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INTRODUCTION

1.1 HISTORICAL PERSPECTIVE

The advent of the laser dates back to 1958, the year in which the seminai
paper of Schawlow and Townes! appeared. It was followed by the successful
operation of a solid-state ruby luser? i May 1960 and of a He-Ne gas laser?
in December 1960. The feasibility of stimulated emission in semiconductor
lasers was considered during this period*-%, and in 1962 several groups’-10
reported the lasing action in semiconductors. The device consisted of a for-
ward-biased GaAs p-n junclion.?-* Electron-hole recombination in the deple-
tion region of the p-n junction provided the optical gain, and the polished
facets perpendicular 1o the junction plane provided the optical feedback (by
forming a resonant cavity)—the 1wo necessary ingredients for any laser. Soon
p-n junctions of other direci-band-gap semiconductor materials such as InAs,
InP, GaAsP, GalnAs, and InPAs were used 1o obtain semiconductor lasers
at different wavelengths. Practica) utility of these earlier devices was, however,
limited since a large value of the theeshold current density (J,, > 50 kA/
cm?) inhibited their continuous opcration al room lemperature.

As carly as 1963 it was suggested!!-1? (hat semiconductor lasers might be
improved if a layer of one semiconductor material were sandwiched between
two cladding layers of another semiconduclor that has a relatively wider
band gap. Such a device consisting of two dissimilar semiconductors is com-
mon'y referred 10 as a heterostruciure laser, in contrast to the single-semicon-
ductor devices, which are labeled as homostructure lasers. Both of these struc-
tures are shown schematicaliy in Fig. 1.1, which also indicates their typical
physical dimensions. Heterostructure lasers are further ciassified as single-
heterostructure or double-heterostructure devices depending on whether the
active region, where lasing occurs, is surrounded on one or both sides by a
cladding layer of higher band gap. The use of a heterostruciure, however,
requires a careful matching of the lattice constants of the two semiconductors.
It was only in 1969 that the successful room-temperature operation of a
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hetcfc_)strugturc laser was demonstrated!-1s using the liquid-phase epilaxial
technigue' for ‘lhc growth of GaAs and AL Ga,_, As layers. However, these
lasers operated in ‘lhc pulsed mode. Further work led in 1970 (o heterostruc-

nature of these GaAs lasers, However, since homostructure fasers are no
longer used, we shall simplify the notation in this book, whenever no con fusion
is likely 1o arise, by denoting a heterostructure laser only by the compaosition
of its active layer.

Already in 1969 double-heterostruciure GaAs lasers with a room-fempera-
ture value of Juw = $ kA/cm? were reporied.’® This value was reduced'? 1o
about 1.6 kA/em? in 1970, and by 1975 AlGaAs lasers with Jow =05 kay
cm'-" were demonstrated using thin (~0.] pm thick) active layers.™ This was
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laser from a laboratory curiosity 10 a practical, compact, coherent light source
usclul for numerous applications.

The physical reason for the reduction in the threshold current density
with the use of a heterostructure device is 1wofold.!1? The cladding layers
surrounding the active layer have a higher band gap and at the same time
a lower refractive index compared with those of the active layer (see Fig.
1.2). The band-gap difference helps 10 confine electrons and holes 1o the
active layer, where they recombine 1o produce the optical gain. Al the same
time the refractive-index difference confines the optical mode close to the
active layer, which acts as a dielectric waveguide. The optical-mode confine-
ment significantly reduces the internal Joss'? that would otherwise occur in
the absence of index guiding due 1o 1he spreading of the optical mode in
the lossy regions,
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Fig. 1.2 Schematic illustration of the simullaneous confinement of the charge carriers and the
oplical mode 10 the active Fegion wocurring in a double-heterostruciure semiconductor Lascr.
The active layer has a Jower band gap and » higher refractive inder than those of the cladding
Layers. (After Ref, 24)
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A double-heterostructure semiconductor laser such as shown in Fig. 1.1
is sometimes catled a broad-area laser since it does 1 incorporate any mecha-
mism (or the lateral (parallel 10 the junction plane) confinement of the in jected
current or the optical mode. As early as 1967, stripe-geometry homostructure
lasers were proposed® to limit the lateral spread of the injected carriers
inside the aclive layer. In these lasers the current is injected over a narrow
{~10 um) central region using a stripe contact. The siripe geomelry was
adopted for heterostructure lasers?' in 1971. Such lasers are also referred
to as gain-guided since it is the lateral variation of the optical gain thai
confines the optical mode to the stripe vicinity.? 3y contrast, heterostructure
lasers where the optical mode confinement occurs mainly through lateral
variations of the refractive index are termed indea-guided. A large number
of index-guided structures have been proposed and demonstrated over the
past decade. The literature is too vast to cite them individually, and a discus-
sion of their relative merits can be found in several books?3-23 that also describe
the research and development effort for AlGaAs lasers up to [980.

GaAs lasers are of continued interest. Using the growth techniques of
vapor-phase epitaxy? and molecular-beam epitaxy,? multiquantum-well faser
structures have been developed.?® In these devices the aclive region is not a
single GaAs layer but rather consists of several ulirathin (~0.01 pum) layers
composed alternatively of GaAs and AlGaAs materials. Recently the empha-
sis has shified toward high-power GaAs lasers and phased-array semiconduc-
tor lasers.®™3 In one approach, multiple stripes are used 1o generate distinct
regions of optical gain in the junction plane and the near field consists of
several spots. However, since the stripes are not widely separated, the optical
field in the gain region of each emitter overlaps with that of the neighboring
emitter. Such a coupling leads to a phase-locked artay of emitters providing
well-collimated high power output. Whereas the output power from a conven-
tional GaAs laser is usually below S0 mW, more than 2 W of power has
been obtained? by this technique of phase-focked arruys.

So far we have followed the development of GaAs iasers operating usually
?n the wavelength range of 0.8-0.9 um. Long-wavelength semiconductor lasers
in the range of 1.1-1.6 um are of considerable interest for optical fiber
comtr!unications." Although several material systems were considered, the
combination InGaAsP-InP turned out 10 be most suitable in view of its
nearly perfect lattice match.3? The active layer is composed of the
Ini-: Gac Asy Py, quaternary alloy. By varing the mole fractions x and y,
almost any waselength in the 1.1-1.6-pm range can be selected. The cladding
layers in this heterostructure laser (see Fig. 1.1) consist of either IaP or
InGaAsP itself with different mole fractions x and »

Room-temperature operation of a I.1-um InGaAsP laser in the pulsed
mode™* was reported in 1975. The adoption of stripe geometry led 1o continu-
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ous operation® of such lasers in 1976, In 1977 the wavelengih was extended®
10 1.3 pm. Since low-loss dispersion-[ree fibers at 1.3 um were already availa-
ble,* considerable attention was focused to develop a practical InGaAsP
laser at this wavelength. Motivated by the realization?? of an ultra-low-loss
(~0.2 dB/km) fiber at the 1.55-um wavclength, several groups®-** in 1979
reported on inGaAsP lasers operating in the vicinity of 1.55 pm. Since then
the developnient effort for InGaAsP lasers operating in the wavelength range
of 1.3-1.6 g has proceeded at an enormous pace.*¢-*$ The primary moliva-
tion is due to their application in optical fiber communications, and the
usc of InGaAsP lasers in Jong-haul optical communication systems has already
reached the commercial stage.?

