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Semiconductor Lasers

13.1 Introduction

The semiconductor laser, in various forms, is the most widely used of

all lasers, it is manufactured in the largest quantities, and is of the

greatest practical importance. Every compact disc (CD) player contains

one. Much of the world’s long, and medium, distance communication

takes place over optical fibers along which propagate the beams from

semiconductor lasers.

These lasers operate by using the jumps in energy that can occur when

electrons travel between semiconductors containing different types and

levels of controlled impurities (called dopants). In this chapter we will

discuss the basic semiconductor physics that is necessary to understand

how these lasers work, and how various aspects of their operation can

be controlled and improved. Central to this discussion will be what goes

on at the junction between p- and n-type semiconductors. The ability

to grow precisely-doped single- and multi-layer semiconductor materials

and fabricate devices of various forms – at a level that could be called

molecular engineering – has allowed the development of many types of

structure that make efficient semiconductor lasers. In some respects

the radiation from semiconductor lasers is far from ideal, its coherence

properties are far from perfect, being intermediate between those of a

low pressure gas laser and an incoherent line source. We will discuss how

these coherence properties can be controlled in semiconductor lasers.
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Fig. 13.1.

13.2 Semiconductor Physics Background

When atoms combine to form a solid the sharply defined energy states

that we associate with free atoms, such as in a gas, broaden considerably

because of the large number of interactions between an atom and its

neighbors. The result is a series of broad energy states, called bands.

The energy states of the outermost electrons of the atoms constituting

the solid broaden and combine to produce a band of filled energy states

called the valence band. Excited energy states of the atoms broaden

and combine to give rise to a series of excited energy bands, which at

absolute zero are empty. The lowest, empty energy band is called the

conduction band. The relative disposition of the valence and conduction

bands determines whether the solid will be an insulator, a metal, or a

semiconductor.

The band structure can be drawn in a one-dimensional energy rep-

resentation as shown in Fig. (13.1). The energy spacing, Eg, between

the top of the highest filled energy band and the bottom of the lowest

unfilled energy band is called the band gap. In an insulator, Eg >> kT ,

so virtually no electrons can be thermally excited into the conduction

band to give rise to electrical conductivity. Electrical conductivity can

only result if there are vacant unfilled states within an energy band. In a

semiconductor Eg is a few times larger than kT ; for a very small energy

gap the material can be referred to as a semimetal – such as bismuth.

The most important semiconductor material in electronics is silicon (in

the early days it was germanium). However, the most important semi-

conductor materials in photonics are binary materials, such as the III–
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V† semiconductors GaAs, InSb, ternary materials such as AlxGa1−xAs

(where x is a fractional factor ≤ 1 that determines the precise sto-
chiometry of the material), and quaternary materials such as InxGa1−x
AsyP1−y. The ternary and quaternary materials can be viewed as bi-

nary materials in which one or both principal constituents have been

replaced to some extent by atoms from the same group in the periodic

table. Although a broad range of multicomponent crystals can be grown

in this way, arbitrary compositions are not all possible.[13.1] The most

important parameter that changes from one semiconductor system to

the next is the band gap, as can be seen in Table (13.1). We shall see

that the primary process that leads to light generation in semiconduc-

tors involves an electron falling from the conduction band to the valence

band and releasing a photon. The characteristic wavelength associated

with the bandgap energy is λ = ch/Eg.

When an electric field is applied to a semiconductor conduction results

because electrons in the conduction band acquire directed velocities.

These velocities are in the opposite direction to the applied field because

the electrons are negatively charged.‡ Each electron moving in a material

has momentum p = m∗v. The mass is written asm∗ to indicate that this

is the effective mass of an electron moving in the lattice, which because

of the wave/particle dual character of the electron and its interaction

with the lattice is not the same as the free electron mass, and may

be negative. The momentum can be related to the wavelength of the

electron, viewed as a wave, by the famous de Broglie relation

p = h/λ, (13.1)

where h is Planck’s constant. Since the wave vector k of the electron

has magnitude |k| = 2π/λ we can relate momentum, kinetic energy, E,
and wave vector

E =
1

2
m∗v2 =

p2

2m∗
, (13.2)

p = h̄k, (13.3)

† The roman numerals indicate the group in the periodic table to which each
atomic constituent belongs.

‡ It sometimes happens that because of the interaction between the electrons
and the lattice the electrons do not move in this intuitive way, they behave as
if their mass had becomed negative. For further information on the interesting

way in which charge carriers move in semiconductors consult Kittel[13.2].
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Table (13.1). Band gap characteristics of important semiconductor

materials.

Material Energy gap λ = ch/Eg(µm)
at 300 K (eV)

Diamond† 5.4 0.23
Germanium 0.66 1.88
Silicon 0.66 1.88
InSb 0.17 7.3
InAs 0.36 3.5
InP 1.35 0.92
GaP 2.25 0.55
GaP 2.25 0.55
GaAs 1.42 0.87
In0.8Ga0.2As0.34P0.65 1.1 1.13
In0.5Ga0.5P 2.0 0.62
GaSb 0.68 0.73
AlSb 1.6 1.58
AlxGa1−xAs 1.42–1.92 0.65-0.87
(0≤ x <0.37)
In0.53Ga0.47As 0.74 1.67

†Although diamond is an insulator it can be made conductive by irradiation

with ultraviolet light.

where h̄ = h/2π, and

E =
h̄2k2

2m∗
. (13.4)

In this simple picture the energy bands can be drawn as parabolas on

an E − k diagram. Fig. (13.2) gives an example.
For the conduction band, E in Eq. (13.2) would be measured from

the bottom of the band at energy Ec; in the valence band it would be

measured from the top of the band at energy Ev. Clearly in Fig. (13.2)

the effective mass of electrons in the valence band is negative. To explain

how electrons move within a band we must allow for the existence of at

least one vacant state in the band. We must also remember that because

electrons behave like waves, like the modes of the black-body radiation

field they are quantized. Consequently, in a cubical crystal of side L the

allowed wave vectors of the electron can only take values

ki =
2π

L
(i = x, y, z), (13.5)

where n is a positive or negative integer, or zero. When this feature of
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Fig. 13.2.

Fig. 13.3.

the energy bands is included there are discrete electron states available

in the valence and conduction bands as shown in Fig. (13.3).

For a filled energy band, such as the valence band shown in Fig. (13.3),

the vector sum of the momenta of all the electrons is zero, that is∑
i

ki = 0. (13.6)

If an electron is excited from valence band to conduction band by ab-

sorbing a photon, then for a direct band gap transition the electron does

not change its wave vector significantly† in crossing the gap, as shown

in Fig. (13.4). If the energy minimum of the conduction band is not at

the same k value as the energy maximum, then we have an indirect band

gap semiconductor.

The vacancy left in the valence band behaves very much like a positive

† This is a very small change in momentum because of the momentum of the
absorbed photon.
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Fig. 13.4.

charge, called a hole. The wave vector of the electron is ke, so to conserve

total momentum of all the electrons (in both valence and conduction

bands), the total momentum of the electron in the valence band is

kh = −ke. (13.7)

Therefore, the hole is not really located on the E–k diagram at the

location indicated by the electron vacancy. If an electric field is applied

to a semiconductor with a conduction band electron and valence band

hole, then electrical conduction occurs through motion of the conduction

band electron in the opposite direction to the applied field, and the

positively charged valence band hole in the same direction as the field.

The effective mass of the hole is positive, opposite in sign to the valence

band electrons, but equal to them in magnitude

m∗h = −m∗e (valence band). (13.8)

Under the action of an applied field the vacancy in the valence band does

not move in the simple fashion that would be expected from Fig. (13.4).

