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Fluctuations in the amplitude or intensity of the output from semiconductor
injection lasers also leads to optical intensity noise. These fluctuations may be
caused by temperature variations or, alternatively, they result from the spontaneous
emission contained in the laser output, as mentioned previously. The random
intensity fluctuations create a noise source referred to as relative intensity noise
(RIN), which may be defined in terms of the mean square power fluctuation 8p?
and the mean optical power squared (P.)* which is emitted from the device
following:

3
RIN = ,(STP% (6.44)
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The above definition allows the RIN to be measured in dB Hz ™' where the power

fluctuation is written as:

5PAN = | Se(f) df (6.45)
40
where Srin(f) is related to the power spectral density of the relative intensity noise
Spiv() by:

Sriv(f) = 27Sriv(w) (6.46)
where w = 2nf.

Hence from Eq. (6.44), the RIN as a relative power fluctuation over a bandwidth
B which is defined as 1 Hz:

Srin(f) B(=1Hz) (6.47)

'N = -
Rl (Pe)

Typically, the RIN for a single-mode semiconductor laser would lie in the range 130
to 160 dBHz !. However, it should be noted that the relative intensity noise
decreases as the injection current level I increases following the relation:

I\’
RIN (7 ) (6.48)

th

where Iy is the laser threshold current.

From the discussion of optical detectors following in Section 8.6 it is clear that
when an optical field at a frequency f is incident with power Po(¢) on a
photudetector whose gquantum efficiency (electrons per photon) is 5 then the output
photocurrent /p(f) is:

_nebPs(t)
() =1 (6.49)

where e is the charge on an electron and 4 is Planck’s constant. Therefore an
optical power fluctuation 8P,(r) will cause a fluctuating current component
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8I,(t) = ne 8Py (1) hf which exhibits a mean square value:
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Now, considering the fluctuation in the incident optical power at the detector to
result from RIN in the laser emission, using Eqs. (6.44) and (6.47), and transposing
P. for P,, then the mean square noise current in the output of the detector ik

due to these fluctuations is:

2

> 7%
i% s (RIN)(P)*B (6.51)

TRIN= R

Example 6.7
The output from a single-mode semiconductor laser with a RIN value of
107'* dBHz ™" is incident directly on an optical detector which has a bandwidth of
100 MHz. The device is emitting at a wavelength of 1.55 um, at which the detector
has a quantum efficiency of 60%. If the mean optical power incident on the detector
is 2 mW, determine: (a) the rms value of the power fluctuation and (b) the rms noise
current at the output of the detector.

Solution: (a) The relative mean square fluctuation in the detected current is equal
to 8P (P.)?, which, using Eqs. (6.44) and (6.47), can be written as:

6P2 = Srin(S)

Py~ (B
Hence the rms value of this power fluctuation is:
(P!

P.

(b) The rms noise current at the detector output may be obtained from
Eq. (6.51) as:

B=10""x100x10%=10""

=316x107*W

GRn)i = %”} (RIN)PB} = % (RIN)iP.B!

_1.602x 107" x0.6x 1.55x 107°x 3.16 X 10"* x 2 x 10~* x 10*
6.626 x 107> x 2.998 x 10°

=4.74x10"7 A

Optical feedback from unwanted external reflections can also affect the intensity
and frequency stability of semiconductor lasers [Ref. 59]. With multimode lasers,
however, this effect is reduced because the reflections are distributed among many
fiber modes and therefore they are only weakly coupled back into the laser mode



Optical sources 1: the laser 345

Relative
intensity

N l . ALI i I

0.82 0.82

Figure 6.39 The effect of partition noise in a multimode injection laser. It is displayed
as a variation in the distribution of the various longitudinal modes emitted from the
device.

[Ref. 60]. The stronger fiber to laser coupling in single-mode systems, particularly
those operating at 1.55 ym, can result in reflection-induced frequency hops and
linewidth broadening [Ref. 51]. In these cases an optical isolator, which is a
nonreciprocal device that allows light to pass in the forward direction but strongly
attenuates it in the reverse direction, may be required to provide reliable single-
mode operation.

Mode partition noise is a phenomenon which occurs in multimode semiconductor
lasers when the modes are not well stabilized [Ref. 61]. Even when the total output
power from a laser is maintained nearly constant, temperature changes can cause
the relative intensities of the various longitudinal modes in the laser’s output
spectrum to vary considerably from one pulse to the next, as illustrated in
Figure 6.39. These spectral fluctuations combined with the fiber dispersion produce
random distortion of received pulses on a digital channel, causing an increase in bit
error rate.

Mode partition noise can also occur in single-mode devices as a result of the
residual side modes in the laser output spectrum. The effect varies between lasers
emitting at 1.3 um and those operating at 1.55 um but, overall, a degree of side
mode suppression is required in both cases in order to avoid additional errors at the
receiver [Ref. 51].

6.7.5 Mode hopping

The single longitudinal mode output spectrum of a single-mode laser is illustrated
in Figure 6.40(a). Mode hopping to a longer wavelength as the current is increased
above threshold is demonstrated by comparison with the output spectrum shown in
Figure 6.40(b). This behaviour occurs in all single-mode injection lasers and is a
consequence of increases in temperature of the device junction. The transition
(hopping) from one mode to another is not a continuous function of the drive
current but occurs suddenly over only 1 to 2 mA. Made hopping alters the light
output against current characteristics of the laser, and is responsible for the kinks
observed in the characteristics of many single-mode devices.
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Figure 6.40 Mode hopping in a single-mode injection laser: (a) single longitudinal mode
optical output: (b) mode hop to a longer peak emission wavelength at an increased
optical output power.

Between hops the mode tends to shift slightly with temperature in the range
0.05 to 0.08 nmK~'. Stabilization against mode hopping and mode shift may
be obtained with adequate heat sinking or thermoelectric cooling. However, at
constant heat sink temperature, shifts due to thermal increases can only be fully
controlled by the use of feedback from external or internal grating structures (see
Section 11.2.3).

6.7.6 Reliability

Device reliability has been a major problem with injection lasers and although it has
been extensively studied, not all aspects of the failure mechanisms are fully
understood [Ref. 13]. Nevertheless, much progress has been made since the early
days when device lifetimes were very short (a few hours).

The degradation behaviour may be separated into two major processes known as
‘catastrophic’ and ‘gradual’ degradation. Catastrophic degradation is the result of
mechanicaf damage of the mirror facets and leads to partial or complete laser
failure. It is caused by the average optical flux density within the structure at the
facet and therefore may be limited by using the device in a pulsed mode. However,
its occurrence may severely restrict the operation (to low optical power levels) and
lifetime of CW devices.

Gradual degradation mechanisms can be separated into two categories which are:
(a) defect formation in the active region; and (b) degradation of the current
confining junctions. These degradations are normally characterized by an increase
in the threshold current for the laser which is often accompanied by a decrease in
its external quantum efficiency [Ref. 62].

Defect formation in the active region can be promoted by the high density of
recombining holes within the device [Ref. 63]. Internal damage may be caused
by the energy released, resulting in the possible presence of strain and thermal
gradients by these nonradiative carrier recombination processes. Hence if non-
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radiative electron—hole recombination occurs, for instance at the damaged surface
of a laser where it has been roughened, this accelerates the diffusion of the point
defects into the active region of the device. The emission characteristics of the
active region therefore gradually deteriorate through the accumulation of point
defects unti! the device is no longer useful. Theoe defect structures are generally
observed-as dark spot defects (DSDs).

Mobile impurities formed by the precipitation process, such as oxygen, copper or
interstitial beryllium or zinc atoms, may also be displaced into the active region of
the laser. These atoms tend to cluster around existing dislocations encouraging high
local absorption of photons. This causes dark lines in the output spectrum of the
device which are a major problem associated with gradual degradation. Such defect
structures are normally referred to as dark line defects (DLDs). Both DLDs and
DSDs have been observed in ageing AlGaAs lasers as well as in InGaAsP lasers
[Ref. 63].

Degradation of the current confining junctions occurs in many index-guided laser
structures (see Section 6.5.2) which utilize current restriction layers so that most of
the injected current will flow through the active region. For example, the current
flowing outside the active region in buried heterostructure (BH) lasers is known as
leakage current. Hence a mode of degradation that is associated with this laser
structure is an increase in the leakage current which increases the device threshold
and decreases the external differential quantum efficiency with ageing.

Over recent years techniques have evolved to reduce, if not eliminate, the
introduction of defects, particularly into the injection laser active region. These
include the use of substrates with low dislocation densities (i.e. less than
1073 cm™?), passivating ‘the mirror facets to avoid surface-related effects and
mounting with soft solders to avoid external strain. Together with improvements in
crystal growth, device fabrication and material selection, this has led to CW
injection lasers with reported mean lifetimes in excess of 10° hours, or more than
100 years. These projections have been reported [Ref. 64] for a variety of
GaAs/AlGaAs laser structures. In the longer wavelength region where techniques
were not as well advanced, earlier reported extrapolated lifetimes for CW
InGaAsP/[InP DH lasers were around 10° hours [Ref. 65). More recently, however,
InGaAsP/InP BH lasers emitting at 1.3 ym have been tested which display
statistically estimated mean lifetimes in excess of 10® hours at operating temper-
atures of 50°C [Ref. 66]. In addition DFB lasers emitting at 1.55 um subject to
accelerated ageing at a temperature of 60°C have demonstrated stable ageing
characteristics for more than 2000 hours of operating time.

6.8 Injection laser to fiber coupling
One of the major difficulties with using semiconductor lasers within optical fiber

communication systems concerns the problems associated with the efficient
coupling of light between the laser and the optical fiber (particularly single-mode
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fiber with its small core diameter and low numerical aperture). Although injection
lasers are relatively directional they have diverging output fields which do not
correspond to the narrow acceptance angles of single-mode fibers. Thus butt
coupling (see Figure 6.41(a)) efficiency from the laser to the fiber is often low at
around 10%, even with good alignment and the use of a fiber with a well cleaved
end {[Ref. 67]. In this case the optimum coupling efficiency is obtained by
positioning the fiber end very close to the laser facet. Unfortunately, this technique”
allows back reflections from the fiber to couple strongly into the laser which
produce noise at the device output that cau cause performance degradations in high
speed systems [Ref. 68]. '

The coupling efficiency can be substantialiy improved when the output-field from
the laser is matched to the output field of the fiber. Such matching is usually
achieved using a lens (or lens system) positioned between the laser and the fiber. A
simple and popular technique is to employ a hemispherical lens formed on the end
of a tapered optical fiber,* as illustrated in Figure 6.41(b) [Refs. 69,70]. The
numbers of piece-parts are therefore minimized and only one alignment step is
required. Measured coupling efficiencies up to 65% have been obtained using this
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Figure 6.41 Techniques for coupling injection lasers to optical fiber, illustrated
using single-mode fiber: ta) butt coupling; (b) tapered hemispherical fiber
coupling; (c) confocal lens system.

* Such techhiques are sometimes referred to as microlensed fibers [Ref. 71}.
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method [Ref. 71]. Alternative strategies for microlensed fiber coupling include the
use of an etched fiber end with lens [Ref. 72] and a high index lens on the end of
a fiber taper [Ref. 73]. Coupling efficiencies of 60% and 55%, respectively, have
been achieved using these techniques.

Injection laser coupling using designs based on discrete lenses have also proved
fruitful. In particular, such lens systems provide for a relaxation in the alignment
tolerances normally required to achieve efficient microlensed fiber coupling. For
example, the confocal lens system shown in Figure 6.41(c) allows a relaxation in
the 1 dB tolerance by about a factor of 4 in comparison with an 8 yum radius
microlensed fiber [Ref. 71]. The combination of the sphere lens and the GRIN-rod
lens (see Section 5.5.1) is common within such systems because of the simplicity of
the components. Coupling efficiencies of 40% have been obtained with the sphere
and GRIN-rod lens in a confocal design. Furthermore, slightly higher efficiencies
have been achieved using a GRIN-rod lens with one convex surface (49%) and with-
a silicon plano-convex lens (55%). Finally, the use of a silicon lens within a
confocal system has provided coupling efficiencies of up to 70% [Ref.71].

6.9 Nonsemiconductor lasers

Although at present injection lasers are the major lasing source for optical fiber
communications, certain nonsemiconductor sources are of increasing interest for
application within this field. Both crystalline and glass waveguiding structures
doped with rare earth ions (e.g. neodvmium) show potential for use as optical
communication sources. In particular, the latter devices in which the .short
waveguiding structures are glass optical fibers have formed an area of significant
development only since 1985 [Ref. 74]. Prior to consideration of these rare earth
doped fiber lasers, however, this section briefly discusses the most advanced of
the crystalline solid state lasers which could find use within optical fiber
communications: the Nd: YAG laser.

6.9.1 The Nd:YAG laser

The crystalline waveguiding material which forms the active medium for this laser
is yttrium—aluminium--garnet (Y3;AlsO;2) doped with the rare earth metal ion
neodymium (Nd**) to form the Nd : YAG structure. The energy levels for both the
lasing transitions and tne puniping are provided by the neodymium ions which are
randomly distributed as substitutional impurities on lattice sites normally occupied
by yttrium ions within the crystal structure. However, the maximurm possible
doping level is around 1.5%. This laser, which is currently utilized in a variety of
areas [Ref. 75}, has the following several important properties that may enable its
use as an optical fiber communicaiion source:

1. Single-mode-operation near 1.064 and 1.32 um, making it a suitable source for
single-mode systems.
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2. A narrow linewidth (<0.01 nm) which is useful for reducing dispersion on
optical links.

3. A potentially long lifetime, although comparatively few data are available.

-4, The possibility that the dimensions of the laser may be reduced to match those
of the single-mode fiber.

However, the Nd : YAG laser also has the following drawbacks which are common
to all neodymium doped solid state devices:

1. The device must be optically pumped. However, long lifetime AlGaAs LEDs
may be utilized which improve the overall lifetime of the laser.

2. A long fluorescence lifetime of the order of 10™* seconds which only allows
direct modulation (see Section 7.5) of the device at very low bandwidths. Thus
an external optical modulator is necessary if the laser is to be usefully utilized
in optical fiber communications.

3. The device cannot take advantage of the well -developed technology associated
with semiconductors and integrated circuits.

4. The above requirements (i.e. pumping and modulation) tend to give a cost

" disadvantage in comparison with semiconductor lasers.

An illustration of a typical end pumped Nd: YAG laser is shown in Figure 6.42.
It comprises a Nd : YAG rod with its ends ground flat and then silvered. One mirror
is made fuflly reflecting whilst the other is about 10% transmitting to give the
output.

The Nd: YAG laser is a four level system (see Section 6.2.3) with a number of
pumping bands and fluorescent transitions. The strongest pumping bands are at
wavelengths of 0.75 and 0.81 um, giving major useful lasing transitions at 1.064 and
1.32 ym. Single-mode emission is obtained at these wavelengths with devices which
are usually only around 1 cm in length [Ref. 75]. Although the Nd : YAG laser has
the specific advantages and drawbacks noted above, it also has a cost disadvantage
in comparison with rare earth doped glass fiber lasers (see next section) in that it
is far easier and less expensive to fabricate glass fiber than it is to grow YAG
crystals.

AlGaAs LED Nd:YAG laser rod
Z i ‘¢ hf
- :’iu}f::pmg E_ ~ A
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/l emission

Dielectric mirrors

Transparent
coupling
material

Figure 6.42 Schematic diagram of an end pumped Nd: YAG laser.
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6.9.2 Glass fiber lasers

The basic structure of a glass fiber laser is shown in Figure 6.43. An optical fiber,
the core of which is doped with rare earth ions, is positioned between two mirrors
adjacent 1o its end faces which form the laser cavity. Light from a pumping laser
source is launched through one mirror into the fiber core which is a waveguiding
resonant structure forming a Fabry-Perot cavity. The optical output from the
device is coupled through the mirror on the other fiber end face, as illustrated in
Figure 6.43. Thus the fiter laser is effectively an optical wavelength converter in
which the photons at the pumping wavelength are absorbed to produce the required
population inversion and stimulated emission; this provides a lasing output at a
wavelength which is characterized by the dopant in the fiber.