1.2 SEMICONDUCTOR MATERIALS

The previous section has followed the development of helerostructure lasers
based on twoe semiconductor malcrials, AlGaAs and InGaAsP. However,
in view of their potential application in such diverse fields as optical fiber
communication,® optical data recording,*® high-speed printing,*® and molecu-
lar spectroscopy,® the list of semiconducior materials that have exhibited
lasing action has continued 10 grow. Figure 1.3 shows the range of emission
wavelengihs for various semiconductor lasers. Taken together, these materials
cover the optical spectrum (rom near ultraviolet 10 far infrared. Recently a
semiconductor laser operating near 100 pm has been reported.®!

The most imporiant criterion in selecting the semiconductor matenial for
a specific heterostructure laser is related to the quality of the heterojunction
interface between the 1wo semiconductors of different band gaps. To reduce
the formation of lattice defects, the lattice constants of the 1wo materials
should match 10 better than 0.1%. Figure 1.4 shows the interrelationship
between the bund gap £, and the laltice constant a for several ternary and
qualernary compounds. Solid dots represent the binary compounds and solid
lines correspond to the ternary compounds. The clear region bounded by
the polygon (whose edges represent ternary compounds) denote the possible
values of E, and a for the quaternary solid solution of In,.,Ga, As, Py,
obtained by vurying the mole fractions x and y. The dotted line shows the
range of band-gap values that can be achieved by varying the compositions
X and y to obrain a quaternary material that is lattice-matched (o the binary
InP. Figure 1.5 shows the constant band-gap contours (solid curves) in the
x-y compositional plane. The dashed lines correspond 1o the fixed values
of the lattice constant. For given values of £; and a, the intersection of
solid and dashed curves provides the compositional values x and p used to
obtain the active-layer quaternary material. Since the photon energy E =
hv is approximately equal to the band-gap energy, the lasing wavelength A
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is obtained using E, = hic/X, where b is the Planck constant and ¢ is the
speed of light in vaccum, If £, is eapressed in electron volis, the lasing
waselength A in micrometers is given by

1.24

A "‘E:' {1.2.1)

It

For In, ,Ga, As, Py, lasers a wavelength range of t.1-1.65 pm can be
covered by choosing x and p according to Fig. 1.5 such that the active
layer is lattice-matched to InP (a = 5.87 A). Semiconductor lasers emitting
at L3-um and 1.55-um wavelengihs are of particular interest because of
their application in optical fiber communications. From Fig. LS the active-
layer composition at 1.3 um (Es = 0.95 ¢V) corresponds 10 x = 0.28 and
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band-gap regions (shown hatchod). Dotted lines show the wavelengih range {top sile) for a
seiconductor laser whase quaternary actise layer is latiice-matched 10 the binary cumpound.
(After Ref, 24)

¥ = 0.6. The cladding-layer composition can also be chosen from Fig. 1.5,
the only requirement is that its band gap should be somewhat larger than
that of the active layer. Diagrams similar 10 Figs. 1.4 and 1.5 have been
constructed for other heterostructure materials® in order to provide guidance
for the lattic-matched growth of the active and cladding layers.
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To cover the longer wavelength region (A > 1.6 #m), other material systems
shown in Fig. 1.3 have been successfully exploited, Lattice-matched active
layers of ihe quaternary In, Ga,, As, Sbi., material have been grown’? gp
_GaSb substrate and can cover the wavelength range of 1.7-4.4 1km. Anothe
Important class of materials is lead salts, which has been used o m'akc s«:mif
conductor lasers emitting in the far-infrared region ranging from 3-34 pn 83-57
althgugh lqw-lcmpcmurc operalion is required. Two material sys}:cn;s of
particular interest are PbTe-Pb,_, Sn, Te and PbS-PbS,,Se,. The longest
wavelength of about 100 Am is obtained using the semiconductor material
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1.3 OPERATING PRINCIPLES

The purpose of this section is 1o provide a qualitative understanding of the
physics behind the semiconductor laser. Most of the concepis introduced
here are discussed in detail in subsequent chapters. Two things are required
to operale a laser: (i) a gain medium that can amplify the electromagnetic
radiation propagating inside it and provide the spontancous-emission noise
input and (i} a feedback mechanism that can confine the electromagnetic
field through the well-defined optical modes. As the name jtsell implies, the
gain medium for a semiconductor laser consists of a semiconductor material
(see Sec. 1.2). The optical feedback is obtained using the cleaved facets that
form a Fubry-Perot (FP) cavity, and the mode confinement is achieved
through dic’ectric waveguiding. To provide the optical gain, a semiconductor
laser needs 1o be externally pumped, and both electrical and optical pumping
techniques have been used for this purpose. A simple, practical, and most
commonly used method employs current injection through the use of a for-
ward-biasec p-n junction. Such semiconductor lasers arc sometimes referred
to as injection lasers or laser diodes.

1.3.1 p-n junction

At the hear: of a semiconductor injection laser is the p-n junction. A p-n
Junction is formed by bringing a P-type and an n-type semiconductor inio
contact with each other. When they first come in contact, their quasi-Fermi
levels do not maich since the two are not in equilibrium. An equilibrium
is, however, quickly established through diffusion of electrons from the n
side to the p side, while the reverse occurs for holes. These diff using clectrons
and holes recombine in the junction region. Eventually a steady state is
reached in such a way that further diffusion of electrons and holes is opposed
by the built-in electric field across the p-n junction arising from the negatively
charged acceptors on the p side and the positively charged donors on the
n side. The Fermi level is then continuous across the p-n junction, as shown
in Fig. 1.6 where the energy-band diagram of the p-n homojunction (junction
between two similar semiconductors) is shown.

When a p-# junction is forward-biased by applying an external voltage,
the built-in electric ficld is reduced, making possible a further diffusion of
clectrons and holes across the junction. As Fig. 1.6b shows, in a narrow
depletion region both electrons and holes are present simultaneously and
can recombizie either radiatively or nonradiatively. Photons of energy
hv = E; are cmitted during radiative recombination. However, these photons
can also be absorbed through a reverse process that generates electron-haole
pairs. When the external voltage exceeds a critical value, a condition known
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to exhibit aprical guin. However, for homojunction the thickness of (he
region where gain is sufficiently high iy very small (~0.01 um) since there
is N0 mechanism 1o confine the charge carriers.

