zhores 1. Alferov and Herbert Kroemer.

9. In direct bandgap double heterostructures, carriers are confined inside the PIN
junction, and most of them recombine inside the | region, in transit between P and N. In a
regular PN diode, very few carriers recombine in the junction, and they are just swept
across the junction by the electric field.



10. Assuming barriers of 8nm (since this was not explicitly given in the problem, any
value assumed was correct).

a)
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11.
i) bulk material is normally thicker than quantum wells.

ii) For guantum wells, carriers are confined in the wells, so the carrier injection
efficiency is higher.

iii) The density of states are different. Quantum wells have separate energy states,
while the energy states of bulk material are quasi-continuous.

12.
i) They need to lattice matched to avoid a lot of defects.

ii) The cladding material must have a larger bandgap and smaller refraction index
at working wavelength, compared to the waveguide material.

13.

i) Si has an indirect bandgap, and most of the IlI-V materials, such as GaN, InP,
GaAs, have direct bandgap. For indirect bandgap material, phonons are generally
needed to generate photons because of the different crystal momentum between
conduction band valance band. So their efficiency to generate light is very low.



14. GaAs/AlGaAs — datacom lasers in the ~700-900nm range, a lot of them vertical cavity.
InGaAsP — in-plane lasers for telecom and sensing, 1.3-1.6um.

15. The main material parameter controlling the current leakage in a double heterostructure or a
quantum well is the conduction band offset. The band offset will determine the height of a
quantum well in a laser active region. Due to their much lighter effective mass, electrons require
much tighter confinement with increasing temperature than holes. Thus, it is important to have
high band offset in the conduction band. For GaAs/AlGaAs, 2/3 in the conduction band, for
InP/InGaAsP, 40% in the conduction band.



16.
a) Solve using the equations in Appendix 1.

Rz’

i
i 100 4\’
g = (3.76 IDCV) (m‘)

EY = 15.04 meV

Vo = 100 meV

- /ﬁ__
Bmer = Ef_2.57

Since 2 < npes < 3, there are 3 bound states.

b) Using Figure Al.4, we can determine what the quantum numbers are for these states:

nqwl = 08
nqw’ = 1-6
nqwa =5 23

E. = EY “1QW
Thus,

E; = 9.63 meV
Eg = 38.5 meV
B3 = 79.56 meV

c) If V; is increased to 200 meV, then n,.. = 3.65. Since 3 < Rmes < 4, there are 4 bound states.




17.




18.

20 wells, because of the energy states splitting. ( Assuming the wave function of
the first well can still affect the 10" well.)

19.

Since the electrons in InGaAsP material has quite high mobility and they tend to
escape from the quantum at high temperature, decreasing the injection efficiency.
To improve the performance of laser at higher temperature, the electron leakage
current can be decreased by increasing the conduction band offset.



20. Blue laser has lower wavelength than the red laser — thus, the minimum spot size that
can be resolved on a Blu ray disc is smaller than that of a regular DVD. To get an even
higher capacity, we should use an ultra violet laser.

21. Aixtron and Veeco.

23. When interpolating, one must be careful if different bands come into play in the
process as discussed in the text. For this case, InAISb's bandgap changes from direct to
indirect for x = 0.535. The plot is shown below.
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B = Ey +2AF cos{ka)
AE=02eV

(A'i.2'7)._ |

Figure 1.6a. Energy band ova-thehﬁxift'ti;r.é‘ Brillouin zones (%’f, S'k < }-:—'-)
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where we have used mg = 0.511 meV/c2.
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Ey(GaAs) ss 142 eV
A= 1.24 eVpm
g = E’
=873 nm_
A Received
Intensity
0.87 ym
i A
! ’
1um 2 pm

Figure 1.7. Recieved intensity vs. wavelength

Absorption: (Rg;)

All photons with energies greater than the bandgap (i.e. wavelengths < 873 nm) will be absorbed (This
assumes reasonably low powers and that the wafer is more than a few microns thick.) This process will
generate electron-hole pairs in the sample.

Non-radiative Recombination: (Rxr)

The electron-hole pairs must recombine and one way is non-radiatively. The e-h pau- will recombine and
dissipate energy as lattice vibration (heat).