Motion of electrons into and out of the vacancy leads to motion of the

vacancy in the opposite direction to the applied field because the equiv-

alent hole is moving in the same direction as the field.

Fortunately, in describing the basic properties of semiconductors that

allow them to be both detectors and generators of light we do not need

to worry about the somewhat complex behavior of vacancies, but treat

the material as containing negatively charged electrons and positively

charged holes.

13.3 Carrier Concentrations

In a very pure (intrinsic) semiconductor, except at absolute zero, there
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Fig. 13.5.

are some electrons in the conduction band, and, of course, correspond-

ing holes in the valence band. To determine their concentrations at

temperature T we must find the probability that an electron is ther-

mally excited across the band gap. This probability is not ∼ e−Eg/kT ,
as might be expected from Maxwell–Boltzmann statistics, because elec-

trons distribute themselves among available energy states according to

Fermi–Dirac statistics[13.3]. Electrons avoid each other to the extent

that no two electrons can occupy exactly the same energy state. Conse-

quently, the probability an electron will occupy an energy state at energy

Ek is given by the Fermi-Dirac distribution

f(Ek) =
1

e(Ek−µ)/kT + 1
. (13.9)

The reference energy µ is called the Fermi level†. For Ek − µ >> kT
this can be approximated as

f(Ek) = e
(µ−Ek)/kT . (13.10)

Fig. (13.5) shows the shape of this distribution relative to the band

gap in an intrinsic semiconductor both at absolute zero and at a finite

temperature.

A few significant features of this figure exist. The Fermi level is situ-

ated in the center of the band gap. At the Fermi level f(E) = 1
2 . This

is the probability of a state at that energy being occupied. Since there

are no energy states in the band gap there will be no electrons in a state

at energy µ. All states up to Ev, the top of the valence band, are filled.

† For those readers with an interest in chemical thermodynamics, µ is the
chemical potential of the electrons in the semiconductor.
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At T > 0 K some states above Ec will become filled, while vacancies

will exist in the top of the valence band.

To calculate the electron concentration we need, in addition to the

probability of occupation of each mode, the actual number of states

involved. This calculation is very similar to the one we performed earlier

for black-body radiation. The number of states per unit volume for

which the electron waves have wave vectors within a small range dk at

k = |k| is (cf. Eq. (1.31))

ρ(k)dk =
k2

π2
dk. (13.11)

The electrons also have two different kinds of state analogous to the two

polarization states of electromagnetic waves. These two states are called

the spin states of the electrons.

For an electron in the conduction band the total energy is

Ek = Ec +
h̄k2

2m∗c
, (13.12)

where m∗c is the electron effective mass in the conduction band. There-

fore, from Eq. (13.12)

k =

√
2m∗e
h̄2

√
Ek −Ec (13.13)

and

dk =
1

2

√
2m∗e
h̄2

dE√
Ek −Ec

. (13.14)

The density of states ρ(Ek), which tells us how many electron states

exist in a range of energies between Ek and Ek + dEk, is found from

ρ(Ek)dEk = ρ(k)dk. (13.15)

It follows that

ρ(Ek)dEk =
k2

π2
dk (13.16)

and

ρ(Ek)dEk =
1

2π2

(
2m∗e
h̄2

)3/2√
Ek −EcdEk. (13.17)

The total number of electrons in the conduction band is

n =

∫ ∞
Ec

ρ(Ek)f(Ek)dEk. (13.18)

Substitutions from Eq. (13.10) and Eq. (13.17) gives

n =
1

2π2

(
2m∗e
h̄2

)3/2
eµ/kT

∫ ∞
Ec

√
Ek −Ece−(Ek/kT )dEk, (13.19)
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which can be integrated to give

n = 2

(
m∗ekT

2πh̄2

)3/2
e(µ−Ec)/kT . (13.20)

We can derive a similar result for the concentration of holes in the valence

band if we note that the Fermi–Dirac distribution for the holes is

fh(E) = 1− f(E), (13.21)

since a hole is equivalent to a “missing” electron. Therefore,

fh(E) =
1

e(µ−Ek)/kT + 1
. (13.22)

The corresponding hole concentration is

p = 2

(
m∗hkT

2πh̄2

)3/2
e(Ev−µ)/kT (13.23)

and, noting that Ec −Ev = Eg,

np = 4

(
kT

2πh̄2

)3
(m∗em

∗
h)
3/2
e−Eg/kT = K2e−Eg/kT . (13.24)

13.4 Intrinsic and Extrinsic Semiconductors

The conductivity of a semiconductor is determined by the concentration

of conduction band electrons and valence band holes, and by the ability

of these charges to move through the solid under the action of an electric

field, characterized by their mobilities µe and µh. The conductivity is

σ = neµe + peµh, (13.25)

where e is the magnitude of the electronic charge. The conductivity of

semiconductors can be controlled by doping. It generally lies between

the values for metals and insulators, at ambient temperatures typically

in the range from 10−7 S m−1 to 104 S m−1†, but depends strongly on

temperature. A true insulator would have σ < 10−9 S m−1, while a

good conductor typically has σ > 106 S m−1. Very pure semiconductors

(in which n = p in Eq. (13.24) generally have lower conductivity than

impurity semiconductors in which impurity dopants are added to provide

extrinsic conductivity. In an n-type semiconductor an impurity is added

that can release electrons. For example, GaAs can be made n-type by

doping with silicon or germanium in gallium sites. The impurity group

IV atom has an additional electron than the group III atom it replaces,

† The siemen (S) is the SI unit of conductance, equivalent to the unit Ω−1.
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Fig. 13.6.

which it can donate to the conduction band. GaAs can be made p-type

by doping with zinc or cadmium (group II elements) in gallium sites,

where the group II atoms have one too few electrons and would like to

accept another. Conversely, GaAs can also be made p-type by replacing

arsenic (group V) with a group IV atom (Si or Ge). In an extrinsic

semiconductor the impurity atoms occupy energy levels within the band

gap, as shown in Fig. (13.6).

In n-type material the energy gap that electrons must cross to reach

the conduction band is lower than in intrinsic material, so n > p. How-

ever, if the doping level is not too great Eq. (13.24) still holds. In p-type

material p > n.

When an intrinsic semiconductor is doped the Fermi level moves from

the center of the band gap. It moves up toward the conduction band

with increasing n-doping and down towards the valence band with p-

doping. Its precise location is a function of the doping level. At high

enough doping levels the Fermi level moves into the conduction band

in n-type material and into the valence band in p-type material. When

this happens the material is said to be degenerately doped. This happens

because at high doping levels, ∼ 1018 m−3 in GaAs, the impurity atoms
begin to interact with each other and their once sharp energy levels start

to spread and merge with the neighboring band. The schematic charge

distribution with energy in degenerately doped n- and p-type materials

is shown in Fig. (13.7).

There are a few holes in the valence band in the n-type material and

a few electrons in the conduction band in the p-type material, but their

numbers are small and are not shown in Fig. (13.7). If we could somehow

superimpose the two halves of Fig. (13.7) we would have a condition of

population inversion – filled electron energy states above empty ones. In
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Fig. 13.7.

essence, we do this by forward biasing a p–n junction. However, before

describing precisely how this is done and how a semiconductor laser is

constructed, we must first describe a little of the physics that goes on

at the junction between two differently doped semiconductors.

13.5 The p–n junction

In its simplest form the p–n junction is the interface region between two

identical semiconductors, one of which is n-doped, the other p-doped.

This is called a p-n homojunction.