The carrier-confinement problem is solved through the use of a p-n hetero-
Junction. Figure 1.7 shows the energy-band diagram for double-heterostruc-
ture laser wherein the thin P-type active region has a lower band gap compared
to that of the two P-1ype and n-type cladding layers. Electrons and holes
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. s freely to the active region under forward bias. Howc.\er. ance
:-I‘:::‘rcr.“: ;1\:; cunn{n cross over to the other sit?e because of the pOll.‘lllIT'Il bar!_';:r
resulting from the band-gap difference. Thl'\ allows I'c_>r a su.bslanml bu'n‘ -
up of the electron and hole populations inside the active r?gmn..whu':rc 1 j:y
can recombing 1o produce optical gain. Th.c width of the guin region is (_1cln.l|;
mined by the active-layer thickness, typicaity 0.1-0.3 um. As mentiane
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Fig. 1.7 Energy-hand diagram of a double-heterosiruciure s:mi::muluan l-‘l..'il.‘l'rill (a) m:u :l:\
and (b) forward bias. (¢) The band-gap discomtinuities al the lwu‘hclcmjmwluma‘ h:;lp to condine
chectrons and holes inside the active region, where they recombine 1o produce light.



Te o eMU e v ELEIVO LR DSEMICUNDUCTOR LASERS

1.3.2 Dielectric Waveguide

The successful operation of a Jaser requires that the generated opticid field
should remain confined in the vicisity of the guin region. In double-hetero-
structure semiconductor lasers the optical confinement oceurs by virlue of
a lortunate coincidence. The active layer with u smaller band Bap aiso has
a higher refractive index compared with thar of the surrounding cladding
layers (se¢ Fig. 1.2). Because of the index difference, the aclive layer in effect
acts as a dielectric waveguide. The physical mechanism behind the confine-
ment 15 to1al internal reflection, as lustrated in Fig. 1.8, When a ray traveling
at an angle 8 (measured from the interface normal) hits the interface, it is
reflected back if the angle 8 exceeds the critical angle given by

-
]

0 = sin (1.3.1)

where Ha and u, are the refractive indices of the cludding and active layers
respectively. Thus, rays traveling nearly parallel 16 the interface are trupped

H2
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and constitute the waveguide mode. A more detailed discussion of waveguide
mades requires the use of Maxwell's equations and is given in Chapter 2,

1.3.3 Recombination Mechanisms

When the current flowing through a semiconductor laser is increased, charge
carriers (ciectrons and holes) are injected into the thin active region, where
they recombine through radiative or nonradiative mechanisms. As one may
expect, nozradiative recombinations are nol helpful for laser operation, and
atiempls are made to minimize their occurrence by controlling point defects
and dislocations. However, a nonradiative recombination mechanism, known
as 1he Auger process, is intrinsic and becomes particularly imporiant for
long-wavelcagth semiconductor lasers operating at room lemperature and
above. It iy described in detail in Chapter 3. Physically speaking, during
the Auger nrocess the encrgy released by the eleciron-hole recombination
is taken by a third charge carrier and is eventually lost 1o lattice phoncens.

During a radiative recombination, the energy E, released by the electron-
hole pair appears in the form of a photon whose frequency v or wavelength
A satisfies the energy conservation relation £y = hv = he/\. This can happen
through two optical processes known as spontaneous-emission and stimulated
emission. These are shown schematically in Fig. 1.9. In the case of spontaneous

/conoucnon BAND

7/

N

\VALENCE BAND /

{a) {b)

Fig. 1.9 Schematic illustration of {a) spontancous-emission aad (b) stimulated-emission processes
wherein an electron-hole pair recombines 10 Benerate u photon. In the case of stimulated emission
the two outguing phatons match in their frequency and direction of propagation.
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emission. photons are emitted in random directions with no phase relationship
among them. Stimulated emission. by contrast, is initiated by an already
existing photon. The remarkable feature is that the emitted photon matches
the original photon not only in its wavelength but also in direction of propaga-
tion. It is this refationship between the incident and emitted photons that
renders the fight emitted by a laser coherent.

1.3.4 taser Threshold

Although stimulated emission can occur as soon as current is applied to
the semiconductor laser, the laser does not emit coherent light until the
current exceeds a critical value, known as the threshold current (1 w)- This
is 50 because stimulated emission has to compete against the absorption pro-
cesses during which an electron-hole pair is generated at the expense of an
absorbed photon. Since the electron population in the valence band generally
far exceeds that of the conduction band, absorption dominates. At a certain
value of the external current, a sufficient number of electrons are present
in the conduction band 1o make the semiconductor optically transparent,
With a further increase in current, the active region of the semiconductor
laser exhibits optical gain and can amplify the clectromagnetic radiation pass-
ing through it. Spontancously emitted photons serve as the noise input for
the amplification process.

However, optical gain alone is not enough 1o operate a laser. The other
necessary ingredient is oprical feedback. [n semiconductor lasers it is provided
by the cleaved facets that form an FP cavity. The role of the FP cavity is
twofold. First, it provides a direction selectivity for the process of stimulated
emission, since only photons traveling along its axis are reflected back and
forth. Second, it provides a wavelength selectivity since the feedback is strong-
est for wavelengths corresponding 1o the longitudinal modes of the FP cavit y.

Because of the opical feedback, the number of photons traveling perpen-
dicular to the facets increases when the current is large enough 10 satisfy
the condition of net stimulated emission. However, some photons are lost
through the partially transmitting facets and some gel scattered or absorbed
inside the cavity. If the loss exceeds the gain, stimulated emission cannot
sustain a steady supply of photons. This is precisely what happens below
threshold, when the laser output consists of mainly spontaneously emitted
photons. At threshold, gain equals loss and stimulated emission begins to
dominate. Over a narrow current range in the vicinity of the threshold current,
the output power jumps by several orders of magnitude and the spectral
width of the emitted radiation narrows considerably because of the coherent
nature of stimuiated emission.

[n the above-threshold regime, laser output increases almost linearly with
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the current. Almost all electrons and holes injected into the active region
now recombine through stimulated emission, and the internal quantum effi-
ciency approaches 100%. The performance of a semiconductor laser is Bov-
erned by a large number of emission characteristics related lo.lhc s!allf:,
dynamic, and spectral behavior of the light output. These are discussed in

Chapter 6.



RECOMBINATION MECHANISMS IN
SEMICONDUCTORS

3.1 INTRODUCTION

This chapter describes the electron-hole recombination mechanisms in a di-
rect-band-gap semiconductor. Recombination mechanisms can in general be
classified into two groups, radiative and nonradiative. Radiative recombination
occurs when an electron in the conduction band recombines with a hole in
the valence band and the excess energy is emitted in the form of a photon.
Radiative recombination is thus the radiative transition of an electron in
the conduction band 1o an empty state (hole) in 1he valence band. The aptical
processes associated with radiative transilions are (1) spontancous emission,
{il) absorption or gain, and (i} stimulated emission. Stimulated emission,
in which the emitted photon has nearly the same energy and momemtum
as the incident photon, forms the basis for laser action. The concept of stimu-
lated emission dates back to the work of Einstein! inn 1917,

in thermal equilibrium, a direci-band-gap semiconductor {e.g.. GaAs, Inp,
or GaSh) has a few electrons in the conduction band and a few holes {empty
¢lectron siates) in the valence band. When a photon of energy greater than
the band gap passes through such a semiconducior, the photon has a high
probability of being absorbed, giving its energy 10 an electron in the valence
band. thereby raising the eleciron to the conduction band. In principle, such
a photon could stimulate the emission of an identical photon with the (ransi-
tion of an electron from the conduction to the valence band. The emitted
phoion derives its energy from the energy lost by the eleciron. In thermal
equilibrium the number of clectrons in the conduction band is very small
(~10% cm™ for GaAs), 5o the probability of stimulated emission is negligibie
compared 1o the probability for absorption. However, external excitation,
can sufficiently increase the number of electrons i the conduction band
such that the probability of stimulated emission eventually becomes higher
than the probability of absorption. This situation corresponds to population

10
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mversion in o laser medium and is necessary for optical gain. The exiernal
excitation which generates a high density of electron-hole pairs in a semicon-
ductor s usually provided by current injection. It can also be achieved by
optical pumping (absorption of radiation higher in energy than the band
gap). En Section 3.2 we discuss the absorption and emission rates. These
are then used 10 study the dependence of optical gain on the injecied curremt
and the carrier density.