Spontaneous and Stimulated Emission: (R,, and R,¢) |

Some e-h pairs will recombine and create a photon. Photons generated by both processes will be near
the bandgap energy (with a thermal distribution). Measuring the peak wavelength of the light emitted from
a semiconductor when it is illuminated by an above bandgap source is a good way to determine the bandgap
of an unknown material.

8 . Solutions by R. Kehl Sink
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{e—1.26

a) The semiconductor is bemg “bleached” by the Argon pump. The Argon laser light is being absorbed
and this is generatmg e-h pairs. If the e-h pairs are being generated at a fast enough rate, the number

of available states in the conduction band and valence band is bemg reduced so there aren’t enough to
completely absorb the GaAs laser light.

b) If the power is doubled to 6 W, the rate which e-h hole pairs are generated is not doubled: If the
GaAs power is only 50% absorbed, additional power from the Argon laser will be less than fully absorbed.
So 6 W will not double the e-h generation rate. Also, the recombination rate increases if more e-h pairs are
present because R,p o np. So to completely bleach the material, more power is needed to overcome both
the decreased absorption and the increased recombination rate.

Solutions by R. Kehl Sink
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127

- 400K. Then we éan use the band

- T=125—°C 7' . . N :.. : . .

© 5KT =173 meV -
n=p=4*10%cm® _ |

As given m the al.aptendix i, é“Xpmsion (A2.7), the carrier deasity fora quantum well

. material is givenby o e o Ly :
L . o k.r.mo . : - - Bp-Ey o .

- N= D lnfl+e *T |-

; ﬂ-h’-dz;"_n(_. )

t

‘Based on the givén data, we can'solve for T
(. EE) n-h*.d 71'-(6;59x'le-""f_zV.sz)’(8(.)‘5'(10""cm)'(4xl()"c':m"1
Ll lre B e on s - T 0.511x10%V ..
. CARTEL HQ..O.}4(0.067$')'- 0%emls -
. Now, we need to solve for E, and the quantum well energies Ey;, such that »tl}e' left §1de of
.. - . the-equation-is equal tothe right ‘side. This will be an iterative process; in Wh_lch,_we .
. ‘choose a value for Vo, then find the enérgies of 4l possible quantum statés, and use'the. -
rélﬁﬁonbe(wéepVodep,Vp?SRT+EE. S o S

)o338

. Solvé for the ‘quantum well enérgy.leVéls,.'Ei,l.:as'ed on prbblém 1 3(b) Note- that thls -
~calculation is independent on the value of Vi, that is, Vo will only determine the number .

.~ of energy states in'the well. After performing several iterations, we conclude that thes
. will'be only two states in the wéll, and for Vo= 3236 meV, we get - A
o BT =8768meV o n, = 192 n,, 0.7, n.,= 145 .
" E\=4932meV - R ' e
By= 18447 meV’
. Bp=1506 meV
:-Plugging in these values, we get o
. L ] ‘ "'Ec-E.,. ﬂ,’hz.d 1 : .
2ol 1+e 4T = —, 338

| Aot 23 of b it o s oo,
L ; : Vo = AE; =§AE, = 'AE: = 4854meV o

We wil assume that the'bandg;@s V‘Chan'gé by :fhe samie amount ﬁhgn heated ﬁ'om 300K 1o | -
GaAs and Alp,GaggAs : - gap values fpr 300K. Use‘linear eg&apolaﬁbg‘bngeen_:

 AE, =0485eV = 0—"2-(1 6736V ~1.424 V) — X= 039 0r39% Al
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a) The expression

. (1
is not applicable as Ep approaches oo (or is much greater than the conduction band). ‘A correction can be
made by adding terms of the Joyce-Dixon approxmiation:
" N N\"
Ep ~ Eg = kT [ln (F) + ;A,. (E) ] (Table A2.2)

A; = +3.54 x 10!
Az = =495 10-3
As = +1.48 x 104
Ag=—4.43x 10-¢ ‘
Using the first of the four terms, we can get a reasonable approximation:
' . 3/2