The rare earth elements, or lanthanides number fifteen and occupy tne penul-
timate row of the periodic table. They range from lanthanum (La), with an atomic
number of 57, 1o lutetium which has an atomic number of 71. Tonization of the rare
carths normaily takes place to form a trivalent state and the two major dopants
currently employed for fiber lasers are neodymium (Nd?") and erbium (Er**). In
common with the Nd: YAG laser (sec Scction 6.9.1) the former element provides
a four level scheme with significant lasing outputs at wavelengths of 0.90, 1.06.and
1.32 um. The latter element gives a three level scheme (see Section 6.2.3) with major
useful lasing transitions at ¢.80, 0.98 and 1.55 um {Ref. 74]. One consequence of
the number of ievels involved in the laser action that is of particular significance
1o fiber lasers is the length dependence of the threshold power. Provided that the
imperfection losses are low, then in a four level system the threshold power
decreases inversely with the length of the fiber gain medium. In a three level system,
however, there is an optimum length that gives the minimum threshold power which
is independent of the value of the imperfection losses [Ref. 74].

The glasses which form the host materials for the rare earth doped fiber lasers
mainly comprise covalently bonded molecules in the form of a disordered matrix
with a wide range of bond lengths and bond angles [Ref. 76]. The rare earth ions
which are impurities either act as network modifiers or are interstitially located
within the glass network. To date, silica-based glasses have provided the major host
material although fluorozirconate fibers (sce Section 3.7} doped with both
neodymium and erbium ions have produced lasers emitting at wavelengths of 1.05
and 1.35 um, and 1.55 pm respectively. In addition, fluoride glasses with other
dopants give lasing outputs in the mid-infrared wavelength range (see Section 6 11).

Both neodymium and erbium doped silica fiber lasers employ codopants such as

Lasing output

Pump ? Rare earth doped fiber 7 coooo
r d >
] >
T Unconverted
mirrors pump

Figure 6.43 Schematic diagram showing the structure of a fiber laser.
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phosphorous pentoxide (P2Os), germania (e.g. GeO,, GeCls) or alumina (AL Os).
Dopant levels are generally low (at 400 parts per million) in order to avoid
concentration quenching which causes a reduction in the population of the upper
lasing levels as well as crystallization within the glass matrix [Ref. 74]. In addition,
certain properties of the glass host materials lead to significant spectral broadening
of the laser outputs through several mechanisms [Ref. 77] in contrast to what
occurs with the Nd:YAG gain medium (see Section 6.9.1). For exampie, the
different fluorescence spectra for an erbium doped silica fiber and a similarly doped
fluorozirconate fiber (ZBLANP*) may be observed in Figure 6.44 [Ref. 78].

The light output versus absorbed pump power characteristics for two fiber lasers
are displayed in Figure 6.45. The characteristic shown in Figure 6.45(a) corresponds
t0 a neodymium doped silica fiber laser in which every effort was made to optimize
the optical components in the cavity [Ref. 79]. This device in which the mirrors
were dielectric coatings deposited directly on to the fiber end faces emitted at a
wavelength of 1.06 um. It may be observed from Figure 6.45(a) that the fiber laser
provided a CW output power in excess of 4 mW with a threshold power of
1.51 mW. In addition, the characteristic is linear above threshold with a slope
efficiency of 55%. Figure 6.45(b) corresponds to an erbium/ytterbium with alumina
codoped silica fiber laser emitting at a wavelength of 1.56 um [Ref. 80]. The device
which could be injection laser pumped without the need for stringent pump-laser

- Er'"/ZBLANP

Normalized
fluorescence

Wavelength (xm)

Figure 6.44 Normalized fluorescence from erbium doped silica and ZBLANF
Tibers. Reproduced with permission from C. A. Millar, M. C. Brierley and P. W.
France, 'Optical amplification in an erbium-doped fluorozirconate fibre
between 1480 nm and 1600 nm’, IEE Conf. Pub., 292, Pt. 1, p. 66, 1988.

* ZBLANP fiber has lead fluoride added to the core _glass to raise the relative refractive index.
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Figure 6.45 Light output against absorbed pump power characteristics for fiber lasers:
(a) Neodymium doped silica fiber. Reproduced with permussion from M. Shimitzu, H.
Suda and M. Horiguchi, "High efficiency Nd-doped fibre lasers using direct-coated
dielectric mirrors’, Electron. Lett., 23, p. 768, 1987 (IEE).

(b) Erbium/ytterbium with alumina codoped silica fiber. Reproduced with permission

from D. N. Payne and L. Reckie, ‘Rare-earth-doped fibre lasers and amplifers’, IEE Conf.
Pub., 292, Pt. 1, p. 49, 1988.

wavelength selection gave 1 mW of CW output power with a threshold power of
2 mW.

The basic Fabry—Perot cavity fiber laser shown in Figure 6.43 can be easily
constructed from standard optical components but it has several limitations. In
particular, the launching of light from the pump laser through one of the mirrored
fiber ends can cause damage to the mirror coating as well as a substantial reduction
in the launch efficiency. Furthermore, as mentioned previously, the gain spectrum
of most rare carth ions extends over a wavelength range of some 50 nm. Unless
the dielectric coatings on the mirrors are specially designed for broadband
performance, however, the lasing output will be restricted to between 5 and 10 nm.
Such a linewidth is too narrow for the provision of a broadband optical source but
too wide to be used in single frequency laser applications such as coherent
transmission. A number of alternative fiber laser structures have therefore been
fabricated which do not require dielectric or metallic mirrors. Two of these
structures, which are llustrated in Figure 6.46, are the fiber ring resonator [Ref.
81] and the fiber loop reflecter made from a series concatenation of distributed
reflectors using loops of fiber {Refs. 82, 83).
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Figure 6.46 Fiber laser structures: (a) fiber ring resonator; (b) fiber loop
reflector; (c) all-fiber laser made from two loops in series.

The fiber ring resonator may cmploy the coherent beam splitting properties of the
single-mode fiber fused directional coupler (see Section 5.6.1). In this case two of
the arms of the coupler are spliced together as shown in Figure 6.46(a) to form a
circulating pathway in which light can travel. Hence an optical cavity without
mirrors is formed, the finesse* of which is determined by the splitting ratio of the
coupler. When the splitting ratio is low, the finesse is high and the energy storage
on resonance is high, thus lowering the laser threshold. However, as with the
Fabry—Perot iaser, the iower threshold is obtained at the expense of a reduction in
the slope efiiciency. Altcrnatively, high performance fiber ring resonators can be
fabricated by forming the iwo haives froma single fiber fength. This technique has
the effect of both reducing fosses and of producing a higher finesse.

The structure of a fiber loop reflector which mav also be based on a directional
coupler is illustrated in Figure 6.46(b). However, in contrast to the fiber ring where
there is energy storage within the resonant siructure the fiber loop is a nonresonant
interferometer (it constitutes a Sagnac interferometer, see Section 14.6.1). Light
entering the loop through the input fiber end forms forward and backward
(reflectea) waves which are counter propagating, providing a coherent superposition
of the ciockwise and counterclockwise propagating fields. Hence the single fiber
loop performs as a distributed all-fiber reflector which may be used to form a fiber
laser [Ref. 82]. In addition, when two such loops are joined together in series a

* The finesse of the f-’aDry-—chuifavi’t:; provides a measure of its filtering properties and can be defined
as the free spectral range divided by the full width half maximum permitted by the cavity.
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resonator is obtained, as shown in Figure 6.46(c). This two loop structure provided
the all-fiber laser which was fabricated from a single length of neodymium doped
fiber without a splice [Ref. 83). The excess loss of the couplers was only 0.04 dB,
giving efficient laser action when the device was pumped with an AlGaAs injection
laser at a wavelength of 0.806 um and with a launch power of 470 uW. Lasing
output from the device was obtained at a wavelength of 1.064 um and was
combined with the unconverted pump emission.

Narrow linewidth and freguency tunable rare earth doped fiber lasers are also
under investigation and these devices are discussed in the following section.

6.10 Narrow linewidth and wavelength tunable lasers

The single frequency injection lasers described in Section 6.6 have been developed
to minimize the transmission limitations resulting from fiber dispersion in high
speed digital systems. For systems empioying intensity modulation with direct
detection of the optical signal, however, the laser linewidth and its absolute stability
are of secondary importance. This is not the case with coherent optical fiber
transmission where laser linewidth and stability are critical factors affecting the
system performance (see Section 12.4.1). Laser linewidths in the range 1 MHz and
below are required for such system applications which are around two orders
of magnitude smailer than the 100 MHz linewidths obtained with 250 um long
Fabry—Perot or DFB devices which emit a few milliwatts without special linewidth
control. In addition, wavelength or frequency tunable devices are considered to be
key components for the provision of both the transmitter and local oscillator
optical sources within coherent systems [Ref. 85}.

Injection laser linewidth broadening occurs as a result of the change in lasing
frequency with gain {Ref. 86]. Itisa fundamental consequence of the spontaneous
emission process which is directly related to fluctuations in the phase of the optical
field. These phase fluctuations arise from the phase noise directly associated with
the spontaneous emission process as well as the conversion of spontaneous emission
amplitude noise to phase noise through a coupling mechanism between the photon
and carrier densities. In the latter case, because the refractive index is strongly
dependent on the carrier density which produces the gain, the fluctuations of gain
due to spontaneous emission produce a substantial change in the refractive index
which therefore increases the frequency/phase noise in the laser emission. The
relationship for the linewidth Af of an injection laser in terms of the emitted power
P. is given by [Ref.86]:

ViEnon

A= (i + am) (1 + %) (6.52)

where V, is the group velocity, E is the carrier (electron) energy, ngp (in the range
2 to 3) is the spontancous emission factor, a; is the internal waveguide loss per unit
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length,* om is the mirror loss per unit length and « is called the linewidth
enhancement factor. This latter parameter is defined as the ratio of the refractive
index change with electron density to the differential gain change with electron
density and is a measure of the amplitude to phase fluctuation conversion caused
by the spontancous emission. It can take up values between 2 and 16 depending
upon the device material composition, structure and operating wavelength. The
term (1 + a?) in Eq. (6.52) results from the contributions to the linewidth of the two
phase fluctuation effects.

It is clear that as the laser power increases, the spontaneous emission becomes
relatively less important at the higher photon densities and hence the device
linewidth decreases. However, as the output power of the laser cannot be made
arbitrarily large, then a more effective method to reduce the linewidth is to make
the cavity longer. The linewidth is decreased by increasing the laser length because
the effective mirror loss am per unit length in Eq. (6.52) is decreased. Two
techniques which can be utilized to increase the injection laser cavity length are to
either use a long laser chip or to extend the cavity with a passive medium such as
air, an optical fiber or an appropriate semiconductor integrated passive waveguide
[Refs. 18, 38]. The latter external cavity devices also provide wavelength/frequency
tunability.

6.10.1 Long external cavity lasers

Extension of the laser cavity length by the introduction of external feedback can be
achieved by using an external cavity with a wavelength dispersive element as part
of the cavity. Such devices are often referred to as long external cavity (LEC) lasers.
A wavelength dispersive element is required because the long resonator structure
has very closely spaced longitudinal modes which necessitates additional wavelength
selectivity. A common technique for laboratory use is illustrated in Figure 6.47
where a diffraction grating is employed as an external mirror in order to filter the
lasing emission from the wide gain spectrum of a laser chip giving a narrow
linewidth at a desired wavelength [Refs. 87, 88]. Spectral linewidths as narrow as
10 kHz have been reported with such devices ([Refs. 85,87]. Furthermore,
wavelength tuning of the output may be achieved by mechanical rotation of the
grating such that the lasing wavelength moves with mode hops from one
longitudinal mode to the next. In general, coarse spectral adjustment is obtained by
rotation of the grating, whilst fine tuning can be achieved by lateral translation of
the grating, as shown in Figure 6.47. Coarse tuning of a single-mode 1.5 um laser
over 90 nm through rotation of the external grating with fine tuning of the same
device over approximately 1 GHz by lateral translation of the grating has been
demonstrated [Ref. 89].

Another long external cavity method which has been proposed [Ref. 90} employs
an external prism grating and graded-index (GRIN) rod lens (see Section 5.5.1)

* i is the injection laser equivalent of the laser loss coefficient per unit length & defined in Section 6.2.5.
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Figure 6.47 Wavelength tuning of an ILD using an external reflective
diffraction grating (long external cavity technique).

combination. This technique enabled coarse wavelength adjustment of a buried
heterostructure single-mode device over a range of 40 nm through the lateral
displacement of the GRIN-rod lens relative to the laser chip. Fine tuning of around
6 GHzpm ™! could be achieved by slight variations in the separation between the
laser chip and the GRIN-rod lens end face. The principal disadvantage with these
mechanically tuned devices is their relatively low switching speeds. However, by
using electro-optic [Ref. 91], acousto-optic [Ref. 92] devices to modulate the
external cavity, much higher switching speeds can be achieved. Waveiength
selection can then be produced by altering the electro-optic or acousto-optic drive
frequency. For example, an acousto-optic filter and modulator pair has been used
to select wavelengths over a range of 35 nm for a 0.85 um laser, with switching
speeds of 10 ns [Ref. 93}.

6.10.2 Integrated external cavity lasers

An alternative technique for the provision of the external cavity is the integrated
waveguide approach. Such monolithic integrated devices often utilize the
distributed feedback (DFB) or the distributed Bragg reflector (DBR) structure. An
example of an integrated external cavity DBR laser providing narrow linewidth
dynamic single-mode (DSM) operation at a wavelength of 1.51 um is shown in
Figure 6.48 [Ref. 94]. This device which had a cavity length of 4.5 mm exhibited
a spectral linewidth of 2 MHz with some 6 mW of optical output power.
Monolithic integrated DSM lasers also offer the potential for wavelength tuning.
There are, in principle, two techniques which can be employed to tune these
devices. One method is to use the mode selectivity of a coupled cavity structure such
as a C? laser (see Section 6.6.1) [Ref. 29]. In this case the effective gain peak
“ wavelength is controlled by the multicavity structure together with multisegment
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Figure 6.48 Structure of an integrated external cavity DBR laser.

electrodes, as illustrated in Figure 6.49(a). Hence the lasing wavelength can be
varied within the effective gain width which is a range in excess of 15 nm for a
1.5 um InGaAsP laser [Ref. 95]. The device wavelength changes, however, with
mode jumps and thus this technique docs not provide continuous wavelength
tunability.

The other wavelength tuning method for monolithic integrated lasers is to use a
refractive index change in the device cavity provided by current injection or the
application of an electric field. Typically, this is achieved by employing a multiple
electrode DFB or DBR structure [Ref. 38]. For example, with a single electrode
DFB laser operated above threshold, the high injected carrier density (10! cm~?)
reduces the effective refractive index in the corrugation region (Bragg region),
thereby decreasing the lasing wavelength. Most of the injected carriers recombine,
however, to produce photons which results in a very small increase in the carrier
density leading to only a very small change in the lasing wavelength. The two
electrode DFB laser shown in Figure 6.49(b) allows the wavelength tuning range to
be improved by the application of a large current to one electrode and a small
current to the other.

With the asymmetric DB laser structure of Figure 6.49(b), the optical field is
higher in the region near the output port where the facet is nonreflecting
(antireflection (AR) coated, as shown in diagram), and the device operating
wavelength is primarily determined by the effective refractive index in this region.
When the aforementioned section is pumped at current densities at or slightly below
the threshold density (under uniform pumping) simply to overcome the absorption
losses, then it acts as a Bragg reflector. Furthermore, the injected carriers do not

I l h I

e .