Nonradiative recombination of an electron-hole pair, as the name implies,
is characierized by the absence of un emitted photon in the recombination
process. This of course makes the experimental study, and hence identification,
of such processes very diflicult. In indirect-band-gap semiconductors such
as Ge or Si, the probability of nonradiative recombination dominates that
of radiative recombination by several orders of magnitude. The measurabie
quantities associated with nonradiative recombinations are the internal quan-
tum cfficiency and the carrier lifetime. The variation of these quantifies with
paramelers like temperature, pressure and carrier concentration is, by and
large, the only way to identify a particutar nonradiative recombination process.
One of the eflects of nonsadiative recombination on the performance of injec-
tion lasers is to increase the threshold curren.

The nonradiative recombination processes that affect the performance of
long-wavelengia semiconducior lasers are Auger recombination, surface re-
combination, and recombination at defects. The Auger recombinaton mecha-
nism involves four particle states (three electrons and one hole) und is believed
1o be important at high temperatures and for low band-gap semiconduciors.
Section 1.3 gives a detaifed discussion of the various Auger recombination
mechanisms. Section 3.4 presents the experimental resulis on the measurement
of radiative ang noaradiative recombination cocflicients. Section 3.5 considers
the threshold current density and 1he contribution of carrier leakage to it
Finally, in Sec. 3.6 we discuss the temperature dependence of the threshold
cugrent.

3.2 RADIATIVE RECOMBINATION

The processes associated with the radiative recombination of electron-hole
pairs in semiconduclors are spontaneous emission, optical absorption or gain,
and stimulated emission. The rates of these processes are relaled 1o each
other by the Einstein relations. These relations were first derived for electronic
transitions between two discrete energy levels (ie., in a gascous medium).
Similar relatiors also hold for a semiconductor where the recombining elec-
trons and holes can occupy a continuous band of cnergy eigenstates.?
Figure 3.1 shows a simplified encrgy-versus-wave-vector diagram for a
direct-band-gap semiconductor. An accurate description of the band structure

T =
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Fig. 3.1 Encrgy versus wave-vector diagram of a dirc‘:l-bund-gup semiconducior showing sche-
matically the conduction and valence bands. Three valence hands are regquired 10 model band-
to-band transitions realisticaily. Horizontal lines show the filled energy states. Radiative recombi-
nation of clectruns and holes generates photons.

requires sophisticated numerical techniques. A commonly used approximation
of the exact band siructure in a direct-gap semiconductor is the parabolic
band model. In this model the encrgy-versus-wave vector (E versus k) relation
1s assumed 10 be parabolic, this is,

2) 2

= h—- for electrons (3.2.1a)
2m,
h?k 2

.= for holes (3.2.1b)
m,

where m. and m, are the effective masses of electrons and holes, respectively,
and k is the magnitude of the wave vector k,

in a direct-gap semiconductor, the minimum in the conduction band curve
and the maximum in the valence band curve occur at the same value of

-
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the wave vector k (k = 0 in Fig. 3.1). Since a photon carries negligible
momenium campared with the carrier momenium Ak, radiative transitions
oceur between free electrons and free holes of essentially identical wave vec-
tors,

Al a given lemperature T, the available number of electrons and holes
are distributed over a range of cnergies. The occupation probability f; of
an electron with energy £ is given by the Fermi-Dirac statistics, and is

|
expl(E — E)/kaT] + 1

Jelbe) = (3.2.2)

where Eq is the q'uasi-Fcrmi level for the conduction band. Similarly for
the valence-band holes, the occupation probability of a hole with energy E.
is

e i
Jetke) = expl(Er — Eq)/kaT]+ 1 @2

where Eq, is the quasi-Fermi level for the valence band. The notations used
here assume that £ and Ey are measured from the conduction-band edge
and are positive into the conduction band. On the other hand, E, and Egq
are measured from the valence-band edge and are positive into the valence
band. Note that f. represents the occupation probability of the hole and
not of the chectron.

Consider the transition shown in Fig. 3.1 in the presence of an incident
photon whose encrgy E = hv = E. + E. + E,, where E, is the band
gap. The photon can be absorbed creating an electron of energy E- and a
hole of encrgy E,.. The absorption raie is given by

R, = B(1 = f: X1 — fy))(E) (3.2.4)

where B is the transition probability, p(E) is the density of photons of energy
E, and the factors 1 — f; and ! ~ J, represent the probabilities that the
¢lectron and hole states of energy E. and E; are not occupied. The stimulated-
emission rate of photons is given by

R. = Bff, p(E) (3.2.5)

where the Fermi factors /. and f. are the occupation probabilities of the
¢lectron and hole states of energy E. and E, respectively. The stimulated-
emission process is accompanied by the recombination of an electron-hole
pair. The condition for net stimulated emission or optical gain is
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R, >R, {3.2.6)
Using Eqs. (3.2.4) and (3.2.5), 1his condition becomes
fth>
With the use of f; and J, given by Eqgs. (3.2.2) and (3.2.3), this becomes
Ex~En>FE +E, (3.2.7)

By adding £, 10 both sides and noting that £ + £, + E, = hv, it follows
that the separation of the quasi-Fermi levels must exceed the photon energy
i order for the stimulated-emission rate 1o exceed the absorption rate. This
is the necessary condition for ner stimulated emission or optical gain.?

3.2.1 Absorplion and Emission Rates for Discrete Levels

The spontancous-emission rate and the absorption rate for photons in a semi-
conductor can be caleulated using time-dependent perturbation theory and
summing over the available clectron and hole states, We first consider the
case of two discrete energy levels of energy E, and £, The electron makes
a transition (rom an imGal state of energy E, 10 a final state of encrgy Fy,
and in the process a photon of energy £ = E; — E; is emitted. The transition
probability or the emission rate W of such a process is given by Fermi's
golden rulet:

W = U1 ) S(E — E, + ) (3.2.8)

where H is the mairix elemem i) of the time-independent part of the
perturbation Hamiltonian #, beiween the initial state [£} and final state M
and p(E;) is the density of the final states. In obtaining Eq. (3.2.8), 1he
perturbation Hamilionian is assumed 10 be of the form

Hy = 21" sinfwt)

The time-dependent sinusoidal part gives rise 1o the delta function of Eq.
(3.2.8) arising from the energy conservation during the emission process.