Ne=2 2’""%"2) =2.54 x 1019 2™ (42.10)
At 300 K, from Table 1.1, '
For GaAs:

me =0.067 No = 4.40 x 1017 emy=3
For InGaAsP(l.Spm):

mg = 0.056 -Nc =3.36 x 1017 c~3
1o*

freet -~ W

//f/

i
//

Carrier density (cm?)
= .
8

4
7

/4
lol‘l AA

005 0 005 o4 ous g2
BB (V)

Figure 1.10a. Recieved intensity vs, wavelength

025 o3

b) At 300K, N =4 x 1018 ¢ -3,

The problem doesn’t specify what temperature to use for the 6kT measurement. Since carrier density
is measured at 300K, it makes sense to use T' = 300K, which implies :
5kT = 130 meV

Fromi part (a),
EF.— Ec = 142 mey
So

Vo= (Ep - Ec) +5kT = 272 meV

Solutions by. R. Kehl Sink
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1 .
l

Figure 1.10b. Conduction band structure

SCH barrier material is found using linear extrapolation from the energy gap values given for GaAs and
Alg3Gao.As in Table 1.1. (Note: AlAs is not used for extrapolation because it is not a direct bandgap.)

wide

2AB,=0212eV =% S;(1673eV-1424¢V) 3 2= 0328
So, to satisfy the 5T requirement, we require an alloy with at least 328 % aluminum.

Al;: ,Ga,gy As

12 Solutions by R. Kehl Sink
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For a quantum wire with dz > 10 nm,

Solutions Manual: Coldren & Corzine 1-11.1

] B - K2x2 _f_z_f_
T ame 2
g - Solve for n,:
" 2m*diE,
% ? hin?
2m*d?
N.(E,) =24/ 55— V/E,
z hn?
dN, 2m*d2 1 1
E)y= 1= 2 for each level
; ‘ P( ) dE, N i dz dydz \/E or € evel

1 dN,
p(E) = Iz dy ;%: dB.

2m* 1
=22 Vs =i H(E = Bnz)

nr ny

where H(E — E,; ny) is the Heavyside step function.

t Solutions by R. Kehl Sink 13
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*—_ 1.30

Use rectangular coordinates with the momentum variable and follow examples given in Appendix I, pp
405-410.

Chapter 1: Ingredients

9 3
p(pc,py,pz)=2(7;) dp.dpydp, (A1.42)

2x/p? — pid
dpodpydp; = Y, 2 gy p,)

Pz

The factor of 4 in the denominator accounts for the fact that p can be positive or negative.
Pnz = Bano '

de

1 >
Ho-p)={y pZ

8
p(per Py, ) = 55 ) _\[P* — PR, H(p—p2)
g

5
< 41
£
g
38
w2
s 2F
z
8
& 1}
0 ias s tzxasasnastasastla

Adataasalsssstanaa
0 0.5 1 15 2 25 3 35 4
Momentum, p, in units of p =

Figure 1.12. Density of states vs. momentum

14 Solutions by R. Kehl Sink
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%—1.31

2 - —_—
V*E = pe Ty | (A3.1)

E(z,y,2,t) = & EoU (z,y) &/ “t-F2) (43.2)
Evaluating the first equation above using the description of E given by the second equation, we have
Left hand side: '

VIE = &EgV3U (2, y) €/ 4 (-f%)é; BoU (=, y) eF @t-F2)
VZU(I: » y) "2)
= | et E
( Uy °

Right hand side:

2
’K%—tg = —wipeE

Thus, Eq. A3.1 can be rewritten as

(VZU(z,y)

S\
Ty F )E"_wzpe

Assume that g = po.
k% = wlpgep and n? = <. Rearranging the above equation and dividing by E (for E # 0), we get

0= (Kn? = 3*) U(z,) + VU (z,5) for E#0

By continuity of F, this equation is also true for E = 0.