The Fermi level in a semiconductor corresponds to its chemical poten-

tial, so that when a p-n junction is formed the Fermi levels line up with

each other leading to the electron energy versus position diagram shown

in Fig. (13.8). The low resistance conduction direction of the diode is

shown running from p → n. In the figure the n-type material is more
heavily doped then the p-type material so its Fermi level is closer to the

conduction band. The materials are designated p and n+ to indicate

this. Typical doping levels might result from a donor concentration nD
of ∼ 1024 m−3 and acceptor concentration nA ∼ 1022 m−3. The vac-
uum level is the energy to which an electron would need to be raised to

escape completely from the semiconductor. The electrons in the n-type

material come largely from ionized donors whose energy is near the con-

duction band edge Ec1 . The holes in the p-type material come largely

from ionized acceptors whose energy is near the valence band edge Ev2 .

In thermal equilibrium an electron that travels from n+ to p must climb

an energy hill, shown in the diagram as eVD, where VD is called the
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Fig. 13.8.

Fig. 13.9.

diffusion potential. Note that

eVd = Eg − (Ec1 − µ)− (µ−Ev2). (13.26)

In a region called the depletion layer, which spans the junction, electrons

fall down the potential hill, while holes “fall” up the hill (because they

are positively charged their energy is lower on the p-side of the junc-

tion). However, across the junction the product pn remains constant,

according to Eq. (13.24). The hill constitutes an energy barrier to the

passage of electrons from n+ → p or holes from p→ n+. The schematic
variation of electron and hole concentration across the junction is shown

in Fig. (13.9).

The concentration of electrons and holes far from the junction is re-

spectively n10, p10 in the n
+ material, n20, p20 in the p-type material.

From Eq. (13.24)

n10p10 = n20p20 = n
2
i , (13.27)
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Fig. 13.10.

where ni is the equilibrium electron (and hole) concentration in undoped

(intrinsic) material.

The probability factor that describes the likelihood of a charge carrier

being able to “climb” the hill is e−e(VD−V )/kT . It should not be too

surprising therefore that the current/voltage relation for the diode is[13.2]

I = ISe
(eV/kT − 1). (13.28)

When the p-n junction is forward biased the charge concentration across

the junction changes to the schematic form shown in Fig. (13.10).

Current flow injects extra electrons into the p-type material, and a rel-

atively smaller number of extra holes into the n-type material (because

the p-type is less heavily doped). Note, that to preserve electrical neu-

trality across the junction, the concentration of free electrons in the n+

material and holes in the p-type material† rises to balance the injected

excess carriers. In each material these excess carriers must disappear

within a short distance of the junction as they represent a deviation

from the thermal equilibrium carrier distribution‡.

The excess carriers disappear by recombination as electrons and holes

recombine. Of course, all this means is that an electron at a given energy

falls into an empty electron state of lower energy. If this recombination

involves a band-to-band radiative transition as shown schematically in

Fig. (13.11), then a photon is produced, which may escape from the

† The majority carriers in each material, respectively.
‡ The characteristic distance over which these excess carriers disappear is
closely related to the so-called diffusion length, which for electrons in p-type

material is Lp =
√
Deτp where De is the electron diffusion coefficient (m

2

s−1) and τp is the lifetime of free electrons in p-type material.
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Fig. 13.11.

Fig. 13.12.

semiconductor and be observed as injection luminescence. This process,

in semiconductors, is the spontaneous emission process with which we

are already familiar. The efficiency with which excess carriers recombine

radiatively strongly determines the utility of the junction as a light emit-

ting diode – LED. Early semiconductor diode lasers were constructed by

using a p-n junction using degenerately doped materials as shown in

Fig. (13.12). Under forward bias the energy band diagram would distort

near the junction, as shown in Fig. (13.13) to provide a region where

filled electron states in the valence band find themselves directly above

empty electron states (holes) in the valence band. The resulting pop-

ulation inversion could be large enough to permit laser oscillation at

high bias currents and/or low temperatures. We will not spend further

time in discussing these devices here, further discussion can be found

elsewhere[13.4]−[13.6].
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Fig. 13.13.

13.6 Recombination and Luminescence

The rate at which electrons and holes recombine near a p–n junction is

determined by the excess volume density of these carriers† and their life-

times. For example, for excess electrons recombining in p-type material‡

d(∆n)

dt
= −∆n

τp
, (13.29)

where ∆n is the excess electron volume density injected into the p-region

and τp is the lifetime of these electrons in the p-type material. A similar

relation holds for holes injected into the n-region.

Eq. (13.29) is analogous to Eq. (1.3) the characteristic equation de-

scribing population loss from an excited state by spontaneous emission.

The actual rate of recombination depends on the local electron n and

hole p concentrations. If both radiative and nonradiative recombination

processes occur then the recombination rate can be written as

d(∆n)

dt
= −∆n

(
1

τrr
+
1

τnr

)
, (13.30)

where τrr, τnr are lifetimes for radiative and nonradiative recombination,

respectively. The fraction of recombinations that occurs radiatively is

called the internal quantum efficiency, ηint, where

ηint =
1

1 + τrr/τnr
. (13.31)

† Densities above their equilibrium values with no forward bias applied.
‡ Structures in which excess holes recombine in n-type material behave sim-
ilarly and their analysis is similar to the analysis for structures in which
electrons carry most of the current.
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The overall recombination rate Rrr is

Rrr = rnp, (13.32)

where r is the recombination rate constant (m3 s−1) that is characteristic

of the material. Consequently, the generated optical power per unit

volume is

φ = rnpηint(hν), (13.33)

where hν is the average photon energy of radiative recombinations.

In an efficient LED (or semiconductor laser) most of the carriers that

recombine do so radiatively, other recombination processes in which elec-

tron energy is lost in producing phonons, or in recombination with ion-

ized impurities are undesirable. In most of these devices much of the

current through the junction is carried by electrons, which generally

have higher mobility than the holes: for example in GaAs, µe = 0.8 m
2

V−1 s−1; µh = 0.03 V−1 s−1. We define the injection efficiency, ηi, as

ηi =
electron current

total current
. (13.34)

The optical power generated by an injected current I is therefore

φ = ηint
I

e
hν. (13.35)

In a good LED using direct band gap material ηint � 0.5. Most of
the radiation is generated within a few diffusion lengths of the junction;

in typical devices this is a few tens of micrometers, but depends on

temperature and doping level.

The probability of band-to-band recombination, which is the most de-

sirable process for generating high energy photons, is reduced in indirect

band gap semiconductors such as silicon, germanium or gallium phos-

phide (GaP). As these materials have relatively large band gaps this

is unfortunate if short wavelength LEDs are to be constructed. Fortu-

nately, the probability of radiative recombination can be increased by

appropriate doping, for example by doping GaP with nitrogen or ZnO.

13.6.1 The Spectrum of Recombination Radiation

We expect the photons generated by band-to-band recombination to

contain a range of energies rising from a minimum value λg = ch/Eg.

To calculate the shape of the recombination radiation we must consider

the electron and hole population densities as a function of energy. For

the electrons the population density with energy is, cf. Eq. (13.14),

n(E2) = ρc(E2)f(E2), (13.36)
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where E2 is energy within the conduction band and ρc(E2) is the density

of states within the band.