For photons interacting with free electrons of mass mg, the perturbation
Hamiltonian is given by$

RECOMBINATION MECHANISMS IN SEMICONDUCTORS 76

H=—3 5 (3.2.9)

my

where A is the vector potential of the ekctromagnetic field and p is the
clectron-momentum vector. The vector potential is related 1o the electric
flickd 4" by the equation

A== {3.2.10)

For a traveling plane wave with the angular frequency w, the electric field
is wrilten as

4= Kok cos(wt — ker) (3.2.11)

where ¢ is a unit vegtor determining the polarization of the ficld, E, is 15
amphitude, and k denotes the propagation vector such that k X & = 0, The
mignitude of the clectric ficld £, associated with one photon can be obtained
as follows. The magnitude of the Poynting vector that represcals the energy
flua is given by

=A% #) {3.2.12)
where aogular brackels denote lime averaging and .7 is the magnetic ficld,

which can be obtained using Maxwell's cquations {see Sce. 2.2}. Using them,
we obliin

I
$ =3 Eipes {3.2.13)

where kK = fw/c and i is the refractive dex of the medium. The facior
1/2 arises from time averaging over one optical cycle. The energy flux per
photon ix also given by the product of the photon encrgy Aw and the group
velocity ¢/ Hence it follows that

S =hwc/i (3.2.14)

From Eys. (3:2.10), (3.2.13), and (3.2.14), the vector potential A is given
by

e
A=—é( 2',' ) sin(wt < ke-r) (3.2.15)

fufl‘(ﬂ
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and using Eq. (3.2.9) the perturbation Hamiltoniun becomes

g 2\
u,=-—-—( ) (@&-p) sinfet —ker) - (3.2.16)

mo\ €oft’w

The square of the transition matrix element f; is now given by

p:-—ﬂ.'._i{'_l iepfr? (3.217
T eofiteo 4 P

where we have made the usual assumption that the electron wave functions
spread over a lincar dimension shorter than the wavelength {r << A) so
that k - r << I, '

For stimulated emission or absorption, p(E;) = 1, and the absorption or
cmission rate at a photon energy E = hw for transitions between two discrele
levels obtained from Egs. {3.2.8) and {3.2.17) is given by

wq?

W= MytS8(E —E — hw) {3.2.18)

mieftw

where My = «i &pJf) is the momentum matrix clement between the initial
and final electron states. In the case of absorption, the number of photons
absorbed per second is W. Since a photon travels a distance c/ji in I s,
the number of photons absorbed per unit distance or the absorption coellicient
a = gW/c Using Eg. (3.2.18), the absorption coeflicient for photons of
energy £ = Aw becomes

0(£)=_q—,l‘l'—.'_ My? 8(E — Ef — E) (3.2.19)
QegmicpE

For spontaneous emission, the quantity p(E;) in Eq. (3.2.8) equals the
number of states for photons of energy E per unit volume per unit energy.
It is given by

plEr) = (Z)W 4E (3.2.20)

where the factor 2 arises from (wo possible polarizations of the electromagnetic
field. Since E = hw and k = jiw/c. Eq. (3.2.20) reduces 10
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332
P(E;)=;r’5;:-'-:; {(3.2.21)

Thus using Eqs. (3.2.8), (3.2.17), and (3.2.21), the spontancous-emission rate
per unit volume al the photon energy E is given by

e
ro(E)=—TURE 2 S(E - B — E) (3.2.22)

mlewh?’

3.2.2 Absorption and Emission Rates in Semiconductors

We now calculate the spontancous-emission rate and the absorption cocflicient
for direct-gap semiconductors. These quantities are oblained by integrating
Eqs. (3.2.19) and (3.2.22) over the occupied electron and hole states in a
semiconductor.® A realistic band mode! for a [H-V direct-gap semiconductor
is the four-band model” shown in Fig. 3.1. In this model the valence band
is sepresented by three subbands: the heavy-hole band, the light-hote band,
and the spin-split-off-hole band. The light- and heavy-hole bands are degener-
ate at k = 0. Usually the split-off energy 4 is large compared with the
thermal energy ko T hence the spht-off band s full of electrons, that is, no
holes are present. The guasi-Fermi levels Tor the conduction and valence
bands can be obtained from the known effective masses and the density of
states in cach band. For the conduction band, Eg is obtained using

= pAE)} dE
T T eplE - ErkaT] (3223

where p (E) is the conduction-bund density of states and n is the number
of clectrons in the conduction band. The density of states for electrons of
energy £ can be obtained using Eq. (3.2.20} with 1be dispersion relation
(3.2.1a4) and becomes

pAE)=(2) ——= = =47 —

4mwk? dk 2m N2
QnpdE (h?) EM? (3.2.24)

where E = A%kY/2m,. and m, is the conduction-band effective mass. The
factor 2 in Eq. (3.2.24) arises from the two clectronic spin states. Equation
(3.2.23) can be rewritien as

2 €''de

=N—] ——
" “ qu2 1+ exple ~ €)

{3.2.25)
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where Ny = 22amcky T/ZR®P? and ¢ = Ei /R T Equation (3.2.25) can
be used 1o caleulae €, for a given electron concentration. An useful approxi-
mation for € is given by Joyce and Dixond They show that ¢, can be
represented by a convergent series of the form

=In (‘\‘) + .\-‘. A (.\' )i (3.2.26)

where the first few coeflicients are

A= 351583 x 07!
Az =—495009 X 107
A3= 148386 x 107¢
A= 442563 x10°¢

Another approximation, although not as elegant but showing faster conver-
gence, is the Nilson approximation.?

For a nondegenerate electron gas (0 << A,), all terms except the first
in Eq. (3.2.26) can be neglected and the Fermi energy is given by

Ew=kyTln ( Nr) (1.2.27)

Using Eq. (3.2.27) in Eq. (3.2.2) and neglecting | in the denominator, the
occupation probability becomes

fEy=— exp (;’; ) (3.2.28)

This is often referred o as the Boltzmann approximuation. The use of Eq.
(3.2.28) simplifies considerably the calculation of recombination rales in semi-
conductors. The nondegenerale approximation 1 << N, however, does not
always hold for semiconductor lasers and shouid be used with caution.