(@ (b)

Figure 6.49 Monolithic integrated DSM lasers: (a) cleaved-coupled-cavity (CY) taser; (b)
double-sectioned DFB laser.
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contribute significantly to the generation of photons because of the low pumping
level. This factor results in a large change of refractive index which gives
wavelength tuning. It should be noted that the gain is provided by the other section
which is pumped well above threshold. A maximum continuous tuning range of
3.3 nm with 1 mW output power has been obtained with such a device [Ref. 96].
The spectral linewidth of this laser was 15 MHz and the tuning range reduced to
2 nm at an output power of S mW.

Three electrode DFB lasers have also demonstrated good tunability. A \/4 shiftea
device (see Section 6.6.2) in which the two outer electrodes were electrically
connected to a common current supply whilst the central electrode was suppiied
with a different current has given a continuous tuning range of 2 nm by varying the
two currents [Ref. 97]. In addition, the device displayed a spectral linewidth of
only 500 kHz. Although such tunable DEB lasers have a limited tuning range in
comparison with coupled cavity devices, they exhibit advantages of ease of
fabrication as well as providing continuous tuning rather than discrete jumps.

Multiple electrode DBR laser structures have also been developed to allow
wavelength tuning [Ref. 95]. In particular. wider wavelength tuning ranges have
been obtained by not only separating the Bragg region in the passive waveguide (a
large bandgap material) from the active region (a small bandgap material) inside the
laser cavity but also by introducing a phase region within the waveguide. The
structure of such a three-sectioned DBR laser is illustrated in Figure 6.50(a). The
wavelength of this device .can simply be electronically tuned by current injection
into the DBR section. This region exhibits a high reflectance within a certain
wavelength band (the stop band) which is nominally between 2 and 4 nm wide. The
mechanism which results from a refractive index change in the passive waveguide
layer is known as Bragg wavelength control. A continuous tuning range, however,
is limited to the resonant mode spacing which is defined from the effective cavity
length of the laser. It is the mode which is nearest to the centre of the stop band
and which simultaneously satisfies the 27 round trip phase condition that iases.
Therefore, the introduction of the phase region in the waveguide (Figure 6.50(a))
which is independently controlled by the injection current allows the lasing
wavelength to be tuned around each Bragg wavelength. Such a region provides
phase control which again occurs through refractive index changes in the passive
waveguide.

The combination of the two types of tuning (Bragg wavelength and phase tuning)
provides a significantly larger tuning range because the lasing wavelength deviation
from the Bragg wavelength can be compensated by phase control. With good design
and the independent adjustment of the three currents in the active Bragg and phase
regions, quasi-continuous tuning ranges between 8 and 10 nm have been obtained
[Refs. 38,98]. In addition, a continuous tuning range of 6.2 nm has been achieved
with a similar device [Ref. 99]. Alternatively, for continuous wavelength tuning,
one control current has been divided in a prescribed proportion into the Bragg and
phase sections as illustrated in Figure 6.50(b). Continuous tuning ranges of between
2 and 4 nm have been reported using this method [Ref. 38]
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Figure 6.50 Three-sectioned DBR laser: (a) structure; (b) range of continuous
wavelength tuning. Reproduced with permission from T. P. Lee and C. E. Zah,
‘Wavelength-tunable and single-frequency semiconductor lasers for photonic
communications networks’ IEEE Commun. Mag, p. 42, Oct., 1989. Copyright ©
1989 IEEE.

6.10.3 Fiber lasers

Techniques are also under investigation to obtain narrow linewidth output from
glass fiber lasers .[Ref. 74]. The rare earth doped fiber lasers described in Section
6.9.2 have spectral linewidths typically in the range 0.1 to 1 nm which are too broad
for high speed transmission. One method to achieve narrower spectral linewidths
employed polished silica blocks with surface gratings, as illustrated in Figure 6.51
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Figure 6.51 Fiber laser with a cavity incorporating a polished silica block and grating
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Figure 6.52 Tunable neodymium-doped single-mode fiber laser: (a) configuration; (b)
fluorescence spectrum for doped fiber and the laser tuning range. Reproduced with
permission from L. Reekie, R. ). Mears, S. B. Poole and D. N. Payne, ‘Tunable single-
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{Ref. 160]. In thiv case the holographic gratings acted as distributed feedback
reflectors which refected only a narrow band of wavelengths. The reflector
(Figure 6.51) through which the pump beam was launched was a dielectric mirrer
butted against the fiber cnd. Moreover, the fiber in the coupler block was undoped
and one end was huit jointed to an erbium doped fiber. An output spectrai
linewidth of 0.04 nin (5 GHz) was obtained which is indicative of the relative siate
of development of fiber lasers in comparison with semiconductor devices.

Substantially narrower spectral Jinewidihs have, however, been obtained with
fiber lasers using a tiber Fox--Smith resonator design [Ref. 74]. This device which
empioys a fused coupler fabricated from erbium doped fiber has demonstrated a
lasing linewidth cof less than 8.5 MHz ‘which compares favourably with the
linewidths obtained from conventional semiconductor DFB lasers bui not external
cavity lasers.

Finally, wavelength tuning has also been obtained with fiber lasers. In particular,
the use of silica as the jaser medium provides good power handling characteristics
and broadens the rare earth transitions, enabling tunable devices. An investigation
of wavelength tuning in a neodvmiuin (Nd*™) doped single-mode fiber laser
employed the experimental configuration shown in Figure 6.52(a) [Ref. 101].
Tuning was accomplished by chasiging the angle of the diffraction grating, which
was mounted on a sine-bar-driven turntable. A tuning range of 80 nm was
obtained, as may be observed from the characteristic (including the fluorescence
spectrum of Nd** ijons in silica) displayed in Figure 6.52(b). Furthermore, the
wavelength tuning of an erbium (Er’") doped single-mode fiber laser was also
reported (Ret. 101] to provide a tuning range of 25 nm around the 1.54 um
wavelength region using a similar experimental configuration.

An alternative method for wavelength tuning of fiber lasers employed the loop
reflector discussed in Section 6.9.2. In this case a temperature shift was used to
adjust the coupling ratio through the directional coupler which had a direct effect
on the output optical wavelength. A 60 °C variation in temperature provided a
tuning range of around 32 nm (Ref. 102].

6.11 Mid-infrared iasers

Laser sources for transmission at wavelengths beyond 2 pm, in particular gas and
solid state lasers as weli as low temperature injection lasers, have been utilized
in nontelecommunications applications such as high resolution spectroscopy,
materials processing and remote monitoring. More recently, however, progress in
the potentially ultra-low-loss fibers for mid-infrared transmission (see Section 3.7)
operating over the wavelength range 2 10 5 um nas encouraged greater activity in
the puisuit of longer wavelength optical sources. For practical communication
systems in the mid-infrared wavelength region the requirement is for semiconductor
or fiber lasers which are capable of operating at, or close to, room temperature.
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Semiconductor mnaterials with direct bandgaps which encompass the mid-infrared
wavelength range include many of the 1{I-V, [1-VI and IV-VI alloys. Injection
lasers operating in this longer wavelength region, however, are subject to increased
carrier losses over devices emitting at wavelengths up to 1.6 um which result from
nonradiative recombination via the Auger interaction [Ref. 103}. The recombi-
nation energy of the injected carriers is dissipated as thermal energy to the
remaining free carriers by this process. Moreover, the probability of the occurrence
of such a process increases us the bandgap of the semiconductor is reduced. In
addition, optical losses due to free carrier absorption are also greater because of
their dependence on thé square of the wavelength. Both of these effects present
more problems in the mid-infrared wavelength range and they exhibit increased
importance at higher temperatures as a result of the higher concentration of free
carriers. They therefore play a major role in the determination of the injection laser
threshold current and efficiency, as well as providing a limit to the maximum
operating temperature of the device.

The total current required to provide the injection laser threshold is greater than
the amount attributable only to radiative recombination by the addition of an
Auger current. Although the Auger current depends upon the precise electronic
band structure of the material, and often consists of contributions from a number
of different Auger transitions, it is generally large for materials with bandgaps
which provide longer wavelength emission. In this context the results of calculations
for threshold current and internal quantum efficiency for several long wavelength
semiconductor alloys are displayed in Figure 6.53 [Ref. 104]. A comparison of the
highest predicted oscillation temperatures of pulsed DH lasers fabricated from
various compounds as a function of wavelength, based on estimates of the
temperature at which the device internal quantum efficiency at current threshold
falls to 2.5%, is shown. In addition, experimental observations are depicted as data
points in the figure. It may be observed from Figure 6.53 that this data indicates
an overall limit to room temperature laser action at wavelengths slightly above 2 pm
for any of the semiconductor alloys investigated:

Room temperature operation of III-V alloy semiconductor lasers fabricated
from InGaAsSb, and GaAlAsSb lattice matched to cither GaSb or InAs has been
obtained in the wavelength range 2.2 to 2.3 um {Refs. 105,106] Low threshold
current density of 1.7 kAcm ™% at room temperature has also been reported [Ref.
107} but although laser oscillation is predicted to occur up to a wavelength of
4.4 ym, it is at a temperature of only 77 K due to the presence of the Auger curreni
{Ref. 18]. In addition, the InAsPSb lattice matched to InAs offers the potential for
operatian over the 2 1o 3.5 um wavelength region but calculations indicate a similar
dependence of the maximum operating temperature on wavelength to GalnAsSb
(see Figure 6.53).

An example of a I1-VI alloy semiconductor s the HgCdTe material system, also
shown in Figure 6.53, from which infrared detectors have been fabricated (see
Section 8.10). Although LEDs and optically pumped Jasers for operation over the
wavelength range 2 to 4 um have been demonstrated using this alloy, injection laser
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Figure 6.53 Characteristics showing maximum temperature of pulsed oper-
ation for DH lasers versus wavelength for several material systems [Ref. 104].

sources have as yet to be reported [Ref. 18]. Injection lasers, however, fabricated
from IV-VI lead—salt alloys have been developed for high resolution spectroscopic
as well as gas monitoring applications. Devices based on the quaternary PbSnSeTc
and related ternary compounds generally emit at wavelengths longer than 4 um. In
this case the Auger effects have been calculated [Ref. 104] to be less in certain of
these alloys than those obtained in III-V semiconductor materials, which could
provide both lower current thresholds and higher maximum operating temper-
atures. The replacement of Sn with Eu, Cd or Ge increases the bandgap to provide
shorter wavelength operation. For example, the structure of soine recently reported
ternary alloy PbEuTe/PbTe DH lasers [Ref. 108] is shown in Figure 6.54. These
mesa-stripe devices which emitted over the 3.5 to 6.5 um wavelength range provided
in excess of 200 uW output power at temperatures up to 210 K in pulsed operation.

The investigation of rare earth doped fiber lasers -for application in the mid-
infrared wavelength region is also under way. In particular, fluorozirconate fiber
lasers doped with erbium [Ref. 109], holium [Ref. 110} and thulium [Ref. 111]
have been reported to provide emissions in the 2 to 3 um wavelength range. The
2.702 um transition in erbium which had only previously been obtained in bulk
fluorozirconate glass samples [Ref. 74] was demonstrated in a CW fiber laser
pumped at twice threshold [Ref. 109]. Lasing was obtained when 191 mW of pump
light.at a wavelength of 0.477 um was launched into the doped fluorozirconate
fiber.
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Figure 6.54 Structure of PbEuTe/PbTe DH laser [Ref. 108].

The holium doped fluorozirconate fiber was made to lase with a CW output at
wavelengths of 1.38 yum and 2.08 um [Ref. 110]. In both cases, pumping was
obtained from an argon ion source at a wavelength of 0.488 ym and the 2.08 um
emission was the first report of the operation of a fiber laser at wavelengths beyond
1.55 um [Ref. 74]. Finally, the thulium doped fiber laser emitted at a wavelength
of 2.3 um when pumped with the pulsed output from an alexandrite laser at
0.786 um [Ref. 111). Unlike the longer wavelength holium emission which
originates from a three level system, the thulium system at 2.3 um is four level in
which the pump band is also the upper lasing level.

Problems

6.1 Briefly outline the general requirements for a source in optical fiber communications.

Discuss the areas in which the injection laser fulfils these requirements, and comment
on any drawbacks of using this device as an optical fiber communication source.

6.2 Briefly describe the two processes by which light can be emitted from an atom. Discuss
the requirement for population inversion in order that stimulated emission may
dominate over spontaneous emission. Illustrate your answer with an energy level
diagram of a common nonsemiconductor laser.

6.3 Discuss the mechanism of optical. feedback to provide oscillation and hence

: amplification within the laser. Indicate how this provides a distinctive spectral output
from the device.

The longitudinal modes of a gallium arsenide injection laser emitting at 3 wavelength
of 0.87 um are separated in frequency by 278 GHz. Determine the length of the opticai
cavity and the number of longitudinal modes emitted. The refractive index of gallium
arsenide is 3.6.

6.4 An injection laser has a GaAs active region with a bandgap energy of 1.43 eV. Estimate
the wavelength of optical emission from the device and determine its linewidth in Hertz
when the measured spectral width is 0.1 nm.
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6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.16
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When GaSb is used in the fabrication of an electroluminescent source, estimate the
necessary hole concentration in the p type region in order that the radiative minority
carrier lifetime is 1 ns. )
The energy bandgap for lightly doped gallium arsenide at room temperature is 1.43 eV.
When the material is heavily doped (degenerative) it is found that the lasing transitions
involve ‘bandtail’ states which effectively reduce the bandgap transition by 8%,
Determine the difference in the emission wavelength of the light between the lightly
doped and this heavily doped case. )
With the aid of suitable diagrams, discuss the principles of operation of the injection
laser.

Outline the semiconductor materials used for emission over the wavelength range 0.8
to 1.7 um and give reasons for their choice.
Determine the range of bandgap energiss for:

(a) ALGa,-,As/AlGa,_ As;

(b) Iny-,Ga,As,P,_,/InP.

A DH injection laser has an optical cavity of length 50 yum and width 15 um. At normal
operating temperature the loss coefficient is 10 cm ' and the current threshold is
50 mA. When the mirror reflectivity at €ach end of the optical cavity is 0.3, estimate
the gain factor  for the device. It may be assumed that the current is confined to the
optical cavity.

The coated mirror reflectivity at either end of the 350 ym long optical cavity of an
injection laser is 0.5 and 0.65. At normal operating temperature the threshold current
density for the device is 2 x 10* Acm ™2 and the gain factor 8 is 22x 10> ecmA ",
Estimate the loss coefficient in the optical cavity.

Describe the techniques used to give both electrical and optical confinement in
multimode injection iasers. Contrast these techniques when used in gain-guided and
index-guided lasers.

A gallium arsenide injection laser with a cavity of length 500 um has a loss coefficient
of 20 cm ', The measured differential external quantum efficiency of the device is 45%.
Calculate the internal quantum efficiency of the laser. The refractive index of gallium
arsenide is 3.6.

Compare the ideal light output against current characteristic for the injection laser with
one from a typical gain-guided device. Describe the points of significance on the
characteristics and suggest why the two differ.

Describe, with the aid of suitable diagrams, the major strategies and structures utilized
in the fabrication of single frequency injection lasers. Indicate the reasons for the great
interest in such devices.

The threshold current density for a stripe geometry AlGaAs laser is 3000 Acm ™' at a
temperature of 15 °C. Estimate the required threshold current at a temperature of 60 °C
when the threshold temperature coefficient 7y for the device is 180 K. and the contact
stripe is 20 x 100 um.

Briefly describe what is meant by the following terms when they arc used in relation
to injection lasers:

(a) relaxation oscillations;
(b) frequency chirp;

(c) partition noise;

(d) mode hopping.
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The rms value of the power fluctuation on the output from a single-mode
semiconductor laseris 2 x 10-* W when the relative intensity noise {RI*i)is —160 dB Hz .
The emission, which is at a wavelength of 1.30 um, is directly incident on an optical
detector with a quantum efficiency of 70% at this wavelength. If the rms noise
current at the detector output is 0.53 A, and assuming that the RIN is the dominant
noise source, calculate the mean optical power incident on the photodetector.