For the holes in the valence band the population density as a function

of the energy E1 within the band
† is

p(E1) = ρv(E1)[1− f(E1)]. (13.37)

From Eq. (13.17)

ρc(E2) = 4π

(
2m∗e
h2

)3/2√
E2 −Ec), (13.38)

and similarly

ρv(E1) = 4π

(
2m∗h
h2

)3/2√
Ev −E1. (13.39)

The rate of spontaneous emission resulting from recombination will de-

pend on several factors: (i) the number of electron states within each

small range of energy, dE2, in the conduction band, (ii) the probability

that these states are occupied, f(E2), (iii) the number of electron states

within each small range of energies, dE1, in the valence band, and (iv)

the probability that these states are empty, 1 − f(E1). Therefore, we
write the total rate per unit volume at which recombinations occur as

Rspont =

∫ ∫
Aρc(E2)f2(E2)ρv(E1)[1− f1(E1)]dE1, dE2, (13.40)

where A is an Einstein coefficient for spontaneous emission and the inte-

grals run over the conduction and valence bands, respectively. If A does

not depend on the energies E2 and E1, then

Rspont = A

∫
ρc(E2)f2(E2)dE2

∫
ρv(E1)[1− f1(E1)]dE1

= Anp, (13.41)

where n and p are the total electron and hole densities, respectively. A

typical value for A in the case of GaAs is 10−16 m3 s−1.

Unfortunately, in calculating the spectral distribution of recombina-

tion radiation we need to use Eqs. (13.36) and (13.37), which are com-

plicated. Consequently, the simplifying assumption is made that charge

particle density decreases exponentially from the band edge; for exam-

ple:

n(E2) = nce
−(E2−Ec)/kT , (13.42)

and

p(E1) = pve
−(Ev−E1)/kT . (13.43)

† E1 is the energy of the vacant electron state in the valence band.
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Fig. 13.14.

Fig. 13.15.

The luminescence spectrum will have a lineshape

g(ν) ∝
∫ Ev+hν
Ec

n(E2)p(E1)dE2, (13.44)

subject to the constraint E2 −E1 = hν. Substitution from Eqs. (13.42)
and (13.43) and integration gives

g(ν) ∝ (hν −Eg)e−(hν−Eg)/kT . (13.45)

This lineshape function is shown in Fig. (13.14).

Actual recombination spectra are more symmetric than Fig. (13.14),

as shown in Fig. (13.15), because of energy band smearing that occurs

near the band edge of real semiconductors†.

13.6.2 External Quantum Efficiency

It is not sufficient to build an LED by using an active region where ηint

† Called band-tailing.
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Fig. 13.16.

is high. This will guarantee efficient photon generation, but unless these

photons escape from the device useful light will not be generated. There

are four principal ways in which generated photons fail to escape from

the active region, shown in Fig. (13.16). Of potentially greatest impor-

tance is the reabsorption of photons in bulk material between the active

layer and the surface. Reflectance losses at the outer semiconductor/air

interface can be reduced by coating this interface appropriately. The

half of the radiation that is not emitted towards the exit surface can be

redirected with a reflective layer.

The external quantum efficiency ηext is the ratio

ηext =
photons leaving exit interface

number of carriers crossing junction
. (13.46)

The most efficient way to maximize ηext is to build a planar structure in

which the active layer is very close to the surface. This is exemplified by

the Burrus-type surface emitting LED[13.7] shown in Fig. (13.17) with

an attached optical fiber.

A structure of this kind is fabricated in a series of steps involving

the deposition of one layer of material on another with selective etching

to produce for example the “etched-well” that allows the end of the

optical fiber to be placed close to the active region. Fig. (13.18) shows

a simple structure, widely used in simple solid-state lamps, in which

the hemispherical (or ellipsoidal) shape permits a greater fraction of the

emitted light to escape through the outer surface.

In all these structures a potentially important loss mechanism is the

reabsorption of emitted photons within the unexcited regions between

the active layer and the outer surface. This occurs because the emitted

photons have hν > Eg, so they can easily be reabsorbed. However, it

is possible to build composite structures in which the band gaps of the
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Fig. 13.17.

Fig. 13.18.

semiconductor regions near the active layer are larger so that reabsorp-

tion cannot occur. This is made possible through the incorporation of

heterojunctions†.

13.7 Heterojunctions

Although it is possible to build good LEDs and obtain semiconductor

laser oscillation by using a forward biased homojunction, such devices

are not optimal. Their efficiency can be characterized by the use of the

internal quantum efficiency, ηint, considered as

ηint =
number of band-to-band radiative recombinations

number of carriers crossing junction
. (13.47)

If both radiative and nonradiative recombinations occur, then for elec-

† A junction between two different semiconductors, for example GaAs and
GaAlAs.
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trons injected into p-type material

1

τp
= A+X, (13.48)

where A is an Einstein coefficient describing radiative recombination and

X is a coefficient for nonradiative recombination.

Clearly,

ηint =
1

1 + (X/A)
, (13.49)

so we want A >> X for efficient photon generation. Unfortunately, this

is not the whole story. If we want a bright, efficient, photon emitter we

need to guarantee that as many carriers as possible recombine soon after

crossing the junction, and do not escape to travel into the bulk material

far from the junction. In an ideal device electrons and holes would be

“trapped” in the region where recombination is desired. This trapping

can be effected by the use of layered semiconductor structures that use

heterojunctions.

13.7.1 Ternary and Quaternary Lattice-Matched Materials

It is possible to replace Ga atoms in GaAs with Al to make the ternary

material Ga1−xAlxAs without any significant change in the atomic ar-

rangement of the crystal lattice. For compositions containing up to

37% Al, the ternary material remains a direct band gap semiconduc-

tor. At the same time the band gap changes from 1.42 eV(GaAs) to

1.92 eV(Ga0.63Al0.37As). Because the lattice spacing of the GaAlAs is

very close to that of GaAs, it is possible to grow a layer of GaAlAs on

GaAs, or vice versa, without introducing strain at the interface between

the two materials. The two materials are said to be lattice-matched.

The junction between the GaAs and GaAlAs is called a heterojunction:

either material can additionally be n- or p-doped. So, for example,

we could have n–N, n–P, P–N, or p–P heterojunctions†. Other im-

portant lattice-matched heterojunctions are GaAs/InxGa1−xAs1−yPy,

InP/InrGa1−rAs1−sPs, GaSb/IntGa1−tAsuSb1−u. Not all compositional

ranges (x, y, r, s, t, u) lead to lattice-matched, direct band gap semicon-
ductors, and some compositions cannot be grown[13.2]. Some specific

examples of important ternary and quaternary materials are listed in

Table (13.1).

† The upper case letters refer to the semiconductor with the larger band gap,
in this case the GaAlAs.
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Fig. 13.19a.

Fig. 13.19b.

13.7.2 Energy Barriers and Rectification

We will use the system GaAl/GaAlAs as the archetype for explaining

the properties of heterojunctions that make them desirable for the fab-

rication of LEDs and lasers. Because these two materials have different

energy gaps, when a junction between them is formed, energy barriers

to the flow of electrons and holes result. The Fermi levels in the two

materials line up across the junction so that deformation of the band

edge occurs near the junction as shown schematically in Fig. (13.19).

The n–P heterojunction has rectification properties like a traditional

diode. Moreover, even the n–N and p–P heterojunctions can show

diode-like behavior because of the energy barriers in Figs. (13.19b) and
(13.19c)[13.8],[13.9]. For example, there is a significant probability that

an electron in the conduction band moving from n→ N in Fig. (13.19b)
or from p→ P in Fig. (13.19c) will reflect because of the energy discon-
tinuity at the junction.
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Fig. 13.19c.

Fig. 13.20.

13.7.3 The Double Heterostructure

To maximize the recombination efficiency, and therefore potential light

output, at a p-n junction it is desirable to place a heterojunction on each

side of the region where electrons and holes recombine. A schematic

diagram of such a double heterostructure is given in Fig. (13.20).