The quasi-Fermi level for the holes in the valence band can be similarly
calculated. The hole density is given by

P isin J 1+ expl(E — Eq)/kaT)

(3.2.29)

where p is the density of holes and the summation is over the light- and
heavy-hole bands. Using an expression similar to Eq. (3.2.24) for the densiy
of states, we obtain
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(Ilﬂde

'u'”z 1+ exple — ) exple — ) (3:2:30)

where
= 22wky T/RPMH Y2 + m?)

and myn and iy are the effective masses of light and heavy holes, respectively.
For the nondegencrate case where p << N,, Eq. (3.2.30) can be simplificd
10 obtan the following expressions for the quasi-Fermi energy and the hole-
occupation probability:

E -k.,TIn(N’) (3.2.31a)
f(E)-——cx ( ") (3.2.31b)
P\iT e

Su far we have considered the idealized case of parabolic bands with the
density of states given by Eq. (3.2.24). Under high injected carrier densities
or for high doping levels, the density of states is modified. In the case of
heavy doping, this occurs becanse randomly distributed impurities create
an additional continuum of states near the band edge. These are called band-
tuil states*™1 and are schematically shown in Fig. 3.2 :

Several models of band-1ail states exist in the literature. Principal among
them are the Kane model'® and the Halperin-Lax model.?' Fig. 3.3 shows
a comparson of the calculated density of states for the two models. The
curves were caleulated by Hwang?? for p-type GaAs with a hole concentration
of 3 X 10" ¢~ The material was heavily compensated with acceptor and
donor concentrations Ny and .V, of 6 X 10" ¢m™? and 3 X 10" em™3,
respectively. Figure 3.3 shows that for the Kane model the band tails extend
much mor: wito the band gap than for the Halperin-Lax model. The absorp-
tion measorements on heavily compensated samples indicate that the Hal-
perin-Lax odel is more realistic. However, this modet is not valid for states
very close <o the band edge. To remedy the situation, Stern*? approximated
the densis of states by fitting a density-of-state equation of the Kane form
(which is Gaussian} to the Halperin-Lax model of band-1ail states. The fit
is done at one energy value in the band tail, which lies within the validity
of the Halperin-Lax model. The Kane form of band tait merges with the
parabohic band model above the band edge as seen in Fig. 3.3

The importance of band-taii states in the operation of semiconductor lasers
arises frorr iwo considerations. First, band-1ail states can contribute signifi-
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Fig 3.2 Energy for the conduction and valence bands plotted against density of states. Dashed
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cantly to the total spontanc¢ous-emission rate and hence to the injection current
ncedéd 1o reach threshold. Second, band-tail trunsitions can have sigaificant
optical gain so that the laser can lase on these transitions, especially for
heavily doped semiconductors at low temperatures.

The maxtrix element for transitions between band-tail states differs from
that involving free electron and hole states in one important aspect. The

DENSITY OF STATES, p (E) (cm™3 ev-)
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p-iype GaAs with a net carrier concentration of 3 X 10" em?. The accetor concentration
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former does not satisfy momentum conservation; i.c., since the electron and
holes states are not states of definite momenium, the k-selection rule does
not apply. By contrast, for transitions invoiving parabolic band states, the
initial and final particle states obey the k-selection rule. Thus the exact matrix
clement for optical transitions in heavily compensated semiconductors must
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not inveke the k-selection rule for 1ransinons involviag band-tail states and,
at the same tume, should extrapolate 10 that obeying the k-sclection rule
for abose-band-edge transitions imvolving parabolic band states. The model
for such a matrix element has been considered by Stern. 1% Before discussing
his model in the next section, we consider the simpler case where the
k-selection rule holds and obtain the absorption coelficient and the spontane-
ous emission rate.

The k-Selection Rule When the k-scelection rule is obeyed, |M ]2 = 0 ualess
k. = k.. If we consider a volume V' of the semiconductor, the matrix element
My ?is qiven by

27y

Myt= M, 3—"";-' ke — k). (3.2.32)

The & function accounts for the momentum conservation between the condue-
non-band and valence-band states. The quantity [Mp 18 an average matrix
element for the Bloch states. Using the Kane model,” My |? in bulk semicon-
ductors is given by 7

_ maE (E, — A)

T 12mc(E, - 20/3) = Emoky (3.2.33)

Bl

where m, is the free-eleciron mass, E, 15 the band gap, and A is the spin-
orbit splitting. For GaAs, using £, = 1.424 ¢V, A = 0.33 ¢V, m. = 0.067
mg. we get £ = 1.3,

We are now in a position 1o calculate the spontaneous-emission rate and
the absorption coefficient for & bulk semiconductor. Equations (3.2.22) and
{3.2.32) can be used to obtain the total spontancous-emission rate per unit
volume. Summing over all states in the band, we obtain

impqE  Qa) ( % )H
= 2 -—
o) = e M T AT v (3.2.34)

XS [ [ (B Wi (E) dke d ¥k, Blke — ko )B(E; — E; — E)

where fz and f; are the Fermi factors for electrons and holes. The factor 2
arises from the (wo spin states. In Eq. (3.2.34), X stands for the sum over
the three valence bands (see Fig. 3.1). For definiteness, we first consider
transitions involving electrons and heavy holes. The integrals in Eq. (3.2.34)
can be evaluated with the following result;
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gtk M, 12 £ 2,

rw(£) = qu | :IJ (
mmjech*c h?

M2
) (E = B (&Y (E)  (3.2.35)

where

my

EZE(E—E")

!

me .
E, = o (E-E)

Mean
iny e e—
me + gy

and myy is the effective mass of the heavy hole. Equations (3.2.35) gives
the spontancous-emission fate al the photon energy £ To obtain the total
spontancous-emission rate, a final integration should be carried out over ail
passible encrgics. Thus the total spontancous-emission rate per unit volume
due to cleciron-heavy-hole transitions is given by

R= J rlE)dE = A|Ms (3.2.36)
Ly

where
I=1 (E— EV¥lE M (E)dE
kg

and A represents the remaining constants in Eq. (3.2.35). A similar equation
holds for the electron-light-hole transitions il we replace myy by the effective
tight-hole mass my,.

The absorption coefficient a(£) can be oblained in a similar way using
Eq. (3.2.19) and (3.2.32) and integrating over the available states in the con-
duction and valence bands. The resulting expression is

4% Qrp ¥ \ifL
a(E) 2emciE Mo =, (2)((21r)3) (V)
X[ O = fo = f)d%ed ke (ke — k) B(E —E, —E) (3.2.37)

BiMu 2 f2m,\302
=1 b | (ﬂ) (E = E) [t — fe(Ec)—fi(E)]  (3.2.38)

dmicmiciE \ b2
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For the case of a constant mairiy element, the assumption is that (M 2
13 independent of the energy and wave vector of the initial and final s1ages,
In such a case, the 1otal spontaneous emission rate and absorption coeflicient
are obtained by summing over the initial and final states using Eqs. (3.2.19)
and {3.2.22). The calculation is similar to that presented above; the only
difference is that in the latter case the delta funciion representing momentum
conservation is absent,

3.2.3 Absorption Coefficient and Optical Gain

We now describe the calculation of the spontaincous-emission rate and the
absorption coeflicient using the Gaussian Halperin-Lax band-tail model and
Stern’s matrix element. The results in this section are presented for the quater-
nary InGaAsP alloy emitting near 1.3 pmor 1.55 um. The gain calculations
for the InGaAsP material have been given in Ref. 18-21,

The optical absorption (or gain) coefficient for transitions between the
valence and conduction bands is obtained by integrating Eq. (3.2.19) over
all states, and is given by

9%h
2egmic pE

a(E)= f Pl E)pe (E*Y My 2[) — £ (E") —SAE))dE’ (3.2.39)

where E° = E' — E and p, and p. are, for the conduction and valence
bands respectively, the densities of states per unit volume per unit energy.
The integral is evaluated numerically and summed for both light-hole and
heavy-hole bands. The matrix clement My can be expressed as a product
of two terms, My = MyM ... where My isthe previously defined contribution
[Eq. (3.2.33)] from the band-edge Bloch functions and M eav s the matrix
¢element of the envelope wave functions representing the effect of band-tajl
states. The envelope wave function is a plane wave above the band edge
and takes the form of the ground state of a hydrogen atom for impurity
states in the band tail. The calculation described here uses the envelope
matrix element of Stern. 1413 The square of the Bloch-function matrix element
M 2 is given by Eq. (3.2.33) for the Kane model. Correction to the value
of My 2 can arise from the contribution of other conduction bands.?2.2? Thege
corrections would simply scale the gain values calculated using Eq. (3.2.39).