A single-mode injection laser launches light with a 3 dB linewidth Af into a fiber link
which has two connectors exhibiting reflectivities r, and r2. It is known that the worst
case relative intensity noise (RIN) occurs when the direct and doubly reflected optical
fields interfere in quadrature [Ref. 112] following:

4rrs _AS 4 exp (—4x AS ) - 2 exp (= 21 Af 1) cos 7))

f2+Af2

Demonstrate that the above expression reduces to:

RIN(f) =

RIN(f):Er-'r—Z— At for Af-r <1
T

and
4rrz A
RINGY =22 A gor farm
r fT+AS
A DFB laser has a 3 dB linewidth Af of 50 MHz. It is connected to a short optical

jumper cable such that Af: 7is 0.1. Using the relationship given in Problem 6.18 when
the frequency f is also 50 MHz, obtain the average reflectivity for each of the
connectors so that the RIN is reduced below a level of —130 dBHz™".

Discuss degradation mechanisms in injection lasers. Comment on these with regard to
the CW lifetime of the devices.

Describe the structure and operation of a glass fiber laser. Comment on the glass
compounds currently employed together with their fluorescence spectra.

Discuss linewidth narrowing and wavelength tunability associated with single frequency
injection lasers. Outline the major techniques which are being adopted to facilitate these
characteristics.

Answers to numerical problems

6.3 150 um, 1241 6.9 3.76x107*cmA™!
6.4 0.87 ym, 39.6 GHz 6.10 28 cm ™!
6.5 4.2x10%cem™? 6.12 84.5%
6.6 0.07 um 6.15 77.0 mA
6.8 (a) 1.38to1.91eV 6.17 3.6 mW
(b) 0.73to 1.35eV 6.19 —25.2dB
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7.1 Introduction

Spontaneous emission of radiation in the visible and infrared regions of the
spectrum from a forward biased p—n junction was discussed in Section 6.3.2. The
normally empty conduction band of the semiconductor is populated by electrons
injected into it by the forward current through the junction, and light is generated
when these electrons recombine with holes in the valence band to emit a photon.
This is the mechanism by which light is emitted from an LED, but stimulated
emission is not encouraged, as it is in the injection laser, by the addition of an
optical cavity and mirror facets to provide fecdback of photons.

The LED can therefore operate at lower cusrent densities than the injection laser,
but the emitted photons have random phases and the device is an incoherent optical
source. Also, the energy of the emitted photons is conly roughly equal to the
bandgap energy of the semiconductor material, which gives a much wider spectral
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linewidth (possibly by a factor of 100) than the injection laser. The linewidth for
an LED corresponds to a range of photon energy between 1 and 3.5 KT, where K
is Boltzmann’s constant and 7 is the absolute temperature. This gives linewidths of
30 to 40 nm for GaAs-based devices operating at room temperature. Thus the LED
supports many optical modes within its structure and is therefore often used as a
multimode source, although more recently the coupling of LEDs to single-mode
fibers has been pursued with success, particularly when advanced structures have
been employed. At present, LEDs have several further drawbacks in comparison
with injection lasers. These include:

(a) generally lower optical power coupled into a fiber (microwatts);
(b) usually lower modulation bandwidth;
(c) harmonic distortion.

However, although these¢ problems may initially appear to make the LED a less
attractive optical source than the injection laser, the device has a number of distinct
advantages which have given it a prominent place in optical fiber communications:

1. Simpler fabrication. There are no mirror facets and in some structures no striped

geometry.

Cost. The simpler construction of the LED leads to much reduced cost which

is always likely to be maintained.

3. Reliability. The LED does not exhibit catastrophic degradation and has proved
far less sensitive to gradual degradation than the injection laser. It is also
immune to self pulsation and modal noise problems.

4. Generally less temperature dependence. The light output against current charac-
teristic is less affected by temperature than the corresponding characteristic for
the injection laser. Furthermore, the LED is not a threshold device and therefore
raising the temperature does not increase the threshold current above the
operating point and hence halt operation.

5. Simpler drive circuitry. This is due to the generally lower drive currents and
reduced temperature dependence which makes temperature compensation
circuits unnecessary.

6. Linearity. ldeally, the LED has a linear light output against current
characteristic (see Section 7.4.1), unlike the injection laser. This can prove
advantageous where analog modulation is concerned. p

[89)

These advantages combined with the development of high radiance, relatively high
bandwidth devices have ensured that the LED remains an extensively used source
for optical fiber communications.

Structures fabricated using the GaAs/AlGaAs material system are well tried for
operation in the shorter wavelength region. In addition, more recently there have
been substantial advances in devices based on the InGaAsP/InP material structure
for use in the longer wavelength region especially around 1.3 um. At this wave-
length, the material dispersion in silica glass fibers goes through zero and hence the
wider linewidth of the LED imposes a far slighter limitation on link length than
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does intermodal dispersion within multimode fiber. Furtherinore, the reduced fiber
attenuation at this operating wavelength can allow longer-haul LED systems.

Although longer wavelength LED systems using multimode graded index fiber
are continuing to be developed, particularly for nontelecommunication applications
(see Sections 14.5 to 14.7), much recent activity has been concerned with both high
speed operation and with the coupling of these InGaAsP LEDs to single-mode
fiber. A major impetus for these strategies is the potential deployment of such
single-mode LED systems in the telecommunication access network or subscriber
loop (see Section 14.2.3). In this context, theoretical studies of both LED coupling
{Ref. 1] and transmission [Ref. 2] with single-mode fiber have been undertaken,
as well as numerous practical investigations, some of which are outlined in the
following sections. It is therefore apparent that LEDs are likely to remain a
prominent optical fiber communication source for many system applications
including operation over significant distances with single-mode fiber at transmission
rates that may exceed a Gbits™'.

Structures fabricated using the GaAs/AlGaAs material system are well advanced
for the shorter wavelength region. There has also been much interest in LEDs for
the longer wavelength region, especially around 1.3 um where material dispersion
in silica-based fibers goes through zero and where the wide linewidth of the LED
imposes far less limitation on link length than intermodal dispersion within the
fiber. Furthermore, the reduced attenuation allows longer-haul LED systems. As
with injection lasers InGaAsP/InP is the material structure currently favoured ir
this region for the high radiance devices. These longer wavelength svstems utilizing
graded index fibers have led to the development of wider bandwidth devices
providing transmission rates of hundreds of Mbits~!. :

LEDs therefore remain the primary optical source for nontelecommunication
applications (i.e. shorter-haul) whilst injection lasers find major use as single-mode
devices within single-mode fiber systems for long-haul, wideband applications. In
addition, LEDs have been shown to launch acceptable, albeit often modest (5 to
10 uW) levels of optical power into single-mode fiber and therefore may well find
use in short-haul single-mode fiber telecommunication systems (i.e. the subscriber
ioop) in the future.

Having dealt with the basic operating principles for the LED in Section 6.3.2, we
continue in Section 7.2 with a discussion of LED power and efficiency in relation
to the launching of light into optical fibers. Moreover, at the end of this section we
include a brief account of the operation of an efficient LED which employs a double
heterostructure. This leads into a discussion in Section 7.3 of the major practical
LED structures where again we have regard to their light coupling efficiency. Also
included in this section are the more advanced device structures such as the edge-
emitting and the superluminescent LED. The various operating characteristics and
limitations on LED performance are then described in Section 7.4. Finally in
Section 7.5, we include a brief discussion on the possible modulation techniques for
semiconductor optical sources.
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7.2 LED power and efficiency

The absence of optical amplification through stimulated emission in the LED tends
to limit the internal quantum efficiency- (ratio of photons generated to injected
electrons) of the device. Reliance on spontaneous emission allows nonradiative
recombination to take place within the structure due to crystalline imperfections
and impurities giving, at best, an internal quantum efficiency of 50% for simple
homojunction devices. However, as with injection lasers double heterojunction
(DH) structures have been implemented which recombination lifetime measure-
ments suggest [Ref. 3] give internal quantum efficiencies of 60 to 80%.

The power generated internally by an LED may be determined by consideration
of the excess electrons and holes in the p and n type material respectively (i.e. the
minority carriers) when it is forward biased and carrier injection takes place at the
device contacts (see Section 6.3.2). The excess density of electrons an and holes Ap
is equal since the injected carriers are created and recombined in pairs such that
charge neutrality is maintained within the structure. In extrinsic materials one
carrier type will have a much higher concentration than the other and hence in the
p type region, for example, the hole concentration will be much greater than the
electron concentration. Generally, the excess minority carrier density decays
exponentially with time ¢ [Ref. 4] according to the relation:

An=An(0) exp (—!f7) 7.1

where An(0) is the initial injected excess electron density and 7 represents the total
carrier recombination lifetime. In most cases, however, An is only a small fraction
of the majority carriers and comprises all of the minority carriers. Therefore, in
these cases, the carrier recombination lifetime becomes the minority or injected
carrier lifetime 7i.

When there is a constant current flow into the junction diode, an equilibrium
condition is established. In this case, the total rate at which carriers are generated
will be the sum of the externally supplied and the thermal generation rates. The
current density J in amperes per square metre may be written as J]ed in electrons
per cubic metre per second, where e is the charge on an electron and d is the
thickness of the recombination region. Hence a rate equation for carrier recombi-
nation in the LED can be expressed in the form [Ref. 4):

dan)_J _an 5
dt  ed 7 (m="s) 7.2

The condition for equilibrium is obtained by setting the derivative in Eq. (7.2) to
zero. Hence

An="=  (m7?) 7.3)
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Equation (7.3) therefore gives the steady state electron density when a constant
current is flowing into the junction region.

It is also apparent from Eq. (7.2) that in the steady state the total number of
carrier recombinations per second or the recombination rate r, will be:

-4 -3
o= (m~7) (7.4)
=retrac (m7Y) (7.5)

where r, is the radiative recombination rate per unit volume and r, is the
nonradiative recombination rate per unit volume. Moreover, when the forward
biased current into the device is 7, then from Eq. (7.4) the total number of
recombinations per second R, becomes:

R=1 (1.6)
e
It was indicated in Section 6.3.3.1 that excess carriers can recombine either
radiatively or nonradiatively. Whilst in the former case a photon is generated, in
the latter case the energy is released in the form of heat (i.e. lattice vibrations).
Moreover, for a DH device with a thin active region (a few um), then the
nonradiative recombination tends to be dominated by surface recombination at the
heterojunction interfaces.

The LED internal quantum efficiency™ i, which can be defined as the ratio of
the radiative recombination rate to the total recombination rate, following Eq. (7.5)
may be written as [Ref. 5]:

I 4

S 7.7
Tt re  Trer e

R .

A 7.8

R, (7.8)

where R, is the tota! number of radiarive recomblinations per second. Rearranging
Eq. (7.8) and substituting from Eq. (7.6) gives:

Ro= iy — (7.9)
e

Since R, is also equivalent to the total number of photons generated per second and
from Eq. (6.1) each photon has an energy equal to /1f joules, then the optical power

* The internal quantum efficiency for the LED is obtained only from the spontaneous radiation and
hence is written as ni.. By contrast, the internal quantum efficiency for the injection laser combined the
internal quantum efficiencies for both spontaneous and simulated radiation. it was therefore denoted as
. (see Section 6.4.1).
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generated internally by the LED, P is:
Rm:mméhf (W) (7.10)

Using Eq. (5.22) to express the internally generated power in terms of wavelength
rather than frequency gives:
nel

Pim = Mimt T (\U)

o ; (7.11)

It is interesting to note that Egs. (7.10) and (7.11) display a linear relationship
between the optical power generated in the LED and the drive current into the
device (see Section 7.4.1). Similar relationships may be obtained for the optical
power emitted from an LED but in this case the constant of proportionality in
must be multiplied by a factor representing the external quantum efficiency” 7ex to
provide an overall quantum efficiency for the device.

For the exponential decay of excess carriers depicted by Eqg. (7.1) the radiative
minority carrier lifetime is 7 = An/r, and the nonradiative minority carrier lifetime
is 7nr = Anfra.. Therefore, from Eq. (7.7) the internal quantum efficiency is:

1 i
I+ (rnr/rr) B T+ (TI/an)

Furthermore, the total recombination lifetime 7 can be written as 7 = Anfr, which,
using Eq. (7.5), gives:

(7.12)

Nint =

it J.13)

T T Tor

Hence Eq. (7.12) becomes -

-

] (7.14)

r

|

Nint =

|

It should be noted that the same expression for the internal quantum efficiency
could be obtained from Eg. (7.7).

Example 7.1

The radiative and nonradiative recombination lifetimes of the minority carriers in
the active region of a double heterojunction LED are 60 ns and 100 ns respectively.
Determine the total carrier recombination lifetime and the power internally
generated within the device when the peak emission wavelength is 0.87 um at a drive
current of 40 mA.

* The external quantum efficiency may be detined as the ratio of the photons emitied from the device
to the photons internally generated. However, it is sometimes defined as the ratio of the number of
photons emitted to the total number of carrier recombinations (radiative «nd nonradiative)
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Solution: The total carrier recombination lifetime is given by Eq. (7.13) as:

TrTar 60 x 100 ns
_ - =375
Tt (60 + 100) ns

To calculate the power internally generated it is necessary to obtain the internal
quantum efficiency of the device. Hence using Eq. (7.14):

r 3.5
=L =22 20625
M = =g =06

Thus from Eq (7.11):

hei _ 0.625 X 6.626 x 10~* x 2.998 x 10° x 40 x 10~*
e 1.602x 1077 x 0.87 x 10~°

=35.6 mW

P = Tint

The LED which has an internal quantum efficiency of 62.5% generates 35.6 mW
of optical power, internally. It should be noted, however, that this power level will
not be readily emitted from the device.

Although the possible internal quantum efficiency can be relatively high the
radiation geometiry for an LED which emits through a planar surface is essentially
Lambertian in that the surface radiance (the power radiated from a unit area into
a unit solid angle, given in Wsr™'m™?) is constant in all directions. The
Lambertian intensity distribution is illustrated in Figure 7.1 where the maximum
intensity fo is perpendicular to the planar surface but is reduced on the sides in
proportion to the cosine of the viewing angle  as the apparent area varies with this
angle. This reduces the external power efficiency to a few per cent as most of the
light generated within the device is trapped by total internal reflection (see Section
2.2.1) when it is radiated at greater than the critical angle for the crystal-air

1(6)
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Figure 7.1 The Lambertian intensity distribution typical of a planar LED.
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interface. As with the injection laser (see Section 6.4.1) the external power efficiency
nep is defined as the ratio of the optical power emitted externally P. to the electrical
power provided to the device P or:

P.
ep =75 X 10070 (7.15)

Also, the optical power emitted P into a medium of low refractive index n from
the face of a planar LED fabricated from a material of refractive index n_ is given
approximately by [Ref. 6}:

P Fn?
P, = 2 7.16

= ant (7.16)
where P, is the power generated internally and F is the transmission factor of the
semiconductor—external interface. Hence it is possible to estimate the percentage of
optical power emitted.

Example 7.2
A planar LED is fabricated from gallium arsenide which has a refractive index of

3.6.

(a) Calculate the optical power emitted into air as a percentage of the internal
optical power for the device when the transmission factor at the crystal-air
interface is 0.68.

(b) When the optical power generated internally is 50% of the electrical power
supplied, determine the external power efficiency.

Solution: (a) The optical power emitted is given by Eq. (7.16), in which the
refractive index n for air is 1.

_ PiFn® _ Pin0.68 x 1

Pe= = =0.013 P,
4n? 4(3.6)* i

Hence the power emitted is only 1.3% of the optical power generated internally.
(b) The external power efficiency is given by Eq. (7.15), where

P.