The active GaAs layer is sandwiched between two layers of GaAlAs

whose larger energy gaps reflect both electrons and holes back into the

active layer, as shown schematically in Fig. (13.21). The contact layers

are highly doped it n- and p-type layers of GaAs. The + superscript

is used to denote a high doping level. The metal contact layer can be

deposited most easily on a small band gap material with a relatively large

conductivity. Otherwise, a rectifying metal/semiconductor junction will

result†.

† Called a Schottky diode.
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Fig. 13.21.

Fig. 13.22.

One additional advantage of this type of structure has already been

mentioned, namely the transparency of the confining layers to photons

emitted from the active layer because of the larger band gap of the

material in these layers. But, there is a second advantage: the confining

layers have a lower refractive index than the active layer. Consequently,

photons emitted parallel, or nearly so, to the junctions can be guided

by total internal reflection and this leads to enhanced efficiency of both

edge emitting LEDs and lasers. Fig. (13.22) shows an edge emitting LED

design. The insulating SiO2 layer confines the current to a specific lateral

region. The emerging optical beam has an approximately elliptical shape

whose semimajor axis is parallel to the junction. However, the small

thickness of the active layer leads to diffraction such that this elliptical

beam becomes elliptical with its semimajor axis perpendicular to the

junction as the beam travels away from the device.

The double heterostructure shown in Fig. (13.22) is biased so that the

p–N (or n–P) junction at the edge of the active layer is conducting.
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Fig. 13.23.

If the active layer is sufficiently thin it can be assumed that the elec-

tron concentration n does not vary much within it. The recombination

rate per unit volume within this layer is

−dn
dt
=
n

τrr
+
n

τnr
, (13.50)

where τrr, τnr are the recombination times for radiative and non-

radiative recombination, respectively, within the active layer.

However, an additional term should be added to Eq. (13.44) to include

surface-recombination effects that occur at the heterojunction bound-

aries of the layer. This surface recombination occurs at a rate per unit

area of

−dn
dt
= nvS , (13.51)

where vS is called the recombination velocity. Surface recombination

is enhanced by any lattice mismatch at the heterojunction: it can also

occur at the outside bounding faces of the active layer but this effect

is not significant except in a very small area device. Therefore for an

active layer of thickness d the overall recombination time τ satisfies

1

τ
=
1

τrr
+
1

τnr
+
2vS
d
. (13.52)

The factor of 2 comes from the two interfaces of the active layer and we

have assumed that vS is the same for both interfaces. A typical value

for vS at a GaAs/GaAlAs heterojunction is 10 m s
−1. The internal

quantum efficiency within the active layer is clearly

ηint =
τ

τrr
. (13.53)

The radiative recombination time in the active layer will vary depending

on doping level and also depends on the injected current, but values in

the range 1–100 ns are typical. The nonradiative lifetime τnr is decreased
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by the presence of impurities and lattice defects, but a value of 100 ns

might be typical. Consequently for an active layer of thickness 0.05 µm

and for τ = 1 ns, ηint � 0.7.

13.8 Semiconductor Lasers

The edge emitting LED design shown in Fig. (13.22) can, in the right

circumstances, become an edge emitting semiconductor laser. All that

is required is a condition of population inversion within the active re-

gion that provides sufficient gain to overcome cavity losses. In many

such lasers the cavity is formed by the plane parallel facets at opposite

ends of the active region. However, before discussing these and other

semiconductor laser designs in more detail we need to return to some

fundamental considerations.

In common with all lasers, gain results in the active region if the rate

of stimulated emission exceeds that of absorption. The probability of a

band-to-band stimulated emission depends on four factors: the Einstein

coefficient, B21, for the transition, the energy density of the stimulating

radiation, ρ(ν21), the probability that the upper energy level is occupied

by an electron, f2, and the probability 1−f1 that the lower energy level
is not occupied by an electron; namely it is occupied by a hole. Formally,

we can write

gain ∝ [B21f2(1− f1)−B12f1(1− f2)]ρ(ν21), (13.54)

which if we assume that B12 = B21, gives

gain ∝ f2 − f1. (13.55)

The existence of gain is a nonequilibrium situation that can be repre-

sented schematically as the existence of a region of filled electron states

above empty electron states, as shown in Fig. (13.23).

We can represent the energies that bound the filled electron states in

the conduction and valence bands as µc, µv, respectively, referred to as

quasi-Fermi levels. From Eq. (13.9)

f2(E2) =
1

e(E2−µc)/kT + 1
, (13.56)

f1(E1) =
1

e(E1−µv)/kT + 1
. (13.57)
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Fig. 13.24.

Fig. 13.25.

The condition f1 > f2 results if

(µc − µv) > hν21, (13.58)

a condition first derived by Bernard and Duraffourg[13.10] and, of course,

hν21 > Eg.

In a heavily doped p-type semiconductor the Fermi level can be forced

down into the valence band. If such a material is used as the active region

in an N-p-P double heterostructure then the energy levels in thermal

equilibrium appear as shown in Fig. (13.24). However, under sufficient

forward bias the situation shown in Fig. (13.25) will result. Within the

active layer the situation shown in Fig. (13.23) has been created: filled

electron states above a quasi-Fermi level µN in the conduction band and

µP in the valence band.

13.9 The Gain Coefficient of a Semiconductor Laser

To derive an expression for the gain coefficient of a semiconductor laser
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it is best to return to the fundamentals discussed in Chapter 2. In that

chapter we saw that the increase in intensity, dIν (Wm
−2) of a small

band of frequencies near ν on passing a distance dz through a medium

could be written as

dIv = (no. of stimulated emission/vol-no. of absorptions/vol.)× hνdz,

=

[
B21N2g(ν

′, ν)
Iv

c
−B12N1g(ν′, ν)

Iν

c

]
hνdz, (13.59)

where N2g(ν
′, ν) is the density of filled upper level states per frequency

interval, and N1g(ν
′, ν) is the density of filled lower level states per

frequency interval. Iν (W m
−2) is the intensity of input monochromatic

radiation.

In a semiconductor laser the probability of stimulated emission de-

pends on several factors: (i) an Einstein coefficient B, which we shall

assume applies also to absorption processes; (ii) the density of states in

the upper level, ρc(E2) and the probability that these states are occu-

pied, f2(E2); and (iii) the density of states in the lower level, ρv(E1), and

the probability that these states are empty, 1 − f1(E1). Consequently,
Eq. (13.52) becomes

dIν =

{
ρc(E2)ρν(E1)f2(E2)[1− f1(E1)]Bh

Iν

c

− ρc(E2)ρν(E1)f1(E1)[1− f2(E2)]Bh
Iν

c

}
hνdz. (13.60)

The additional factor h in Eq. (13.60) enters because we will be inte-

grating over energy rather than frequency.

If the dispersive nature of the medium is taken into account then† the

relation between the Einstein A and B coefficients in this case is
A

B
=
8πhν3n2ng
c30

. (13.61)

Therefore,

dIν =
hc20A

8πnngν2
ρc(E2)ρν(E1)[f2(E2)− f1(E1)]Iνdz, (13.62)

where dIν now has dimensions Wm
−2 J−1. B, the coefficient for stimu-

lated emission for states distributed over an energy range dE has units

† See Problem (1.1).
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J−1 m6 s−2. Eq. (13.62) can be integrated to give

γ(ν) =
hc20

8πnngν2

∫ Ev+hν
Ec

Aρc(E2)ρv(E2−hν)[f2(E2)−f1(E2−hν)]dE2.

(13.63)

The limits of integration are the same as applied in our previous calcu-

lation of the spectrum of recombination radiation.

How does the gain γ(ν) depend on the current flowing through the

junction? For a current I crossing a p–n junction of width w and height

h the injected current density is

J =
I

hw
. (13.64)

In a double heterojunction laser, ideally, all the injected carriers re-

combine in the region between the two heterojunctions, of spacing d.