Solutions by R. Kehl Sink 15
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S . Chaptcrllngredxcnts o

© See Table 1.1 for the mdlcxes of refra.cuou for the matenals in. the waveguxde: -

. Figure 114" InGaAsP waveguide with d = 0.2um

-a) -Using normalized' parameters frori Appendix 3, we have

: 13pm
: '.-140

2 O2;zm \/3 522-3.21%.

Smce V<, the g\ude is smgl&mode (sce Fxgure A3 2)

b) First, find 7:
Method 1:. , S , _
’ Agam usmg normahzed parameters, we have for a symmetric guide:”
' a=0 .
- Using Fig. A3.2, we determine _
T T AL ve detr b.vlugﬁm
 Using b, we can find : '
: - S 2 g
. ne—-n},
.b:- =
nfr = niry
n= \/o 37(3 597 3212)+3212 = 3307

ﬂ =Tk, and -1, can then be found: by Eq. A3.7.
Method 2 (more accurate, but ‘more time: consumxng)
- i) can also be found by solvmg the charactemtxc equation.

. (kd\
N --‘,“(T)—‘f

o Jcon”

ﬂq ta.n( ‘/konn ) \/ﬁ *ko"m ‘A

(4312 -

: (A3.9):'- o

‘27.r_-:2 0.2um. 2% \
\/(-—__13pm) 3.592 ﬁztan(.2 \/(13” 352 —) \/,92

16

13 321

Solutlons by R Kchl Smk
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Chapter 1: Ingredienis *
" Solve iieratively to find R :
' B=1598um™" -
.- k~,<=’-5‘84)uh"f
Y= 383pm

The electric field of the mode is then gwen by

B o

S U =A°°s('==)

- "UI“III :B c"""ﬂ:l_

- -Solutions Manual: Coldren & Corzifie 1-14.2

(4 R=3306)

Use boundary condxtxons to solve for the coefﬁcxents A a.nd B The electnc ﬁeld miust- be contmuous to

_satnsfy Maxwell’s equations. Thete{ore

UH(-‘D =0. 1) = U:u(z =0. 1)
" Aos((5. 84)(0 1)=B s 83)(0.1)
" B=1204

So - R o
- Unp = Acos((5.84pm™)z)
Urngrr = 1.224 ¢~ @83um™ )zl
.
. 0.8
5
& L.
506
O
E.
£ 04
&
¥ 02 -
S SN ’ e "
T 04 02 0. 02 Q4
 Figure.1.14b. ‘Waveguide electric field profile
. €)

E*(z =0) -,‘-.(A cos(O))2~_- A? ‘
B}z = o.sumj = (1.22Ae@-“><“-6>)2 =00154

Ez(x = 0 Gpm)
TFG=0 %

Note that energy densxty is rea.lly L E‘2 We xgnored the variation in index ( n= \/a across the waveguide..

‘ => rnatio =.0.015 B = 1.8%
' . ‘. : - Ectadding
~Solutions by R. Kehl Sink s

17(_,:._-_ -
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@ ﬁ 27m
=3 |
- (L:3pm 15.98um=1) '

1+ _ﬁs_sszw_z.) |
It g %

. =49.3%

ovr

o
(140)2
YW 40)2 -

~495%

18 Solutions by R. Kehl 'Sini{
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Using the result from Problem 1.14(d), the central region can be represented as a material with an index
of @ = 3.31.

Solutions Manual: Coldren & Corzine 1-15.1

2pm

wavegilde n=3.31

Figure 1.15. Effective index method is used to replace central region
The rest of the problem is solved with a method similar that used for Pioblem 1.14.

a)
V =kod \/n}; —n},, =17.80
a=0
From Fig A3.2:
b~ 0.91

Meff =M= \/ b(ni; — n}rr) + nipr = 3.30

b) Figure A3.2 shows that there are 3 possible modes.

¢) Equation A3.15 works well for small index differences:

V2
Tayve
_ (1.80)?
T 2+(7.80)2
= 96.8%

£

Solutions by R. Kehl Sink 19
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;))[g— 1.34

U(z,y) = Usin(k.z) sin(k,y) (A3.17)

Since the mode is strongly confined, we can approximate the boundary conditions by letting the electric field
be zero at the edge of the pillar.

U(z,y) =0 z>5pmor y> 5um

ky=5F wherem=1,2,3,...
ky =20 wheren=1,2,3,...
k; = B = constant

k2, = k24 k24 B2

For the fundamental mode, m =n = 1.