Figure 3.4 shows the calculaled absorplion curves for P-type InGaAsp
(& = 1.3 pm) with differem doping levels. The parameters used in the caleula-
tion are listed in Table 3.1. The heavy-hole mass, the light-hole mass, the
dielectric constant, and the spin-orbit splitting are obtained from a linear
cstrapolation of the measured binary values. The conduction-band efective
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Table 3.1 Band-Structure Parameters of In,, Ga, As, Py, Lattice
Matched to InP [x = 0.4526y /(1 — 0.031y}))

FARAMETER DEPLNDENCE ON THE MOLE FRAUTIONS X ANIY p
Luergy gap at zero JGinceVY)y= 1.35-0.72y +0.12p7
duping
Heavy-hole niass maa/me=(1 = y){0.79x +0.45(1 — x)] + y[0.45x + 041 — x)]
Light-hole mass M/ me = (1= p}[0.14x +0.12(1 — x)] +  {0.082x +0.026(1 — x)]
Diclectric constant €e={] —y)[Bax +9.6(1 ~x)) + p[I3.1x + 12.21 - =}
Span-ochil splitting Ain V) =0.11 + 0.3y ~ 0.09)7

Conduction-band mass . /mq = 0.080 — 0.039y
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mass is obtained from the data in Ref. 24, Since we are dealing with a
composition that is lattice-matched 1o ol the energy gap Eyo {for zero
" doping) is obtained from the data in Refl. 25, The reported experimental
results are in good agreement with the extrapolated light-hole mass.? The
carrier-concentration-dependent energy-gap reduction is assumed 10 be the
same as for GaAs,'®

AE,(in eV) = (—1.6 X 10-%)(p'73 + n'13) (3.2.40)

where n and p are in units of cm™3. The effect of AEy is only te shifi Lhe
position of the absorption e¢dge or the gain peak, and the magnitude of the
maximum gain al a given current densily remains unchanged. .

The resulis shown in Fig. 3.4 assume that acceptors are fully ionized,
1.e. Ny — Nn = p where Ny and Ny, are the accepuor and the donor concenlr.::—
nons, respectively and p is the majority carrier concemralion.‘Thc ratio
No/N, = 5 was chosen on the basis of the experimental s!udtes on Zn-
doped GaAs. The calculation shows that with an increase in the doping
level, the effect of band-tail states becomes more pronounced and the absorp-
tion edge is Jess steep. For the same reason, the absorption on the high-
energy side is reduced with an increase in the doping level.
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Fig. 3.5 Spontuncous emission spectra for puaype InGaAst (A = 1.3 pm). The parameters
used are the same as those in Fig. 3.4 (Aficr Rel. 18)
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The 1atal spontancous-emission rale per unit volume can be calculated
i a similar manner. Integrating Eq. (3.2.22) over all states, it is given by

Amq*aE

Rik)y= mieocth?

-
[ Ep Y EV M e (24
where £ = E* — E. The integral is evaluated numerically. Equation (3.2.41)
yiclds the spontancous-emission specirum if R is calculated as a funclion
of the photon energy E.

Figure 3.5 shows the caleulated spontancous-emission spectra for different
hole concentrations. Note that with increasing carrier concentration the peak
of the spontancous emission shifis to lower energics while its height (maximum
cmission intensity) decreases. Also note that the width of the emission spec-

trum increases with increasing carrier concentration as a result of the band-
tail stares.
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Fig. 3.6 Effect of ucceptor concentration on the width of the spontancous-emission specirum
(or p-rype InGaAst (A = 1.3 pm). Circles are experimental data points. {After Ref. 20)
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Figure 3.0 shows the effect of acceptor concentration on the widih (FWHM)
of the spontancous emission spectrum. The measured data of Rell 20 are
also shown. The absorption edge shifts to lower energies due to the formation
of band-tail states with increasing impurity concentration. The emission and
absorption spectra of n-type semiconductors have essentially the sume features
as those of p-type semiconductors. .
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Fig. 1.7 Calculated gain spectra at different injected carrier densities for undoped InGaAsP
(E;, = 096 ¢V, A = 1.3 um). The absorption cocfficient is plotied as a funciion of the photon
energy. (After Ref. 18}
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Fig. 1.8 Calculated marimum gain (% waa) av 3 function of injected carrier density {a ) in undoped
InGaAsP {A = 1.3 um) at various temperatures. (After Ref. 27)

We now calculate the gain in InGaAs? excited by external pumping. Under
suflicient optical excitation or current injection, the number of clectrons and
holes may be large enough (o satisfy Eq. (3.2.7); the semiconductor material
would then exhibit optical gain. The rate of excitation can be expressed in
terms of the injected carrier density or by the nominal current densily defined
below by Eq. (3.2.42). Figure 3.7 shows the gain spectra at various injected
carcier densities. For injected carrier densitics less than 108 cm™3, there is
no net gain at any photon encrgy. As the carrier density is further increased,
the absorption coefficient a becomes negative over o limited eNergy range
and gain occurs. The photon energy at which the maximum gain occurs
shifts to higher energy with increasing injection while, at the same time,
the gain appears al a lower energy with increasing injection. This effect is
due to a shift in the band edge given by Eq. (3.2.40). Figure 3.8 shows the
maximum gain {peak value in Fig. 3.7) plotted as a function of the injected
carricr density at different temperatures.?’ The calculation is done for undoped
malerial with a residual concentration of 2 X 10" em—3 acceplors and donors.
Note that the gain is higher at a lower temperature for the same excitation.
The temperature plays a role through the Fermi factors and affects the distri-
bution of clectrons and holes in the conduction and valence bands. A1 higher
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temperatures the carriers are distributed over a wider energy range, so the
maximum gain is less.