Therefore, the total emitted spontaneous power is

Rspont =
ηintJ

ed
. (13.65)

So, from Eq. (13.41)

Anp =
ηintJ

ed
. (13.66)

To calculate the gain from Eq. (13.63) is not straightforward because

the Fermi–Dirac functions f2(E2), f1(E1) depend on the location of the

quasi-Fermi levels µc, µv in the conduction and valence bands, respec-

tively, in the active region. But, we can estimate typical values that

might be expected:

13.9.1 Estimation of Semiconductor Laser Gain

We consider the case of an n-doped GaAs active region with a donor

concentration of nD = 10
24 m−3, an internal quantum efficiency of 0.6

and an injected current of 10 mA that enters a 10 µm wide by 10 µm

high active region whose thickness between heterojunctions in 0.5 µm.

From Eqs. (13.66) and (13.64), taking A = 10−16 m3 s−1

np =
0.6× 0.01

1.6× 10−19 × 100× 10× 0.5× 10−18 × 10−16 = 7.5× 10
47 m−6.

(13.67)

Furthermore, in the active region n− p = nD = 1024 m−3, which gives
n = 1.5× 1024 m−3, p = 0.5× 1024 m−3.
The electron density satisfies

n =

∫ ∞
Ec

ρc(E2)f2(E2)dE2. (13.68)

If the temperature is sufficiently low we can approximate f2(E2) = 1
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for E2 ≤ µc and f2(E2) = 0 for E2 > µc, with similar relations for the
holes. Consequently, using Eq. (13.38)

n =

∫ µc
Ec

ρc(E2)dE2 =
1

2π2

(
2m∗e
h̄2

)3/2 ∫ µc
Ec

√
E2 −EcdE2 (13.69)

and

p =

∫ Ev
µv

ρv(E1)dE1 =
1

2π2

(
2m∗h
h̄2

)3/2 ∫ Ev
µv

√
Ev −E1dE1. (13.70)

In GaAs m∗e = 0.067 me,m
∗
h = 0.48 me, so evaluating the constants and

performing the integration gives

n = 1.23× 1054(µc −Ec)3/2, (13.71)

p = 2.35× 1055(Ev − µv)3/2. (13.72)

With the electron and hole concentrations calculated previously

µc −Ec = 1.14× 10−20 J = 0.071 eV, (13.73)

Ev − µv = 7.88× 10−22 J = 0.0048 eV. (13.74)

The band gap energy in GaAs is 1.42 eV, so this calculation predicts that

gain will result for photon energies from µc−µv to Eg, i.e., wavelengths
from 832 nm to 873 nm. With the parameters calculated so far we

can calculate the gain at a wavelength within this range, at, say, 838

nm≡1.48 eV. In this case

γ(ν) =
hc20

8πnngν2

∫ Eb
Ea

A× 6.5× 10109 ×
√
E2 −Ec

√
Ev −E2 + hνdE2.

(13.75)

The limits on the integral are set by the condition f2(E2) > f1(E1) and

E2 −E1 = hν. Clearly,
Ea = Ec + 0.055(eV), (13.76)

Eb = Ec + 0.06(eV). (13.77)

If we assume that A is independent of energy and has a value of

10−16 m3 s−1, and using the values n = 3.6, ng = 4 appropriate to

GaAs, Eq. (13.75) becomes

γ(ν) = 2.52× 107
∫ Ec+0.06
Ec+0.055

√
E2 −Ec

√
Ev −E2 + 1.48dE2, (13.78)

where the intergand is expressed in eV units. NowEv−E2+1.48 = 0.06−
(E2 − Ec), so writing E2 − Ec = 0.06 cos2 θ the integral is transformed
to give

γ(ν) = 1.62× 105
∫ 0.293
0

sin2 θ cos2 θdθ = 1.06× 104 m−1 = 10.6 mm−1.
(13.79)
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Such a high gain figure is very typical for modern semiconductor lasers.

The effective gain in the laser is, of course, reduced by the distributed

loss coefficient α, which in semiconductor lasers results from scattering.

This scattering increases with doping level, but will be in the 103–104

m−1 range. If α = 103 m−1, the effective γ is 9.6 mm−1. In a laser 500

µm long the single pass intensity increase would be e4.8 = 122.

13.10 Threshold Current and Power Voltage Characteristics

The active region in a semiconductor laser is typically very thin, rang-

ing from a few micrometers down to a few nanometers in so-called single

quantum well (SQW) lasers, which we will discuss briefly later. The laser

cavity is typically a few hundred micrometers long, although shorter de-

vices are also made. Longer cavity semiconductor lasers are also fab-

ricated in which additional structures are incorporated into the cav-

ity region to provide single frequency operation or allow for intracavity

modulation. Because the gain can be very high the natural Fresnel

reflectance at the cleaved facet ends of the laser provides more than suf-

ficient feedback to produce laser oscillation. In fact, in applications in

which a semiconductor laser structure is to be used purely as an ampli-

fier, extraordinary steps must be taken to reduce the facet reflectance,

perhaps below 10−4 [13.11] to prevent spurious oscillation.

The performance of a semiconductor laser is defined by several pa-

rameters: its threshold current density Jth, power versus voltage (P–I)

characteristic, and its effective current density Jeff , which is defined as

(cf. Eq. (13.66))

Jeff =
ηintJ

d
. (13.80)

The threshold current density Jth is the value at which the gain exceeds

the cavity losses, which we expect to be

γth = α−
1

�
�n
√
R1R2, (13.81)

where R1, R2 are the end facet reflectancess. However, an additional

factor must be included in Eq. (13.81). As has already been mentioned,

there is a refractive index discontinuity on both sides of the active layer

in a double heterostructure laser, as shown schematically in Fig. (13.26).

This gives rise to a wave guiding effect or confinement of the transverse

mode of the laser to a region in, and on both sides of, the active region.

The confinement factor, Γ, is a measure of the fraction of the oscillating

field distribution that experiences gain within the active layer. The
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Fig. 13.26.

Fig. 13.27.

threshold gain is therefore

γth =
1

Γ

(
α− 1

�
�n
√
R1R2

)
. (13.82)

In many semiconductor lasers, so long as they oscillate in a single trans-

verse mode[13.12] the gain is directly proportional to the excess current

density above threshold, namely,

γ = β[Jeff − (Jeff )th]. (13.83)

The ideal P−I characteristic is of the general form shown in Fig. (13.27),
although very different looking curves are experimentally observed.

13.11 Longitudinal and Transverse Modes

The active region is generally a rectangular parallepiped with an end

aperture of dimension wd with waveguiding refractive index disconti-

nuities in both the direction perpendicular to the junction, and some-

times additionally in the direction parallel to the junction – in so-called
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Fig. 13.28.

Fig. 13.29.

index-guided stripe geometry lasers. The dimension wd, and the extent

to which the laser is above threshold leads to the possibility of differ-

ent transverse emitted field distributions as the current is increased, as

shown in Fig. (13.28).

If the stripe width w is maintained sufficiently small, then a single

laser field distribution can be maintained to relatively high power lev-

els. The conditions under which this will occur depends on the index

discontinuities involved, as will be discussed later in Chapter 17.