/\11 = 2—11 = 1.00/zm
k1

21r(3.30))2 (. 2+ r \? +p
1.0pm /. Sum bpm
- % =429.13pm™?

Now, the mode spectrum can be written analytically as

27(3.30)

' \/429.13/1m"2 +n? (37,";)2 +m? (#ﬁ)z

Solve for A2 to find

N T T P N R

/\mn =

The first six modes are

Au = 1.00ﬂm
Az1 = Apz = 0.9986um
A22 = 0.9972um
A13 = /\31 = 0.9963ﬂm
other modes have shorter wavelengths:
' Az3 = Asz = 0.99504m
/\33 = 0.9927#111

Az Ao Appge Mgy
A A 'y A

A

0.995 pm 1.000 pm

Figure 1.16. Mode spectrum including first six lateral modes.

20 Solutions by R. Kehl Sink
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» The electric field for the fundamental mode is given by Eqs. A3.5 and A3.6 in combination with Eq.
A3.8:

Solutions Manual: Coldren & Corzine 1-17.1

_ [ Acos(k,z) lz] < d
V(=)= {Acos(kzd/?) 142 ¢=lel €] >d

The confinement factor is defined by

S, U (z)de

I'; = W (A3.13)

Expand the numerator

d/2 d/2
/ 0@ = / 1 AT cost k)
d/2
= |A]? / ” —(1 — sin®(k,z) 4 cos?(k,z))dz
42 4
= |A|2/ -—(1 + cos(2k.z))dz
—df2

df2
= -—IAI2 [z + sm(2k,z))

~df2

= 3P (¢+ - i)

Expand the denominator

/_Z |U(z)l2dx.__/—“" |U(z)|2dz+2/ U(z)?dx

= g (44 gsin(hed)) 42 [ |APeartudf) ot il

-|A|2 ( sm(k,d)) + 2|Acos® (kod/2) 74 / e~ Nlelgy
df2
AP (d+ sm(k,d))) + 2|A|2cos2(k d/2) e [—1 e-itel|
2y d/2
—IAI2 (d+ sm(k,,d))) + 2JA[%cos? (k»d/2) e"d;—‘: (—- 6"27‘”2)
= -|A 2 (d+ sm(k,d))) + |A|2cosz(k d/2)
So, we have _
e (1+ ysin(kea))

(14 2y sin(ked))) + Zreos?(kod/2)

Solutions by R. Kehl Sink 21
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1-17.2 Solutions Manual: Coldren & Corzine Chapter 1: Ingredients

Use trigonometric identities with Eqs. A3.9 and A3.7 to write

cos? ("—”i> S S
2 /7 1+tan? ('—‘;4)
1
Y
d
1+ (%)
()
(kzd)* + (vd)*

Using these substitutions, we can complete the derivation of Eq. A3.14:

(1+ ggsin(k.d)
(1+ g sin(ked)) + Zeos?(ked/2)
] i),

v
(14 [e04]) + 2 [ ]
- V2 42(vd)
V242 (yd) + 2e=d
. V242(yd)
vz gldiked?
_ YV +2(1d)
va{i+ 2]
1424
T o1+

Iy =

_ 1429d/V?

Le= o/ (A3.14)

Verify Eq. A3.15:
Verify Eq. A3.15 by producing plot similar to A3.3:
_ For A =1.0pm, ny = nyrr = 3.3, and ny = 3.6,
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0.8

0.6

0.4

0.2

Confinement Factor
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Normalized width parameter, V

Figure 1.17. Confinement factor vs. V as waveguide width is varied.

Solutions by R. Kehl Sink 23



1-18.1 Solutions Manual: Coldren & Corzine

*—1.36

Use the infinite barrier approximation for the lateral direction:

o, 2 v
7 = 37622 (w) meV

*
m d

From Table 1.1 for GaAs, m? = 0.067m,.

oy 2
1 1004
0 _ —
AER =10 meV--3.76———-(,,.067 (-—-——-d ) meV

d= 1/(—10-%%6—7). (1004) = 2374

Solve for d:

24

Chapter 1: Ingredients

(A1.14)

Solutions by R. Kehl Sink
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