Pin
lep = =5 % 100 =0.013 '

100
Px

Alsc, the optical power generated internally Pin = 0.5P.
Hence

_0:013Pit 160 = 0.65%

Nep =
2Pim
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A further loss is encountered when coupling the light output into a fiber.
Considerations of this coupling efficiency are very complex; however, it is possible
to use an approximate simplified approach [Ref. 7]. If it is assumed for step index
fibers that all the light incident on the exposed end of the core within the acceprance
angle 8, is coupled, then for a fiber in air, using Eq. (2.8}:

6, =sin" (]~ n3)f=sin" (NA) (7.17)

Also, incident light at angles greater than ¢, will not be coupled. For a Lambertian
source, the radiant intensity at an angle 0, 1(6) is given by (see Figure 7.1):

I(@)= Iy cos 6 ' (7.18)

where Ip is the radiant intensity along the line # = 0. Considering a source which
is smaller than, and in close proximity to, the fiber core, and assuming cylindrical
symmetry, the coupling efficiency 7. is given by:

Al

\ [(§) sin 6 d§

o~ (7.19)

Ne = LV
S 1(6) sin 6 d#
0

Hence substituting from Eq. (7.18):
0,
{ Io cos 6 sin ¢ do

__vo
Ne = ‘\w/l

Jo cos 8 sin 6 df
0

0,

Jo sin 26 d9

0
n/2

1o sin 26 d6

2
)

[~ Jo cos 26/21 8
7= 1T, cos 26]2) 5

= sin” 6a (7.20)

Furthermore, 1rom Eq. (7.17):

e = sin? 8, = (NA)? (7.21)
Equation (7.21) for the coupling efficiency allows estimates for the percentage of
optical power coupled into the step index fiber relative to the amount of optical
power emitted from the LED.

Example 7.3
The light output trom the GaAs LED of Example 7.2 is coupled into a step index
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fiber with a numerical aperture of 0.2, a core refractive index of 1.4 and a diameter
larger than the diameter of the device. Estimate:

(2) The coupling efficiency into the fiber when the LED is in close proximity to the
fiber core.

(b) The optical loss in decibels, relative to the power emitted from the LED, when
coupling the light output into the fiber.

(¢) The loss relative to the internally generated optical power in the device when
coupling the light output into the fiber when there is a small air gap between
the LED and the fiber core.

Solution: (a) From Eq. (7.21), the coupling efficiency is given by:
e = (NA)? = (0.2)" = 0.04

Thus about 4% of the externally emitted optical power is coupled into the fiber.
(b) Let the optical power coupled into the fiber be P.. Then the optical loss in
decibels relative to P. when coupling the light output into the fiber is

Loss = — 10 logio Pe

P
= —10 login nc
Hence,
Loss = — 10 logio 0.04

= 14.0dB
(c) When the LED is emitting into air, from Example 7.2:
P.=0.013 P

Assuming a very small air gap (i.e. cylindrical symmetry unaffected); then from (a)
the power coupled into the fiber is:

P.=0.04P. =0.04 X 0.013 Pin,
=5.2x 107" Pin

Hence in this case only about 0.05% of the internal optical power is coupled intd
the fiber.
The loss in decibels relative to Pig is:

Loss = —10 logio ,fc = —10 logio 5.2 X 107%=32.8dB

nt

If significant optical power is to be coupled from arn incoherent LED into a low
NA fiber the device must exhibit very high radiance. This is especially the case when
considering graded index fibers where the Lamkbertian coupling efficiency with the
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same NA (same refractive index difference) and « =2 (see Section 2.4.4) is about
half that into step index fibers [Ref. 8]. To obtain the necessary high radiance,
direct bandgap semiconductors (see Section 6.3.3.1) must be used fabricated with
DH structures which may be driven at high current densities. The principle of
operation of such a device will now be considered prior to discussion of various

LED structures.

7.2.1 The double heterojunction LED

The principle of operation of the DH LED is illustrated in Figure 7.2. The device
shown consists of a p type GaAs layer sandwiched between a p type AlGaAs
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figure 7.2 The double heterojunction LED: (a) the layer structure, shown with
an applied forward bias; (b) the corresponding energy band diagram.
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and an n type AlGaAs layer. When a torward bias is appiied (as indicated in
Figure 7.2(a)) electrons from the n type layer are injected through the p-n junction
into the p type GaAs layer where they become minority carriers. These minority
carriers diffuse away from the junction [Ref. 9], recombining with majority carriers
(holes) as they do so. Photens are therefors produced with energy corresponding
o the bandgap encrgy of the p tvpe GaAs laver. The injected electrons are inhibited
from diffusing into the p type 41GaAs layer because of the potential barrier
presented by the p-p heterojunction (see Figure 7.2(b)). Hence, electro-
luminescence only occurs in the GaAs junction layer, providing both good internal
quantum efficiency and high radiance emission. Furthermore, light is emitted from
the device without reabsorption because the bandgap energy in the AlGaas layer
is large in comparison with that in GaAs. The DH structure is therefore used to
provide the most efficient incoherent sources for application within optical fiber
communications. Nevertheless, these devices generally exhibit the previcusiy
discussed constraints in relation to coupling efficiency to optical fibers. This an
other LED structures are considered in greater detail in the following sect:ci.

.

7.3 LED structures

There are five major types of LED structure and aithough only two have tound
extensive use in optical fiber communications a third is becoming of increaz::;
interest. These are the surface emitrer, the edge emitter and the superluminesceiit
LED respectively. The other two structures, the planar and dome LEDs, find more
application as cheap plastic encapsulated visible devices for use in such areas as
intruder alarms, TV channel changes and industrial counting. However, infrared
versions of these devices have been used in optical cominunications mainly with
fiber bundles and it is therefore uscful te consider them briefly before progressing
on to the high radiance LED structures.

7.3.1 Planar LED

The planar LED is the simplest of the structures that are available and is fabricated
by either liquid- or vapour-phase cpitaxia; processes over the whole surface of a
GaAs substrate. This involves a p tyvpe diffusion into the n type substrate in order
to create the junction illustrated in Figure 7.3. Forward current flow through the
junction gives Lambertian spontaneous emission and the device emits light from all
surfaces. However, only a lirnited amount of light escapes the structure due to totat
internal reflection, as discussed in Section 7.2, and therefore the radiance is tow.

7.3.2 Dome LED

The structure of a typical dome LED is shown in Figure 7.4. A hemisphere of n type
GaAs is formed around a diffused p type region. The diameter of the dome 13
chosen to maximize the amount of internal emission 1caching the surface within the
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Figure 7.3 The structure of a planar LED showing the emission of light from all
surfaces.
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Figure 7.4 The structure of a dome LED.

critical ang'e of the GaAs—air interface. Hence this device has a higher external
power efficiency than the planar LED. However, the geometry of the structure is
such that the dome must be far larger than the active recombination area, which
gives a greater effective emission area and thus reduces the radiance.

7.3.3 Surface emitter LEDs

A method for obtaining high radiance is to restrict the emission to a small active
region within the device. The technique pioneered by Burrus and Dawson [Ref. 10]
with homostructure devices was to use an etched well in a GaAs substrate in order
to prevent heavy absorption of the emitted radiation, and physically to
accommodate the fiber. These structures have a low thermal impedance in the active
region allowing high current densities and giving high radiance emission into the
opticai fiber. Furthermore, considerable advantage may be obtained by employing
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DH structures giving increased efficiency from electrical and optical confinement as
well as less absorption of the emitted radiation. This type of surface emitter LED
(SLED) is now widely employed within optical fiber communications.

The structure of a high radiance etched well DH surface emitter™ for the 0.8 to
0.9 um wavelength band is shown in Figure 7.5 [Ref. 11]. The internal absorption
in this device is very low due to the larger bandgap confining layers, and the
reflection coefficient at the back crystal face is high giving good forward radiance.
The emission from the active layer is essentially isotropic, although the external
emission distribution may be considered Lambertian with a beam width of 120° due
to refraction from a high to a low refractive index at the GaAs—fiber interface. The
power coupled P. into a multimode step index fiber may be estimated from the
relationship [Ref. 12}:

P.=x(1 — r)ARp(NA)? (7.22)

where r is the Fresnel reflection coefficient at the fiber surface, A is the smaller of
the fiber core cross section or the emission area of the source and Rp is the radiance
of the source. However, the power coupled into the fiber is also dependent on many
other factors including the distance and alignment between the emission area and
the fiber, the SLED emission pattern and the medium between the emitting area and
the fiber. For instance the addition of epoxy resin in the etched well tends to reduce
the refractive index mismatch and increase the external power efficiency of the
device. Hence, DH surface emitters often give more coupled optical power than

Light output
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Multimode optical fiber
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n type GaAs p-GaAs
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SiO, gl;):::d Primary light emitting regior
diameter

Figare 7.5 The structure of an AlGaAs DH surface-emitting LED (Burrus type) [Ref. 11]

* These devices are also known'as Burrus type LEDs
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predicted by Eq. (7.22). Nevertheless Eq. (7.22) may be used to gain an estimate
of the power coupled, although accurate results may only be obtained through
measurement.

Example 7.4
A DH surface emitter which has an emission area diameter of 50 um is butt jointed
to an 80 um core step index fiber with a numerical aperture of 0.15. The device has
a radiance of 30 Wsr™'cm™? at a constant operating drive current. Estimate the
optical power coupled into the fiber if it is assumed that the Fresnel reflection
coefficient at the index matched fiber surface is 0.01.

Solution: Using Eq. (7.22), the optical power coupied into the fiber P, is given
by:

.= 7(1 —r)ARp(NA)?

In this case A represents the emission area of the source.
Hence:

A=%xQ25x107%)?=1.96 x 10~% cm?

Thus,

P = (1 - 0.01)1.96 x 10™* x 30 x (0.15)2
=411 uW

In this example around 41 W of optical power is coupled into the step index fiber.

However, for graded index fiber optimum direct coupling requires that the source
diameter be about one half the fiber core diameter. In both cases lens coupling may
give increased levels of optical power coupled into the fiber but at the cost of
additional complexity. Other factors which complicate the LED fiber coupling are
the :ransmission characteristics of the leaky modes or large angle skew rays (see
Section 2.4.1). Much of the optical power from an incoherent source is initially
coupled into these large angle rays, which fall within the acceptance angle of the
fiber but have much higher energy than meridional rays. Energy from these rays
goes into the cladding and may be lost. Hence much of the light coupled into a
multimode fiber from an LED is lost within a few hundred metres. It must therefore
be noted thai the effective optical power coupled into a short length of fiber
significantly exceeds that coupled into a longer length.

The planar structure of the Burrus type LED and other nonetched well SLEDs
{Ref. 13; allows significant lateral current spreading, particelarly for contact
diameters less than 25 um. This cusrent spreading results in a reduced current
density as well as an effective emission area substantially greater than the contact
area. A technigue which has been used to reduce the current spreading in very small
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Figure 7.6 Small area InGaAsP mesa-etched surface-emitting LED structure
[Ref. 14]

devices is to fabricate a mesa structure SLED, as illustrated in Figure 7.6 [Ref. 14].
In this case mesas with diameters in the range 20 to 25 um at the active layer were
formed by chemical etching.

These InGaAsP/InP devices which emitted at a wavelength of 1.3 um had an
integral lens formed at the exit face of the InP substrate in order to improve
the coupling efficiency, particularly to single-mode fiber. Such monolithic lens
structures provide a common strategy for improving the power coupled injo fiber
from LEDs, and alternative lens coupling techniques are discussed in Section 7.3.6.
Moreover, there is increasing interest in coupling LEDs to single-mod, fiber for
shorter-haul applications which, in the case of SLEDs, necessitates efficient lens
coupling to obtain acceptable launch powers. For example, the LED illustraied in
Figure 7.6 with a drive current of 50 mA was found to couple only around 2 uW
of optical power into single-mode fiber [Ref. 14].

7.3.4 Edge emitter LEDs

Another basic high radiance structure currently used in optical communications
is the stripe geometry DH edge emitter LED (ELED). This device has a similar
geometry to a conventional contact stripe injection laser, as shown in Figure 7.7.
It takes advantage of transparent guiding layers with a very thin active layer (50 to
100 yum) in order that the light produced in the active layer spreads into the
transparent guiding layers, reducing self absorption in the active layer. The
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consequent waveguiding narrows the beam divergence to a half power width of
around 30° in the plane perpendicular to the junction. However, the lack of
waveguiding in the plane of the junction givés a Lambertian output with a half
power width of around 120°, as illustrated in Figure 7.7.

Most of the propagating light is emitted at one end face only due to a reflector
on the other end face and an antireflection coating on the emitting end face. The
effective radiance at the emitting end face can be very high giving an increased
coupling efficiency into small NA fiber compared with the surface emitter.
However, surface emitters generally radiaie more power into air (2.5 to 3 times)
than edge emitters since the emitted light is less affected by reabsorption and
interfacial recombination. Comparisons [Refs. 15 to 17] have shown that edge
emitters couple more optical power into low NA (less than 0.3) than surface
emitters, whereas the opposite is true for large NA (greater than 0.3).

The enhanced waveguiding of the edge emitter enables it in theory [Ref. 16] to
couple 7.5 times more power into low NA fiber than a comparable surface emitter.
However, in practice the increased coupling efficiency has been found to be slightly
less than this (3.5 to 6 times) [Refs. 16 and 17}. Similar coupling efficiencies may
oe achieved into low NA fiber with surface emitters by the use of a lens.

Metallization

$10; ———— NS
n-AlGaAs £ rats i
(active layer) T L —
7" ¥
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Carrier N
confinement/ 7 nGaAs \ - .
layers 4 \ Optical
guiding
layers

Figure 7.7 Schematic illustration of the structure of a strip geometry DH AlGaAs edge-
emitting LED.
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Furthermore, it has been found that lens coupling with edge emitters may increase
the coupling efficiencies by comparable factors (around five times). .

The stripe geometry of the edge emitter allows very high carrier injection densities
for given drive currents. Thus it is possible to couple approaching a milliwatt
of optical power into low NA (0.14) multimode step index fiber with edge-emitting
LEDs operating at high drive currents (500 mA) [Ref. 18].

Edge emitters have also been found to have a substantially better modulation
bandwidth of the order of hundreds of megahertz than comparable surface-emitting
structures with the same drive level [Ref. 17]. In general it is possible to construct
edge-emitting LEDs with a narrower linewidth than surface emitters, but there are
manufacturing problems with the more complicated structure (including difficult
heat sinking geometry) which moderate the benefits of these devices.

Nevertheless, a number of ELED structures have been developed using the
InGaAsP/InP material system for operation at a wavelength of 1.3 um. A common
device geometry which has also been utilized for AlGaAs/GaAs ELEDs [Ref. 19]
is shown in Figure 7.8 [Ref. 20]. This DH edge-emitting device is realized in the
form of a restricted length, stripe geometry p-contact arrangement. Such devices
are also referred to as truncated-stripe ELEDs. The short stripe structure (around
100 um long) improves the external efficiency of the ELED by reducing its internal
absorption of carriers.

It was mentioned in Section 7.1 that a particular impetus for the development of
high performance LEDs operating at a wavelength of 1.3 um was their potential
application in the future optical fiber subscriber loop. In this context the capacity
to provide both high speed transmission and significant launch powers into single-
mode fiber are of prime concern. Aspects of these attributes are displayed by the
two device structures shown in Figure 7.9.

The ELED illustrated in Figure 7.9(a) [Ref. 21] comprises a mesa structure with
a width of 8 um and a length of 150 um for current confinement. The tilted back
facet of the device was formed by chemical etching in order to suppress laser
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Figure 7.8 Truncated stripe InGaAsP edge-emitting LED [Ref. 20].
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Figure 7.9 High speed InGaAsP edge-emitting LEDs: (a) mesa structure ELED
[Ref. 21]. (b) V-grooved substrate BH ELED [Ref. 23].

oscillation. It should be noted that such ELED device structures, being very similar
to injection structures, could lase unless this mechanism is specifically avoided by
removing the potential Fabry—Perot cavity. This point is discussed in further detail
in Section 7.3.5.