Below threshold a semiconductor laser emits a broad, continuous spec-

trum like an LED. However, as the current density rises above threshold

distinct longitudinal modes will be observed to oscillate. Particularly

in index-guided lasers, one or two modes may begin to dominate as the

current rises far above threshold, as shown in Fig. (13.29)

Because the index of the active region, and the confining layer, varies

with wavelength, the longitudinal modes of a semiconductor laser are
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not equally spaced. Schematically, we can write

nmνm =
mc0

2�
, (13.84)

where nm is the refractive index that applies at the frequency of the

cavity resonance of index m, and

∆(nν) = nδν + ν
dn

dν
δν. (13.85)

13.12 Semiconductor Laser Structures

The majority of modern semiconductor lasers use some variant on the

double heterostructure configuration shown schematically in

Fig. (13.22). The principal difference between many semiconductor

laser structures and Fig. (13.22) is that generally the structure is fabri-

cated so as to confine the current to a specific region within the device.

Such stripe-geometry lasers can be fabricated in several ways, as shown

schematically in Fig. (13.30).

If the region of current flow is defined by a conductive stripe on one of

the electrodes, or by making the confining layer resistive by proton bom-

bardment or oxygen implantation (which creates defects in the lattice)

then the active region will be laterally restricted to the region where cur-

rent flows as shown in Figs. (13.30b), (13.30c), and (13.30f). If there is no

additional modification of the active region in the lateral direction, then

the laser is described as gain-guided as in Figs. (13.30a) and (13.30f). On

the other hand, if the fabrication process involves surrounding an active

region of GaAs by GaAlAs on all four sides as in Fig. (13.30b), then the

laser is described as index-guided. Index-guided structures provide the

greatest control of the emitted transverse mode, at the expense of fabri-

cation complexity. There are many other structures that incorporate the

essential fabrication schemes shown in Fig. (13.30). A currently popular

semiconductor laser design is the GRINSCH (graded-index separate con-

finement heterostructure), an example of which is shown in Fig. (13.31).

The active layer in this laser is very thin – a single quantum well (SQW)†

with graded layers of GaAlAs on each side to confine the mode optically.

The active region could also be a multiple quantum well of, for example,

four 0.013 µm thick layers of Ga0.94Al0.06As separated by three 0.009 µm

layers of Ga0.8Al0.2As
[13.16]. For additional technical details the reader

should consult the specialized literature[13.15],[13.19].

† See Section 13.15.
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Fig. 13.30.

Fig. 13.31.

13.12.1 Distributed Feedback (DFB) and Distributed Bragg

Reflection (DBR) Lasers

Most edge emitting semiconductor lasers that we have discussed so far

have a tendency to oscillate simultaneously on several cavity modes.

Generally, special features must be incorporated into the laser structure

to encourage single mode operation. This can be done by including a

periodic structure or grating in the device near the active layer where

the oscillating transverse mode will interact with it. Fig. (13.32) shows

a planar waveguiding structure that includes a surface corrugation of

periodicity d. Light that satisfies the Bragg condition will be reflected

efficiently back on itself. This condition is set by waves scattering off

successive corrugations reflecting and constructively interferring. If the

index of the guiding layer is n, the Bragg condition can be written as

2d sin θ = mλ0/n. (13.86)

The angle θ is generally close to 90◦, its effect can be included in an
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Fig. 13.32.

effective refractive index, neff , for the guided wave so that the grating

period d required for operation at wavelength λ0 is

d =
mλ0

2neff
. (13.87)

A laser in which a periodic structure is placed in close proximity to the

active region over a substantial length of the gain region is called a dis-

tributed feedback DFB laser. It oscillates at a wavelength determined by

the Bragg reflection condition given in Eq. (13.87) above. Fig. (13.33a)

shows how such a DFB laser is fabricated. The corrugations are sepa-

rated from the active region and are formed between an Al0.17Ga0.83As

layer and an Al0.07Ga0.93As layer. The thin p-type Al0.17Ga0.83As layer

and an n-type Al0.3Ga0.7As layer confine the optical field to the ac-

tive region. However, sufficient field amplitudes leak through the p-type

Al0.17Ga0.83As to allow interaction with the corrugation.

The corrugations on the confining layer are produced by photolithog-

raphy in which holographic techniques are used and a periodic interfer-

ence pattern is projected onto the surface to be etched. If a laser beam

of wavelength λ is split into two parts and then the two beams reinterfere

at an angle 2θ to each other, and each at angle θ to the surface normal,

a grating of period d = λ/2 sin θ results. Thus, for example, a layer of

photoresist can be periodically exposed in preparation for etching. In a

laser incorporating a periodic structure a detailed analysis can provide

specific information about the threshold gain, and will predict the pre-

cise resonance frequencies at which laser oscillation will occur[13.4],[13.19].

Selective cavity reflectance can also be provided in a semiconductor

laser structure in which a grating is used at each end of the gain region

to provide feedback at wavelength that satisfy the Bragg reflection con-
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Fig. 13.33.

dition. Such lasers are called distributed Bragg reflection DBR lasers.

Fig. (13.33b) shows an example of such a laser.

A grating structure, which can be fabricated at one or both ends of the

cavity, provides selective cavity reflection to keep the left and right trav-

elling waves in phase. DBR lasers can provide stable, single-frequency

operation and tunability. The gain and Bragg reflection regions are sep-

arate, which allows independent control of the carrier density in the

grating region. Changes in carrier density in this region change the ef-

fective index of the cavity mode and tune the laser frequency. DBR can

also provide narrower oscillating linewidth (<1 nm) than conventional

double heterojunction lasers. An additional advantage of both DFB and

DBR lasers is that their lasing frequency is less dependent on temper-

ature than in a Fabry–Perot cavity semiconductor laser. The emission

from the latter follows the temperature dependence of the energy gap,

whereas the DFB and DBR structures follow the smaller temperature

dependence of the refractive index and grating spacing.

13.13 Surface Emitting Lasers

In recent years a new class of semiconductor laser, the surface emitting

laser, has emerged in which the laser beam is emitted perpendicular

to the wafer. These new structures can be fabricated by conventional

planar integrated circuit techniques and can provide emission over a

broad area. In contrast to the edge emitting devices we have considered

so far, they also can be scaled down to very small size. Literally, many

of these miniature lasers can be fabricated in an area smaller than the

head of a pin.

One version of surface emitting laser is shown in Fig. (13.34). In this
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grating-coupled surface emitting laser a periodic structure is etched onto

the surface of the confining layer on one side of the junction. If the

grating period, d, is chosen appropriately, then a diffraction maximum

exists in the vertical direction for waves travelling in the active layer.

This results if

mλ = d. (13.88)

In principle, a laser of this kind can emit over a large surface area, and

provide a beam of high power and low beam divergence. Pulsed powers

in excess of 4 W have been achieved[13.21] and high CW powers[13.22].

However, the most technologically important surface emitting lasers

are vertical cavity surface emitting lasers, VCSELs. These lasers are

schematically of the form shown in Fig. (13.35). The active layer is

bounded on each side in the vertical direction with alternate high and

low index layers each of which is designed to be a quarter wavelength

thick at the laser wavelength. Each of these stacks of λ/4 layers acts as a

narrow band, high reflectivity mirror, thereby forming a vertical cavity.

There are several advantages to this type of laser structure:

(a) A very large number of small lasers can be fabricated to occupy

a given area. A collaboration between AT&T Bell Laboratories

and Bellcore has produced VCSEL microlasers at densities of over

twenty thousand per square millimeter[13.23]. These “microlasers”

are only about 5.5 µm high and have diameters in the region of 1-5

µm. The active layer is only 24 nm thick. The threshold currents

for lasing are only about 1 mA and with improved microfabrication

techniques could go as low as 10 µA.

(b) Because these lasers are very short their cavity mode spacing is

very large, ∼180 nm for a 5.5 µm laser. This ensures that they
operate in a single mode.

(c) The small diameter and cylindrical shape of these lasers provides

a circular output beam.