A convenient way to express the excitation rate is (o use the nominal
current density Jn, which is defined as the total spontancous-cmission rate
per unit volume and equals the injected curremt density at uait quanium
efficiency. The nominal current density is usually expressed in A/(cm?. um)
and is given by

Jy =4R (3.2.42)

where R is the total spontaneous-emission rule per unil volume given by
Eq. t3.2.41). Figure 3.9 shows the calculated maximum gain as a funclion
of nominal current density for inGaAsP a1 1.} um. The nominal current
density equals the current lost to radiative recombination in a double-hetero-
structure laser. Figure 3.9 shows that 1o achieve the same gain, higher current
density is needed at higher temperatures. Figures 3.8 and 3.9 show the basis
of the increase in threshold current of injection lasers as the temperature is
increased. Section 3.6 discusses the temperature dependence in detail.
Results of a similar calculation for the variation of the maximum gain
with the injected carrier density and the nominal current densily a1 1.55
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Fig. 39 Calculated maximum gain (g mey) @5 & function of nominal current density (J pem) for
undoped InGaAsP (A = 1.3 pm) at various temperatures. (After Rel. 27)
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Fig. 3.10 Calculated maximum gain as a function of inpecied carrier density in p-iype lnGaAsP
for 1wo different majurity carries (hole) concentrations.

pm are given in Ref. 27. The results are very similar to those of Figs. 3.8
and 3.9 except that a smaller injected carrier density and a smaller nominal
current density are needed at the Jonger wavelength o achieve the same
gain. This arises from the smaller conduction-band effective electron miass
at the Jonger wavelength, which allows the gain condition (3.2.7) to be satished
atl a lower carrier density.

We next consider the effect of doping on the optical gain. Figure 3.10
shows 1"¢ calculated maximum gain as a function of the injected electron
density 2 p-type InGaAsP (A = 1.3 um) with different hole concentrations.
The calcutation assumes N,/N, = 5. Figure 3.11 shows the result for
n-type InGaAsP as a function of the injected hole density. The two figures
show that the excitation rate required for transparency (g = 0) decreases
with higher doping both for p- and a-lype materials. The decrease is more
rapid for n-1ype than for p-type materials. The difference in behavior between
the - and p-type maerials is due 10 the smaller effective mass of electrons
compared with that of holes. This may be seen as follows. The condition
for net stimulated emission or gain is given by Eq. (3.2.7). lucreasing the
doping level increases both E . and E; hence fewer additional injected carri-
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Fig. .11 Cakulated maximum gain s a function of injected hole density in w-type InGaAsl®
for 1wo different majority carrier (clectron) concenteations.

ers are needed to satisfy the condition for gain. Since the effective mass of
the conduction band is smaller than that of the valence band,

), |5
on op
This explains why the effect of doping is more pronounced in n-ype than
in p-type material,

Figures 3.8-3.11 show that the optical gain varies almost linearly with
the injected carrier density and can be approximately written as

g =a(n —ny) (3.2.43)
where the slope a is called the gain coefficient and n, is the in jected carrier
density required 10 achicve transparency (i, g = 0 when n = ng). From
Eq. (3.2.7), the condition for transparency is given by

Ee+En=0 (3.2.44)

The quantity ne can be calculated from Eq. (3.2.25) using the approximation
{3.2.26) for parabolic bands. Figure 3.12 shows the calculated ne for undoped
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InGaAsP lattice-matched 10 InP. The smaller nq for low band gap is duc
(0 a smaller effective mass.

The variation of the gain with the carrier density is approximately linear.
As such, it is useful for a simple but fairly accurate description of semiconduc-
tor lasers as was presented in Chapter 2. Equation (3.2.43) was used in the
phenomenological model introduced in See. 2.4. The gain parameters g and
fo can be determined cither using numerical results presented in Figs. J.8-
3.12 or deduced from the experimental data. Typical values for [nGaAsP
fasers are in the range of 1.2-2.5 X 10-** cm? for ¢ and 0.9-1.5 X toe
¢m~2 for ny depending on the laser wavelcngth and doping levels. [t should
be stressed that because of uncertainties in the band-structure parameters,
the numerical results are only accurate 1o within a factor of 2.

The total spontaneous emission rate R given by Eq. (3.2.41) can be approxi-
mated by
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R = Bnp (3.2.45)

where 8 Is the radiative recombination coeflicient and a and p are the electron
density and the hole density respectively. For undoped semiconductors,
R = Bn? The calculated B = 1.2 X 107" cm¥/s for InGaAsP (A = 1.3
pm} at a carrier concentration of | X 10" em™3. Calculation of the radiative
recombination rate shows that B decreases with increasing carrier density.
This has been confirmed by Olshansky et al.2* using carrier-lifetime measure-
ments.

3.3 NONRADIATIVE RECOMBINATION

As mentioned in Sec. 3.1, electrons and holes in a semiconductor can also
recombine nonradiatively. Nonradiative mechanisms include recombination
at defects, surface recombination, and Auger recombinalion, among others.
For long-wavelength semiconductor lasers, however, the Auger process is
generally the predominant nonradiative mechanism, and most of this section
is devoted 10 its study. The surface- and defect-recombination processes are
discussed briefly in Sec. 1.3.4.

The Auger recombination process involves four particle states (three elec-
trons and one hole, two electrons and two holes, and so forth). In this process,
the energy released during the electron-hole recombination is transferred to
another ¢lectron (or hole), which gets excited to a high energy state in the
band. This electron or hole then relaxes back 10 achieve thermal equilibrium
by losing its energy 1o lattice vibrations or phonons. The Auger recombination
raie R, may be approximately written as

R =Cn? (3.3.1)

where n is the injected carrier density in an undoped semiconductor. 1t is
usefu} to define the carrier lifetime 7, for the Auger process as

Ta =n/Ry =(CnH)™? (3.13.2)

The quanuty C is called the Auger coeflicient. The inverse-square dependence
of carrier lifetime on carrier density is used Lo identify the Auger effect
experimentally. Departures from the simple inverse-square relation are dis-
cussed later in the section.

1t is generally accepted thal Auger recombination can be a major nonradia-
tive mechanism in narrow-gap semiconductors.?* %3 The observed strong tem-
perature dependence of threshold current in long-wavelength semiconductor
lasers has focused attention on the Auger effect. There are several different

RECOMBINATION MECHANISMS IN SEMICONDUCTORS 96

iypes of Auger recombination processes. The three major types are (i) band-
to-bund processes.?’32-37 (i3) phonon-assisted Auger processes®4 and (i)
trap-assisted processes. 42-48

3.3.1 Band-to-Band Auger Processes

The band-10-band Auger processes in a direci-gap semiconductor are shown
it Figure 3.13. The theee processes are Jabeled CCCH, CHHS, and CHHL
where C stands for the conduction band and H, L, and S stand for heavy-
hole, light-hole, and split-off valence bands, respectively. The CCCH process
involves three elecirons and one hole and is dominant in n-type material,

The Auger recombination rate for this process was first derived in Ref.
29. The basis of the Auger effect is the Coulomb interaction beiween the
two electrens | and 2 in the conduction band. In the CCCH mechanism,
clectron  recombines with hole 17 (i.e., electron | makes a transition 10
emply state 1°) and the excess energy is transferred 1o electron 2, which is
excited 1o state 2°. Electron 2° loses its energy 1o opilcal phonons when it
relaxes back 1o thermal equilibrium. The CHHS process involves one electron,
iwo heavy holes, and a split-off-band hole. CHHL is similar to CHHS elccpt
that it involves a light hole.

BAND-TO-BAND AUGER PROCESSES

CONDUCTION BAND

Z i
SPLIT-OFF BAND

CCCH CHAHS CHHL

Fig. 3.13 Threw different bund-io-band Auger processes shown schematically. Ekectrons sre
reprasciied by closed cirches and holes by open aireles.
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