The ELED active layer was heavily doped with Zn to reduce the minority carrier
lifetime and thus improve the device modulation bandwidth. In this way a 3 dB
,modulation bandwidth of 600 MHz was obtained [Ref. 21]. When operating at a
speed-of 600 Mbits™! the device, with lens coupling (see Section 7.3.6), launched
an average optical power of approximately 4 xW into single-mode fiber at a peak
drive current of 100 mA. An increase in the peak drive current to 240 mA provided
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an improvement in the coupled power to slightly over 6 yW. By contrast a buried
heterostructure ELED has been reported which couples 7 ,[w of optical power into
single-mode fiber with a drive current of only 20 mA {[Ref. 22]. This short cavity
device (100 pm) had a spectral width (FWHP) of 70 nm in comparison with a
linewidth of 90 nm for the high speed ELED shown in Figure 7.9(a).

Figure 7.9(b) displays another advanced InGaAsP ELED which was fabricated as
a V-grooved substrate buried heterostructure device [Ref. 23]. In this case the front
facet was antireflection coated and the rear facet was also etched at a slat to prevent
laser action. This device, which again emitted at a centre wavelength of 1.3 um,
was reported to have a 3dB modulatiop bandwidth around 350 MHz, with the
possibility of launching 30 xW of optical power into single-mode fiber [Ref. 23].

Very high coupled optical power levels into single-mode fiber in excess of 100 xW
have been obtained with InGaAsP ELEDs at drive currents as low as 50 mA [Ref.
24]. This device structure was based on the configuration of the p-substrate buried
crescent injection laser [Ref. 25] with the rear facet bevelled by chemical etching
to suppress laser oscillation. Butt coupling to 10 pm core diameter single-mode fiber
provided launch powers of only 12 uW which were increased to over 200 ¢ W using
lens coupling (see Section 7.3.6) and drive currents of 100 mA. Moreover, the
spectral widths of the ELEDs were as narrow as 50 nm which gave device
characteristics approaching those of the superluminescent LEDs dealt with in the
following section.

7.3.5 Superluminescent LEDs

A third device geometry which is alrcady providing significant benefits over both
SLEDs and ELEDs for communication applications is the superluminescent diode
or SLD. This device type offers advantages of: (a) a high output power; (b) a
directional output beam; and (¢) a narrow spectral linewidth; all of which prove
useful for coupling significant optical power levels into optical fiber (in particular
to single-mode fiber [Ref. 22]). Furthermore, the superradiant emission process
within the SLD tends to increase the device modulation bandwidth over that of
more conventional LEDs.

Figure 7.10 shows two forms of construction for the SLD. It may be observed
that the structures in both cases are very similar to those of ELEDs or, for that
matter, injection lasers. In effect, the SLD has optical properties that are bounded
by the ELED and the injection laser. Similar to this latter device the SLD structure
requires a p—n junction either in the form of a long rectangular stripe
‘(Figure 7.10(a) [Ref. 26]), a ridge waveguide [Ref. 27] or a buried heterostructure
(Figure 7.10(b) [Refs. 22,28]). However, one end of the device is made optically
lossy to prevent reflections and thus suppress lasing, the output being from the
opposite end.

For operation the injected current is increased until stimulated emission, and
hence amplification, occurs (i.e. the initial step towards laser action), but because
there is high loss at one end of the device, no opticai feedback takes place.
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Figure 7.10 Superluminescent LED structures: (a) AlGaAs contact stripe SLD
[Ref. 26); (b) high output power InGaAsP SLD [Ref. 28].

Therefore, although there is amplification of the spontaneous emission, no laser
oscillation builds up. However, operation in the current region for stimulated
emission provides gain causing the device output to increase rapidly with increases
in drive current due to what is effectively single pass amplification. High optical
output power can therefore be obtained, together with a narrowing of the spectral
width which also resuits from the stimulatea emission.

An early SLD is shown in Figure 7. 10(a) which employs a contact stripe together
with an absorbing region at one end to suppress laser action. Such devices have
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provided peak output power of 60 mW at a wavelength of 0.87 um in pulsed mode
[Ref. 26]. More recently, antireflection (AR) coatings have been applied to the
cleaved facets of SLDs in order to suppress Fabry—Perot resonance [Refs.
22,27,29]. Such devices have launched 550 pW of optical power in 50 pym diameter
multimode graded index fiber at drive currents of 250 mA [Ref. 22] and 250 uW
into single-mode fiber using drive currents of 100 mA [Ref. 29]. In both cases the
device linewidths were 1n the range 30 to 40 nm rather than the 60 to 90 nm specttal
widths associated with conventional ELEDs.

The structure of a recently developed InGaAsP/InP SLD is illustrated in
Figure 7.10(b) [Ref. 28]. The device which emits at 1.3 um comprises a buried
active layer within a V-shaped groove on the p type InP substrate. This technique
provides an appropriate structure for high power operation” because of its low
leakage current. Unlike the aforementioned SLD structures which incorporate AR
coatings on both end facets to prevent feedback, a light diffusion surface is placed
within this device. The surface, which is applied diagonally on the active layer of
length 350 um, serves to scatter the backward light emitted from the active layer
and thus decreases feedback into this layer. In addition, an AR coating is provided
on the output facet. As it is not possible to achieve a perfect antireflection coatings
the above structure is therefore not left totally dependent on this feedback
suppression mechanism. The coupling of 1 mW of optical power into the
spherically lensed end of a single-mode fiber (10 um core diameter) has been
demonstrated with this device operating at a drive current of 150 mA [Ref. 28].
Moreover, the spectral distribution from the SLD was observed to be a smooth
envelope with a FWHP of 30 nm, whilst the device modulation bandwidth reached
350 MHz at the — 1.5 dB point (see Sectior 7.4.3).

Although the incoherent optical power output from SLDs can approach that of
the coherent output from injection lasers, the required current density is substan-
tially higher (by around a-factor of three times), necessitating high drive currents
due to the long device active lengths (i.e. large areas). Recent improvements.
however, in injection laser structures (see Sections 6.5 and 6.6) providing lower
threshold currents for specific output powers have also made the SLD a more
practical proposition. Nevertheless, other potential drawbacks associated with the
SLD in comparison with conventional LEDs-are the nonlinear output characteristic
and the increased temperature dependence of the output power (see Section 7.4.1).

7.3.6 Lens coupling to fiber

It is apparent that much of the light emitted from LEDs is not coupled into the
generally narrow acceptance angle of the fiber. Even with the etched well surface
emitter where the low NA fiber is butted directly into the emitting aperture of the
device, coupling efficiencies are poor (of the order of 1 to 2%). However, it has
been found that greater coupling efficiency may be obtained if lenses are used to
collimate the emission from the LED, particularly when the fiber core diameter is
significantly larger than the width of the emission region. There are several lens
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Figure 7.11 Schematic illustration of the structure of a spherical-ended fiber coupled
AlGaAs LED [Ref. 30].

coupling configurations which include spherically polished structures not unlike
the dome LED, spherical-ended or tapered fiber coupling, truncated spherical
microlenses, GRIN-rod lenses and integral lens structures.

A GaAs[AlGaAs spherical-ended fiber coupled LED is illustrated in Figure 7.11
[Ref. 30]. It consists of a planar surface emitting structure with the spherical-ended
fiber attached to the cap by epoxy resin. An emitting diameter of 35 um was
fabricated into the device and the light was coupled into fibérs with core diameters
oi 75 and 110 um. The geometry of the situation is such that it is essential that the
active diameter of the device be substantially less (factor of 2) than the fiber core
diameter if increased coupling efficiency is to be obtained. In this case good
performance was obtained with coupling efficiencies around 6%. This is in
agreement with theoretical [Ref. 31] and other experimental [Ref. 32] results which
suggest an increased coupling efficiency of 2 to 5 times through the spherical fiber
lens.

Another common lens coupling technique employs a truncated spherical
microlens. This configuration is shown in Figure 7.12 for an etched well
InGaAsP/InP DH surface emitter [Ref. 33] operating at a wavelength of 1.3 um.
Again, a requirement for efficient coupling is that the emission region diameter is
much smaller than the core diameter of the fiber. In this case the best results were
obtained with a 14 um active diameter and an 85 um core diameter step index fiber
with a numerical aperture of 0.16. The coupling efficiency was increased by a factor
of 13, again supported by theory [Ref. 31] which suggests possible increases of up
to thirty times.

However, the overall power conversion efficiency npc Which is defined as the ratio
ot the optical power coupled into the fiber P. to the electrical power applied at the
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Figure 7.12 The use of a truncated spherical microlens for coupling the
emission from an InGaAsP surface-emitting 1LED to the fiber [Ref. 33].

terminals of the device P and is therefore given by:

_E

3 (7.23)

Npc

is still quite low. Even with the increased coupling efficiency npc was found to be
around 0.4%.

Example 7.5
A lens coupled surface-emitting LED launches 190 pW of optical power into a.
multimode step index fiber when a forward current of 25 mA is flowing through the
device. Determine the overall power conversion efficiency when the corresponding
forward voitage across the diode is 1.5 V.

Solution: The overall power conversion efficiency may be obtained from Eq.
(7.23) where:

_ P 190x10°°
T = b T 25x 1073 % 1.5

Hence the overall power conversion efficiency is 0.5%.

=51x10"°

The integral lens structure shown in Figure 7.6 has become a favoured power
coupling strategy for use with surface emitters. In this technique a low absorption
lens is formed at the exit face of the substrate material instead of it being fabricated
in glass and attached to a planar SLED with epoxy. The method benefits from
the elimination of the semiconductor-epoxy-lens interface which can limit the
maximum lens gains of the SLEDs discussed above. An early example gave an
improved coupling efficiency of around three times that of a planar SLED [Ref.
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32], but for optimized devices it is predicted that coupling efficiencies should exceed
15% [Ref. 33}.

It was mentioned in Section 7.3.4 that lens coupling can also be usefully
employed with edge-emitting devices. In practice, lenses attached to the fiber ends
or tapered fiber lenses are widely utilized to increase the coupling efficiency [Refs.
13,19]. An example of the former technique is illustrated in Figure 7.13(a) in which
a hemispherical lens is epoxied onto the fiber end and positioned adjacent to the
ELED emission region. The coupling efficiency has been increased by a factor of
three to four times using this strategy [Refs. 13, 19]. Alternatively, a truncated
spherical lens glued onto the emitting facet of a superradiant ELED has given a
coupling gain of a factor of five or 7 dB [Ref. 34].

Tapered fiber.lenses have been extensively used to couple power from ELEDs
into single-mode fiber. Butt coupling of optical power from LEDs into single-mode
fiber is substantially reduced in comparison with that obtained into multimode
fiber. It ranges from between 0.5 and 2 4W for a standard SLED up to around 10
to 12 uW for an ELED. The small core diameter of single-mode fiber does not allow
significant lens coupling gain to be achieved with SLEDs. For edge emitters,
however, a coupling gain of around 5 dB may be realized using tapered fiber
[Ref. 35]).

An alternative strategy to improve the coupling efficiency from an ELED into
single-mode fiber is depicted in Figure 7.13(b) [Ref. 24]. In this case a tapered
GRIN-rod lens (see Section 5.5.1) was positioned between the high power ELED
and the fiber. A coupling efficiency defined as the ratio of the coupled power to the
total emitted power of around 15% was obtained [Ref. 24].

ELED Lens Fiber

l

Submount
(a)

ELED Tapered GRIN-rod
lens

1 Single-mode fiber
o m—

(b)

Figure 7.13 Lens coupling with edge-emitting LEDs: (a) lens-ended fiber
coupling; (b) tapered (plano-convex) GRIN-rod lens coupling to single-mode
fiber.
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7.4 LED characteristics

7.4.1 Optical output power

The ideal light output power against current characteristic for an LED is shown in
Figure 7.14. It is linear corresponding to the linear part of the injection laser optical
power output characteristic before lasing occurs. Intrinsically the LED is a very
linear device in comparison with the majority of injection lasers and hence it tends
to be more suitable for analog transmission where severe constraints are put on the
linearity of the optical source. However, in practice LEDs do exhibit significant
nonlinearities which depend upon the configuration utilized. It is therefore often
necessary to use some form of linearizing circuit technique (e.g. predistortion
linearization or negative feedback) in order 1o ensure the linear performance of the
device to allow its use in high quality analog transmission systems [Ref. 37].
Figure 7.15(a) and (b) show the light output against current characteristics for

Light output 4
(power)

/

Current

Figure 7.14 An ideal light output against current characteristic for an LED.
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Figure 7.15 Light output (power) into air against d.c. drive current for. typically: good
LEDs [Ret. 17}: (a} an AlGaAs surface emitter with a 50 um diameter dot contact; (b) an
AlGaAs edge emitter with a 65 um wide stripe and 100 um length.
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typically good surface and edge emitters respectively [Ref. 17]. It may be noted that
the surface emitter radiates significantly more optical power into air than the edge
emitter, and that both devices are reasonably linear at moderate drive currents.

In a similar manner to the injection laser, the internal quantum efficiency of
LEDs decreases exponentially with increasing temperature (see Section 6.7.1) Hence
the light emitted from these devices decreases as the p—n junction temperature
increases. The light output power against temperature characteristics for the three
major LED structures operating at a wavelength of 1.3 um are shown, for
comparison, in Figure 7.16 [Ref. 13]. It may be observed that the edge-emitting
device exhibits a greater temperature dependence than the surface emitter and that
the output of the SLD with its stimulated emission is strongly dependent on the
junction temperature. This latter factor is further emphasized in the light output
against current characteristics for a superluminescent LED displayed in Figure 7.17
[Ref. 27]. These characteristics show the variation in output power at a specific
drive current over the temperature range 0 to-40 °C for a ridge waveguide device
providing lateral current confinement. The nonlinear nature of the output
characteristic typical of SLDs can also be observed with a knee becoming apparent
at an operating temperature around 20 °C. Hence to utilize the high power potential
of such devices at elevated temperatures, the use of thermoeiectric coolers may be
necessary [Ref. 13].

10F
Optical i
output %
power F
(mW) SLED
1E
ELED
- i =200 mA SLD
0.1 A L i — 2 1 1 I
0 20 40 60 80

Temperature (°C)

Figure 7.16 Light output temperature dependence for the three major LED
structures emitting at a wavelength of 1.3 um [Ref. 13},
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Figure 7.17 Light output against current characteristic at various ambient
temperatures for an InCGaAsP ridge waveguide SLD. Reproduced with
permission from [. P. Kaminow, G. Eisenstein, L. W. Stulz and A. G. Dentai
‘Lateral confinement InGaAsP superluminescent diode at 1.3 um’, JEEL J.
Quantum Electron., QE19, p. 78, 1983. Copyright © 1983, IEEE.

7.4.2 Output spectrum

The spectral linewidth of an LED operating at room temperature in the 0.8 to
0.9 um wavelength band is usually between 25 and 40 nm at the half maximum
intensity points (full width at half power (FWHP) points). For materials with
smaller bandgap energies operating in the 1.1 to 1.7 um wavelength region the
linewidth tends to increase to around S0 to 160 nm. Examples of these two output
spectra are shown in Figure 7.18 [Refs. 7 and 38). Also illustrated in Figure 7.18(b) -
are the increases in linewidth due to increased doping levels and the formation of
bandtail states (see Section 6.3.4). This becomes apparent in the differences in the
output spectra between surface- and edge-emitting LEDs where the devices have
generally heavily doped and lightly doped (or undoped) active layers respectively.
It may also be noted that there is a shift to lower peak emission wavelength
(i.e. higher energy) through reduction in doping in Figure 7.18(b), and hence the
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Figure 7.18 LED output spectra: (a) output spectrum for an AlGaAs surface
emitter with doped active region [Ref. 7]; (b) output spectra for an InGaAsP
surface emitter showing both the lightly doped and heavily doped cases.
Reproduced with permission from A. C. Carter. The Radio and Electron. Eng.,
51, p. 41, 1981.
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active layer composition must be adjusted if the same centre wavelength is to be
maintained.