(d) The matrix of optical emitters that results has potential in many

optical computing and optical interconnect applications.

13.14 Laser Diode Arrays and Broad Area Lasers

There is a limit to the maximum optical power that can be extracted

from an edge emitting, stripe-geometry laser. A primary limit is set by

the intracavity power density, which at high enough levels will lead to

optical damage to the laser facets. An oscillating laser mode that is 4 µm
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Fig. 13.34.

Fig. 13.35.

wide by 500 nm high with an output power of 100 mW will be close to

the optical damage threshold, since its intracavity peak power density is

on the order of 1 MW mm−2. To produce higher output power than this

the most successful approach has involved the use of laser diode arrays.

In these devices, many stripe lasers are fabricated in close proximity to

each other, as shown in Fig. (13.36).

The current is confined to a series of stripe regions by producing

regions of semi-insulating semiconductor through proton implantation,

which produces defects in the semiconductor lattice. Alternatively,

stripe metal contacts on the top surface can be used to delineate the

regions of current flow. Typically, ten stripe lasers would be fabricated

with 4 µm wide active regions on 10µm centers. The proximity of the

individual stripes to each other causes overlap of adjacent oscillating

intracavity field distributions. A phase-locking of the fields in the sep-

arate stripes occurs leading to a combined, coherent wavefront being

emitted from the whole facet. The optical quality of this wavefront is
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Fig. 13.36.

not generally high as it has several maxima and minima – very much

like the diffraction pattern that would result from a series of regularly

spaced small apertures. The total power output from an array of ten

elements can be as high as 1 W. Arrays of up to 40 elements have been

fabricated that produce 2.5 W. If a larger number of stripe lasing ele-

ments is included in a single line then parasitic laser oscillation in the

transverse direction can occur. Even higher powers can be produced by

two-dimensional arrays. For example a CW output of 38 W has been

produced from twenty 10-stripe phased arrays spaced on 500 µm centers.

A broad area laser (BAL) is an alternative approach to generating

a high power output. In these devices the active region is made large,

but is not divided into stripes. For example, a 100 µm wide SQW

structure has produced a CW power of 3.8 W at a current of 5 A. The

most important application of these high power arrays and BALs is in

the pumping of solid-state lasers, which have already been described in

Chapter 8.

13.15 Quantum Well Lasers

Quantum well semiconductor lasers use a very thin active region, for

example a 20 nm thick layer of GaAs bounded on each side by GaAlAs.

If the laser has only one such thin layer it is called a single quantum

well (SQW) laser. On the other hand if the device is fabricated as a

multilayer sandwich of thin layers of alternating GaAs and GaAlAs, as

shown schematically in Fig. (13.37), then it is called a multiple quantum

well (MQW) laser. In these lasers the total number of injected carri-

ers necessary to achieve inversion is dramatically reduced compared to

conventional heterostructure devices.
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Fig. 13.37.

A detailed treatment of the operation of these devices is beyond our

scope here, but it is still possible to explain semiquantitatively why

they have attractive properties. In the energy band diagram of a SQW

laser shown in Fig. (13.38) the quantum well is a region of minimum

potential energy for electrons in the conduction band and holes in the

valence band. The reduced threshold injection current in these devices

results largely because the very thin quantum well modifies the density

of states available to electrons and holes. Recall that these particles

have wave-like properties and must satisfy periodic boundary conditions

within a box (just like black-body radiation). The number of modes

that exist in the two-dimensional region parallel to the layers is easily

calculated as

N2D(k||) =
k2||LxLy

2π
=
k2||A

2π
, (13.89)

where A = LxLy is the area of the junction region.

Therefore, the two-dimensional density of states is

ρ(k||)dk|| =
dN2D(k||)

dk||
dk|| =

Ak||
π
dk||, (13.90)

or in terms of energy per unit area

ρQW (E) =
1

A

dN2D

dE
=
k||
π

dk||
dE
. (13.91)

The number of modes that exist in the z (perpendicular) direction is

severely reduced because of the small size in this direction. Qualitatively,

there may be only one such mode, corresponding roughly to a half-

wavelength of the electron wave fitting in the energy minimum in the

conduction band in Fig. (13.38). The total energy of an electron in the
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Fig. 13.38.

quantum well can be written as

E =
h̄2k2||
2mc

+EQ, (13.92)

where EQ is the energy associated with the restricted motion of the

electrons perpendicular to the junction.

From Eq. (13.92)

k|| =

√
2mc

h̄2
(E −EQ). (13.93)

Therefore,

dk||
dE
=
mc/h̄

2

k||
(13.94)

and

ρQW (E) =
mc

πh̄2
. (13.95)

This result holds when only a single mode exists perpendicular to the

thin layer. At critical electron energies the electron wavelength becomes

short enough that additional modes perpendicular to the layers become

possible. The consequence of this is a step-like density of states function,

as shown in Fig. (13.39). Each step corresponds to an increase in the
QW density of states = mc/πh̄

2.

QW lasers have lower thresholds, higher gains, and generate narrower

linewidth laser radiation than more conventional heterostructure lasers.

A SQW laser generates the narrowest linewidth and has the lowest

threshold current but at current densities above threshold the effective

gain of a MQW laser is higher. This is a consequence of the ratio Γ

between the width of the active region and the width of the oscillating

intracavity mode. To provide modal confinement, the region on each side
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Fig. 13.39.

of the quantum well is frequently a region of graded index, as shown in

Fig. (13.40).

Semiconductor lasers do not generate laser radiation whose linewidth

is narrow compared to low pressure gas lasers. They can often be encour-

aged to oscillate in a single transverse mode, but will generally produce

several longitudinal modes, of typical spacing 0.1 nm (for a 200 µm

long GaAs laser). The gain profile is generally Lorentzian, of a width

determined by the phonon collisions within the semiconductor. The

calculated Schawlow–Townes linewidths of small narrow stripe lasers

are typically a few MHz, but values as narrow as this are quite diffi-

cult to achieve in practice. Unless special measures are taken typical

linewidth are tens of MHz. Lasers with extended cavities, either exter-

nal or incorporated into the semiconductor structure, have generated

laser linewidths as narrow as 10 kHz.
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13.16 Problems

(13.1) Prove that the maximum fraction of the emitted radiation from

the active layer in Fig. (13.16) that might escape from the semiconduc-

tor/air interface if the reflectance R at the outer semiconductor/air

surface is assumed to be independent of angle is f = 1
2n
2
s, where ns is

the refractive index of the semiconductor.

(13.2) An edge emitting LED with a center wavelength of 810 nm has an

active region 100 µm wide by 1 µm thick. Estimate the distance from

the output facet at which the output beam will have become circular.

(13.3) The recombination time in a GaAs/GaAlAs laser is ∼ 4 ns, the
cavity length between end facets of the diode is 500 µm, the reflectance

at each end is R = 0.31, the distributed loss is 1000 m−1, and the

oscillating beam width is 4 µm. If all the electrons injected into the

junction region combine there, calculate the threshold current density

for oscillation. Take the gain (m−1) of the laser to be N/1023, where

N is the carrier density (m−3) in the junction region.

(13.4) A GaAs laser has a cavity length of 0.3 mm and a refractive index

of 4. Its threshold gain coefficient is 6 mm−1. If the small signal gain

is increased to 12 mm−1 how many longitudinal modes will oscillate

if the gain curve has a Gaussian frequency variation with a full width

at half maximum height of 0.1 µm at 1.3 µm.

(13.5) Calculate the wavelength of peak intensity for the recombination

spectrum given by Eq. (13.45). Plot the variation of the wavelength

of peak emission for GaAs from 0 to 500 K.
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