The differences in the output spectra between InGaAsP SLEDs and ELEDs
caused by self absorption along the active layer of the devices are displayed in
Figure 7.19. It may be observed that the FWHP points are around 1.6 times smaller
for the ELED than the SLED [Ref. 13]. In addition, the spectra of the ELED

1.16. 1.20 1.24 1.28 1.32 1.36 1.40 1.44
Wavelength (zm)

Figure 7.19 Typical spectral output characteristics for InGaAsP surface and
edge-emitting LEDs operating in the 1.3 um wavelength region [Ref. 13].
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Figure 7.2 Typical spectral variation of the output characteristic with temperature for
-an AlGaAs surface-emitting LED.
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may be further narrowed by the superluminescent operation due to the onset of
stimulated gain and in this case the linewidth can be far smaller (e.g. 30 nm) than
that obtained with the SLED.

The output spectra also tend to broaden at a rate of between 0.1 and 0.3 nm “C ™!
with increase in temperature due to the greater energy spread in carrier distribution’s
at higher temperatures. Increases in temperature of the junction affect the peak
emission wavelength as well, and it is shifted by +0.3 to 0.4 nm °C~! for AlGaAs
devices [Ref. 11] and by +0.6 nm “C~! for InGaAsP devices [Ref. 39]. The
combined effects on the output spectrum 1rom a typical AlGaAs surface emitter are
illustrated in Figure 7.20. It is clear that it may therefore be necessary to utilize heat
sinks with LEDs for certain optical fiber communication applications, although this
is far less critical (normally insignificant compared with the device linewidth) than
the cooline requirements for injection lasers.

7.4.3 Modulation bandwidth

The modulation bandwidth in opticai communications may be defined in either
electrical or optical terms. However, it is often more useful when considering the
associated electrical circuitry in an optical fiber communication system to use the
electrical definition where the electrical signal power has dropped to half its
constant value due to the modulated portion of the optical signal. This corresponds
to the electrical 3 dB point or the frequency at which the output electrical power
is reduced by 3 dB with respect to the input electrical power. As optical sources
operate down to d.c. we only consider the high frequency 3 dB point, the
modulation bandwidth being the frequency range between zero and this high
frequency 3 dB point.

Current 4
ratio
fout Electrical 3 dB point
fin 1.0 /
Optical 3 dB point
0707 |-—= == === = ——= =1
0500~~~ e

\
Frequency

[ Electrical bandwidth -|

|
]
!
i
le———— Optical bandwidth———»,

Figure 7.21 The frequency response for an optical fiber system showing the
electrical and optical bandwidths
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Alternatively, if the 3 dB bandwidth of the modulated optical carrier (optical
bandwidth) is considered, we obtain an increased value for the modulation
bandwidth. The reason for this inflated modulation bandwidth is illustrated in
Example 7.6 and Figure 7.21. In considerations of bandwidth within the text the
electrical modulation bandwidth will be assumed unless otherwise stated, following
current practice. :

Example 7.6
Compare the electrical and optical bandwidths for an optical fiber communication
svstem and develop a relationship between them.

Solution: In order to obtain a simple relationship between the two bandwidths
it is necessary to compare the electrical current through the system. Current rather
than voltage (which is generally used in electrical systems) is compared as both the
optical source and optical detector (see Section 8.6) may be considered to have a
linear relationship between light and current.

Electrical bandwidth: The ratio of the electrical output power to the electrical
input power in decibeis REqp is given by:

electrical power out (at the detector)
electrical power in (at the source)

REdB =10 ]Ogm
I3 Rous
[izn/Rin

2
x 10 1ngo {I;m]

=10 logio

The electrical 3 dB points occur when the ratio of electrical powers shown above
is 1. Hence it follows that this must occur when:

P w1
2’ In 4

2

Thus in the electrical regime the bandwidth may be defined by the frequency when
the output current has dropped to 1 /J2 or 0.707 of the input current to the system.

Optical bandwidth: The ratio of the optical output power to the optical input
power in decibels ROgp is given by,

optical power out (received a._detector)
optical power in (transmitted at source)

ROgs = 10 logo

Jout

Iin

10 logw
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(due to the linear light/current relationships of the source and detector). Hence the
optical 3 dB points occur when the ratio of the currents is equal to 3}, and:

Jow _1
Iin 2

Therefore in the optical regime the bandwidth is defined by the frequencies at
which the output current has dropped to ; or 0.5 of the input current to the system.
This corresponds to an electrical power attenuation of 6 dB.

The comparison between the two bandwidths is illustrated in Figure 7.21 where
it may be noted that the optical bandwidti is significantly greater than the electrical
bandwidth. The difference between them (in frequency terms) depends on the shape
of the frequency response for the system. However, if the system response is
assumed to be Gaussian, then the optical bandwidth is a factor of |2 greater than
the electrical bandwidth [Ref. 40].

The modulation bandwidth of LEDs is generally determined by. three
mechanisms. These are:

(a) the doping' level in the active layer;
(b) the reduction in radiative lifetime due to the injected carriers;
(c) the parasitic capacitance of the device.

Assuming negligible parasitic capacitance, the speed at which an LED can be
directly current modulated is fundamentally limited by the recombination lifetime
of the carriers, where the optical output power P.(w) of the device (with constant
peak current) and angular modulation frequency w is given by [Ref. 41],

Piw) 1
Pe T+ @)l .24

where 7; is the injected (minority) carrier lifetime in the recombination region and
Py is the d.c. optical output power for the same drive current.

Example 7.7
The minority carrier recombination lifetime for an LED is S ns. When a constant
d.c. drive current is applied to the device the optical output power is 300 pW.
Determine the optical output power when the device is modulated with an rms drive
current corresponding to the d.c drive current at frequencies cof (a) 20 MHz;
(b) 100 MHz.

It may be assumed that parasitic capacitance is negligible. Further, determine the
3 dB optical bandwidth for the device and estimate the 3 dB electrical bandwidth
assuming a Gaussian response.
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Solution: (a) From Eq. (7.24), the optical output power at 20 MHz is:

Pdc

P¢(20 MHZ) = m—;

300 x 107°
1+ Q27 x20x10%x5x107°)%)¢

_ 300 10°¢
[1.39]7

=254.2 yW
(b) Again using Eq. (7.24):

300 x 107
[1+Qxx100x10°x5x107°)%]}

P.(100 MHz) =

300x10°°
[10.87}F

=90.9 yW

This example illustrates the reduction in the LED optical output power as the device
is driven at higher modulating frequencies. It is therefore apparent that there is a
somewhat limited bandwidth over which the device may be usefully utilized.

To determine the optical 3 dB bandwidth: the high frequency 3 dB point occurs
when P.(w)/Pasc = 3. Hence, using Eq. (7.24):

R S
1+ ()P 2

and 1 + (wr;)? = 4.- Therefore wr; = J3, and

B3 B
= —=e—— _]M
4 277 wx107¢ & Hz

Thus the 3 dB optical bandwidth By, is 55.1 MHz as the device similar to all LEDs
operates down to d.c.

Assuming a Gaussian frequency response, the 3 dB electrical bandwidth B will
be:

B=5~5'—1= 39.0 MHz

2
Thus the corresponding electrical bandwidth is 39 MHz. However, it must be

remembered that parasitic capacitance may reduce the modulation bandwidth
below thia walue.
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The carrier lifetime -is dependent on the doping concentration, the number of
injected carriers into the active region, the surface recombination velocity and the
thickness of the active layer. All these parameters tend to be interdependent and are
adjustable within limits in present-day technology. In general, the carrier lifetime
may be shortened by either increasing the active layer doping or by decreasing the
thickness of the active layer. However, in surface emitters this can reduce the
external power efficiency of the device due to the creation of an increased number
of nonradiative recombination centres.

Edge-emitting LEDs have a very thin, virtually undoped active layer and the
carrier lifetime is controlled only by the injected carrier density. At high current
densities the carrier lifetime decreases with injection level because of a bimolecular
recombination process [Ref. 41]. This bimolecular recombination process allows
edge-emitting LEDs with narrow recombination regions to have short
recombination times, and therefore relatively high modulation capabilities at
reasonable operating current densities. For instance, edge-emitting devices with
electrical modulation bandwidths of 145 MHz have been achieved with moderate
doping and extremely thin (approximately 50 nm) active layers [Ref. 42].

However, LEDs tend to be slower devices with significantly lower output powers
than injection lasers because of the longer lifetime of electrons in their donor
regions resuiting from spontaneous recombination rather than stimulated
emission, ™ coupled with the increased numbers of nonradiative centres at higher
doping levels. Thus at high modulation bandwidths the optical output power from
conventional LED structures decreases as illustrated in Example 7.7 and also as
shown in Figure 7.22.

The reciprocal relationship between modulation bandwidth and output power
may be observed in Figure 7.22 which illustrates experimental results obtained with
both AlGaAs and InGaAsP LEDs [Refs. 43, 44]. The solid line gives an indication
of the best results for AlGaAs LEDs, whereas, for comparison, the dotted line
represents these AlGaAs results shifted by the ratio of the photon energy at 0.85 um
to that at 1.3 um. Finally, the dashed line provides a contour of the best reported
resuits for InGaAsP LEDs. It may be observed that the output power from AlGaAs
LEDs is a factor of two higher than that of InGaAsP devices at all bandwidths
which partly results from the photon energy at the 1.3 wm wavelength being smaller
(by a factor of 1.53) than that at 0.85 yum. Hence the centre dotted line displays the
adjustment of the AlGaAs LEDs for this factor showing that the best performance
of InGaAsP LED:s is not far below that of AlGaAs LEDs. Moreover the difference
is probably due to the more advanced technology which is available for the latter
devices combined with the enhanced wavelength saturation in the longer wavelength
material [Ref. 13].

For surface-emitting AlGaAs LEDs high output power of 15 mW has been
obtained at modest bandwidths (17 MHz) [Ref. 45}, whereas the very large

* The superluminescent LED is an exception in this respect and is therefore capable of high output
power at relatively high modulation bandwidths (see Section 7.3.5).
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Figure 7.22 Reported optical output power against bandwidth for both AlGaAs
and InGaAsP LEDs [Refs. 43,44]. Best results for AlGaAs devices.(solid line).
These AlGaAs LED results shifted to a wavelength of 1.3 um (dotted line). Best
results for InGaAsP devices (dashed line).

bandwidth of 1.1 GHz was only achieved at the far lower output power of 0.2 mW
[Ref. 46}. In general terms, to maximize the output power from SLEDs exhibiting
low moduylation bandwidths in the range 20 to 50 MHz, a thick active layer (2 to
2.5 um) with low doping levels (less than § X 10'” cm™*) can be employed. Thinner
active layers (1 to 1.5 um) and higher doping levels (0.5 to 1.0x 107 '® cm™?) are
required for devices operating in the 50 to 10 MHz bandwidth region. In order to
increase the modulation bandwidth into and beyond the 100 to 200 MHz range,
however, very high doping levels in excess of 5x 10 cm™? are necessary in
combination with thin active layers.

Longer wavelength LEDs fabricated from the InGaAsP/InP material system tor
operation at a wavelength around 1.3 pum have become widely commercially
available. Such devices with undoped (i.e. with a recidual n type concentration
between 1 x 107 and 5 x 107 cm~?) active layers provide modulation bandwidths
in the range 50 to 100 MHz [Ref. 39}. Moreover, with higher doping densities
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(5 x 10'® cm™?) and relatively thin active layers (400 nm), bandwidths of 690 MHz
have been obtained [Ref. 47]. Modulation rates in the range 600 Mbits™' to
1.2 Gbits™' have also been achieved using high levels of Zn doping
(Ix107"to 1.3x 107" cm™?) in InGaAsP devices [Refs. 21, 48].

7.4.4 Reliability

LEDs are not generally affected by the catastrophic degradation mechanisms which
can severely affect injection lasers (see Section 6.7.6). Early or infant failures do,
however, occur as a resu!t of random and not always preventable fabricational
defects. Such failures can usually be removed from the LED batch population over
an initial burn-in operational period [Ref. 49]. In addition, LEDs do exhibit
gradual degradation which may take the form of a rapid degradation mode* or a
slow degradation mode.

Rapid degradation in LEDs is similar to that in injection lasers, and is due to
both the growth of dislocations and precipitate-type defects in the active region
giving rise to dark line defects (DLDs) and dark spot defects (DSDs). respectively,
under device ageing [Ref. 43]. DLDs tend to be the dominant cause of rapid
degradation in GaAs-based LEDs. The growth of these defects does not depend
upon substrate orientation but on the injection current density, the temperature,
and the impurity concentration in the active layer.

Good GaAs substrates have dislocation densities around 5 x 10* cm~2. Hence,
there is less probability of dislocations in devices with small active regions. DSDs,
and the glide of existing misfit dislocations, however, predominate as the cause of
rapid degradation in InP-based LEDs.

LEDs may be fabricated which are largely free from these defects and are
therefore subject to a slower long term degradation process. This homogeneous
degradation is thought to be due to recombination enhanced point defect
generation (i.e. vacancies and interstitials), or the migration of impurities into the
active region [Ref. 50}, The optical output power P.(r) may be expressed as a
function of the operating time ¢, and is given by [Ref. 50]:

Pe(t) = Pour exp (—Bt) . (7.25)

where P,y is the initial output power and B3, is the degradation rate. The
degradation rate is characterized by the activation energy of homogeneous
degradation F, and is a function of temperature. It is givén by:

Br = B0 exp[— EafKT) (7.26)

where (o is a proportionality constant, K is Boltzmann’s constant and 7 is the
absoiute temperature of the emitting region. The activation energy F, is a variable
which is dependent on the material cvstem and the structure of the device. The value

* LEDs which display rapid degradation are sometimes referred to as treak failures [Ref. 49] because
they pass the burn-in periad but fail earlier in operational life than the main device population.
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of E, is in the range 0.56 to 0.65¢V, and 0.9 to 1.0eV for surface-emitting
GaAs[AlGaAs and InGaAsP/InP LEDs respectively [Ref. 9]. These values suggest
10° to 107 hours (100 to 1000 years) CW operation at room temperature for
AlGaAs devices, and in excess of 10° hours for surface-emitting InGaAsP LEDs.

Example 7.8
An InGaAsP surface emitter has an activation energy of 1 ¢V with a constant of
proportionality (8o) of 1.84 x 107 h™'. Estimate the CW operating lifetime for the
LED with a constant junction temperature of 17 °C, if it is assumed that the device
is no longer useful when its optical output power has diminished to 0.67 of its
original value.

Solution: Initially, it is necessary to obtain the degradation rate §;, thus from
Eq. (7.26):

Br=Bo exp[— EofKT]

—1x1.602% 107"
1.38 x 107%% x 290

=1.84 x 107 exp[ —40]

=1.84 % 107 exp[

=7.82x10"'"h"!
Now using Eq. (7.25):
Pe() =exp (—B:)=0.67
Pou
Therefore
B = —In 0.67
and
(= In 0.67 _ 0.40
7.82x 107" 7.82%x 107"
=5.1x10"h

Hence the estimated lifetime of the device under the specified conditions in Example
7.8 is 5.1 x 10° hours. It must be noted that the junction temperature, even for a
device operating at room temperature, is likely to be well in excess of room
temperature when substantial drive currents are passed. Also the diminished level
of optical output in the example is purely arbitrary and for many applications this
reduced level may be unacceptable.
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Nevertheless it is quite common for the device lifetime or median life to be
determined for a 50% drop in light output power from the device [Ref. 49]. It is
clear, however, that with the long term LED degradation process there is no absolute
end-of-life power level and therefore to a large extent it is system dependent such
that a trade-off can be made between the required system end-of-life power margin
and the device reliability [Ref. 44]. Hence the allocated drop to end-of-life pcwer
can be substantially reduced to, say, 20% which will provide for an enhanced
system power margin (¢.g. incrcased repeater spacing) at the expense of the device
median life. Overall, even with these more rigorous conditions the anticipated
median life for such LEDs is excellent and it is unlikely to cause problems in most
optical fiber communication system applications.

Extrapolated accelerated lifetime tests are also in broad agreement with the
theoretical estimates [Refs. 47,49 to 53] for the less sophisticated device structures.
For example, a planar GaAs/AlGaAs DH LED exhibited a median life for a 50%
output power reduction of 9 x 107 hours at a temperature of 25 °C [Ref. 52]. By
comparison, extrapolated half-power lifetimes in excess of 10%® hours at a
temperature of 60°C have been obtained with high speed (greater than
200 Mbits™ ') InGaAsP/InP LEDs [Ref. 53].

7.5 Modulation

In order to transmit information via an optical fiber communication system it is
necessary to modulate a property of the light with the information signal. This
property may be intensity, frequency, phase or polarization (direction) with either
digital or analog signals. The choices are indicated by the characteristics of the
optical fiber, the available optical sources and detectors, and considerations of the
overall system.

However, at present in optical fiber communications considerations of the above
for practical systems tend to dictate some form of intensity modulation of the
source. Although much effort has been expended and considerable success has been
achieved in the area of coherent optical communications (see Chapter 12) the
widescale deployment of such systems will take some further time. Therefore
intensity modulation (IM) of the optical source and envelope or direct detection
(DD) at the optical receiver is likely to remain the major modulation strategy”® in
the immediate future.

Intensity modulation is easy to implement with the electroluminescent sources
available at present (LEDs and injecrion lasers). These devices can be directly
modulated simply by variation of their drive currents at rates up to several
gigahertz. Thus direct modulation of the optical source is satisfactory for the
modulation bandwidths currently under investigation. However, considering the
recent interest in integrated optical devices (see Chapter-10) it is likely that external

* This strategy is often referred to as intensity modulation/direct detection, or IM/DD
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optical modulators [Ref. 54] may be utilized more in the future in order to achieve
greater bandwidths and to allow the use of nonsemiconductor sources
(e.g. Nd: YAG laser) which cannot be directly modulated at high frequency (see
Section 6.9.1). External optical modulators are active devices which tend to be used
primarily to modulate the frequency or phase of the light, but may also be used for
time division muitiplexing and switching of optical signals. However, modulation
considerations within this text (excepting Chapter 12) will mainly be concerned with
the direct modulation of the intensity of the optical source.

Intensity modulation may be utilized with both digital and analog signals. Anaiog
intensity modulation is usually easier to apply but requires comparatively large
signal to noise ratios (see Section 9.2.5) and therefore it tends to be limited to
relatively narrow bandwidth, short distance applications. Alternatively, digital
intensity modulation gives improved noise immunity but requires wider band-
widths, although these may be small in comparison with the available bandwidth.
It is therefore ideally suited to optical fiber transmission where the available
bandwidth is large. Hence at present most fiber systems in the medium to long
distance range use digital intensity modulation.

Problems

7.1 Describe with the aid of suitable diagrams the mechanism giving the emission of light
from an LED. Discuss the effects of this mechanism on the properties-of the LED in
relation to its use as an optical source for communications.

7.2 Briefly outline the advantages and drawbacks of the LED in comparison with the
injection laser for use as a source in optical fiber communications.

7.3 The power generated internally within a double heterojunction LED is 28.4 mW at a
drive current of 60 mA. Determine the peak emission wavelength from the device when
the radiative and nonradiative recombination lifetimes of the minority carriers in the
active region are equal.

7.4 The diffusion length Lp or the average distance moved by charge carriers before
recombination in the active region of an LED is given by:

L,= (DT)%

where D is the diffusion coefficient and 7 is the total carrier recombination lifetime.
Calculate the diffusion coefficient in gallium arsenide when the diffusion length is 21 ym
and the radiative and nonradiative carrier recombination lifetimes are equal at 90 ns.

7.5 Estimate the external power efficiency of a GaAs planar LED when the transmission
factor of the GaAs—air interface is 0.68 and the internally generated optical power is
30% of the electrical power supplied. The refractive index of GaAs may be taken as 3.6.

7.6 The external power efficiency of an InGaAsP/InP planar LED is 0.75% when the
internally generated optical power is 30 mW. Determine the transmission factor for the
InP—air interface if the drive current is 37 mA and the potential difference across the
device is 1.6 V. The refractive index of InP may be taken as 3.46.

7.7 A GaAs planar LED emitting at a wavelength of 0.85 ym has an internal quantum
efficiency of 60% when passing a forward current of 20 mAs™'. Estimate the optical
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7.8

7.9

7.10

7.14

7.15
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power emitted by the device into air, and hence determine the external power efficiency
if the potential difference across the device is 1 V. It may be assumed that the
transmission factor at the GaAs—air interface is 0:68 and that the refractive index of
GaAs is 3.6. Comment on any assumptions made.

The external power efficiency of a planar GaAs LED is 1.5% when the forward current
is 50 mA and the potential difference across its terminals is 2 V. Estimate the optical
power generated within the device if the transmission factor at the coated GaAs—air
interface is 0.8.

Outline the common LED structures for optical fiber communications discussing their
relative merits and drawbacks. In particular, compare surface- and edge-emitting
devices. Comment on the distinction between multimode and single-mode devices.
Derive an expression for the coupling efficiency of a surface-emitting LED into a step
index fiber, assuming the device to have a Lambertian output. Determine the optical
loss in decibels when coupling the optical power emitted from the device into a step
index fiber with an acceptance angle of 14 °. It may be assumed that the LED is smaller
than the fiber core and that the two are in close proximity.

Considering the LED of problem 7.5, calculate:

(a) the coupling efficiency and optical loss in decibels of coupling the emitted light intc
a step index fiber with an NA of 0.15, when the device is in close proximity to the
fiber and is smaller than the fiber core;

(b) the optical loss relative to the optical power generated internally if the device emits
into a thin air gap before light is coupled into the fiber.

Estimate the optical power coupled into a 50 um diameter core step index fiber with an
NA of 0.18 from a DH surface emitter with an emission area diameter of 75 um and
a radiance of 60 Wsr™'cm ™2, The Fresnel reflection at index matched semiconductor—
fiber interface may be considered negligitle.

Further, determine the optical loss when coupling light into the fiber relative to the
power emitted by the device into air if the Fresnel reflection at the semiconductor—air
interface is 30%.

Comment on the differences in the performance characteristics between the
conventional LEDs used for optical fiber communications and superluminescent LEDs.

Describe, with the aid of a diagram the structure of an SLD used for operation in
the longer wavelength region and suggest potential application areas for such devices.
The Fresnel reflection coefficient at a fiber core of refractive index n, is given
approximately from the classical Fresnel formulae by

n-—n 2
r=|—
) n+n
where n is the refractive index of the surrounding medium.

(a) Estimate the optical loss due to Fresnel reflection at a fiber core from GaAs each
of which have refractive indices of 1.5 and 3.6 respectively.

(b) Calculate the optical power coupled into a 200 um diameter core step index fiber
with an NA of 0.3 from a GaAs surface-emitting LED with an emission diameter
of 90 um and a radiance of 40 Wsr™'cm ™2, Comment on the result.

(c) Estimate the optical power emitted into air for the device in (b).

Determine the overall power conversion efficiency for the LED in Problem 7.14 if it is
operating with a drive current of 100 mA and a fcrward voltage of 1.9 V.
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Discuss lens coupling of LEDs t¢ opicar fibers and outhine the various techniques
employed.
Discuss the relationship between the electrical and optical nodulation bandwidths for
an opiical fiber communication system. Esumate the 3 dB optical bandwidth
corresponding 10 a 3dB clectrical bandwidth of SGMH/z. A Gaussian frequency
response may be assumed.
Determine the ontical modalation bandwidih for the LED of Problem 714 1f the device
emits 840 W of opiical power into air when modalated at a freguency of 150 MHz.
Estimate the electrios) medulation bandwidth for an L ED with a carrier recombination
lifetime of 8 ns. The frequency respense ol thie device sy be assumed to be Gaussian.
Disciuss the reliability of LEDS in comparison sath injeciion Lasers,

Estimate the CW operating hitetime tor an AlGaAs TED with an activation cnergy
of 0.6 ¢V and a wonstant of proportionality () of 2 3~ 1071 waen the junciion

temperature of the device w constan: w0 M Co o be aesumied thar the LED s no

longer useful when its optical ctiput power s (88 ot arizinal value.

(v reasons tor the

What is meant by ihe intensity modulation of an optal sou
major present use ol direct intensity muduelatinn of sennconductar opticai sources and

cominent on possible aiternatives.

Answers to numerical problems

7.3 1.31 pm 7.12 012 W, 169 4B
7.4 98x10 'ms ' 7.4 @ 081 dB
7.5 04% (b 600 oW
7.6 070 (o) St mW
7.7 230 kW, 1L1S% 7.5 0,320,
7.8 97.2.mW 7.17 TG.T7 N
7.10 12.3dB 7.18 4.6 MH,
7.11 (a) 16.7 dB 7.19 24 4 NH/
(b) 35.2dB 7.20 2,210 < 107 houis
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8.1 Introduction

We are concerned in this chapter with photodetectors currently in use and under
investigation for optical fiber communications.

The detector is an essential component of an optical fiber communication system
and is one of the crucial efements which dictate the overall system performance. Its
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function is to convert the received optical signal into an electrical signal, which
is then amplified before further processing. Therefore when considering signal
attenuation along the link, the system performance is determined at the detector.
Improvement of detector characteristics and performance thus allows the
installation of fewer repeater stations and lowers both the capital investment and
maintenance costs.

The role the detector plays demands that it must satisfy very stringent
requirements for performance and compatibility. The following criteria define the
important performance and compatibility requirements for detectors which are
generally similar to the requirements for sources.

. High sensitivity at the operating wavelengths. The first generation systems have

wavelengihs between 0.8 and 0.9 pin (compatible with AlGaAs laser and LED
emission lines). However, considerable advantage may be gained at the detector
from second generation sources with operating wavelengths above 1.1 um as
both fiber attenuation and dispersion are reduced. There is much research
activity at present in this longer wavelength region, especially concerning
wavelengths around 1.3 yum where attenuation and material dispersion can be
minimized. In this case semiconductor materials are currently under investi-
gation (see Section 8.4.3) in order to achieve good sensitivity at normal
operating temperatures (i.e. 300 K).

. Hjgh fidelity. To reproduce the received signal waveform with fidelity, for

analogy transmission the response of the photodetector must be linear with

“regard to the optical signal over a wide range.
. Large electrical response to the received optical signal. The photodetector

should produce a maximum electrical signal for a given amount of optical
power, i.e. the quantum efficiency should be high.

. Short response time to obtain a suitable bandwidth. Present systems extend

into the hundreds of megahertz. However, it is apparent that future systems
(single-mode fiber) will operate in the gigahertz range, and possibly above.

. A minimum noise introduced by the detector. Dark currents, leakage currents

and shunt conductance must be low. Also the gain mechanism within either the
detector or associated circuitry must be of low noise.

. Stability of performance characteristics. Ideally, the performance character-

istics of the detector should be independent of changes in ambient conditions.
However, the detectors currently favoured (photodiodes) have characteristics
(sensitivity, noise, internal gain) which vary with temperature, and therefore
compensation for temperature effects is often necessary.

. Small size. The physical size of the detector must be smali for efficient coupling

to the fiber and to allow easy packaging with the following electronics.
Low bias voltages. ldeally the detector should not require excessive bias
voltages or currents.

. High reliability. The detector must be capable of continuous stable operation

at room temperature for many years.
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10. Low cost. Economic considerations are often of prime importance in any large
scale communication system application.

We continue the discussion in Section 8.2 by briefly indicating the various types
of device which could be employed for optical detection. From this discussion it is
clear that semiconductor photodiodes currently provide the best solution for
detection in optical fiber communications. Therefore, in Sections 8.3 and 8.4
we consider the principles of operation of thesc devices, togethes with the
characteristics of the semiconductor materials employed in their construction.
Sections 8.5—8.7 then briefly outline the major operating parameters (quantum
efficiency, responsivity, long wavelength cutoff) of such photodiodes. Following,
in Sections 8.8 and 8.9, we discuss the structure, operation and performance
characteristics of the major device types (p—n, p—i—n and avalanche photodiodes)
for optical detection over the wavelength range 0.8 to 1.6 um. Then in Section 8.10
recent developments associated with photodiodes for mid-infrared detection
(particularly up to 2.6 um) are considered prior to discussion in Sections 8.11
and 8.12 of other semiconductor devices (heterojunction phototransistors and
photoconductive detectors) which may eventually find wider use as detectors for
optical fiber communications.

8.2 Device types

To detect optical radiation (photons) in the near-infrared region of the spectrum,
both external and internal photoemission of electrons may be utilized. External
photoemission devices typified by photomuitiplier tubes and vacuum photodiodes
meet some of the performance criteria but are t0o bulky, and require high voltages
for operation. However, internal photoemission devices especially semiconductor
photodiodes with or without internal (avalanche) gain provide good performance
and compatibility with relatively low cost. These photodiodes are made from semi-
conductors such as silicon, germanium and an increasing number of I1I-V alloys,
all of which satisfy in various ways most of the detector requirements. They are
therefore used in ali major current optical fiber communication systems.

The internal photoemission process may take place in both intrinsic and extrinsic
semiconductors. With intrinsic absorption, the received photons excite electrons
from the valence to the conduction bands in the semiconductor, whereas extrinsic
absorption involves impurity centres created within the material. However, for fast
response coupled with efficient absorption of photons, the intrinsic absorption
process is preferred and at present all detectors for optical fiber communications
use intrinsic photodetection.

Silicon photodiodes [Ref. 1] have high sensitivity over the 0.8-0.9 um wave-
length band with adequate speed (hundreds of megahertz), negligible shunt
conductance, low dark current and long term stability. They are therefore widely
used in first generation systems and are currently commercially available. Their
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usefuiness is limited to ihe first genmeration wavelength region as siiicon has an
indirect bandgap energv (see Section &.4.1) of 1.14 eV giving a loss in response
above 1.09 um. Thus for second generaiion systems in the longer wavelength range
F.1-1.6 um research is devoted to the mmvestieation of semiconductor maieriais
which have narrower handgaps. Interest has focused on germarinm and -V
alloys which give a good resnonse at the longer wavelengths. Again, the perform-
ance characteristics of such devices has improved cons;derably over recent vears
and a wideselection of -V alloy pho*odiodes as well as germaninm photodiodes
are now commercially available.

in addition 10 the development of advanced photodiode structures fabricared
from 1{-V serniconductor alloys for operation at wavelengths of 1.3 and 1.55 um,
similar material systems are ander investigarion for use at the cven longer
wavelengths required for mid-infrared transmission (2 to 5 zm). Interest has also
been maintained in other semiconductor detector types, namely, the hetercjunction
phototransistor and the photoconductive detector, bott of which can be usefully
fabricated from 111V alloy material svstems. In particular, the latter device typne
has more recently found favour as a nosential detector over the 1.1 to 1.6 uni
wavelength range. Nevertheless, at present the primary operating wavelength
tegiens remain 0.8 to 0.9 pm, 1.3 pm and 1.75 um, with the major device types
tewng the p-i-n and avalanche photodiodes. We shall therefore consider these
devices in greater detail before discussing mid-iafrared photediodes. photo-
transistors and photoconductive detectors.

8.3 Optical detection principles

The basic detection procsss in an intrinsic absorber is ilfustiated in Figure 8.1 which
shows a p-n photodicde. This device is reverse biased and the electric field
developed across the p—» junction swe ps mobile carriers (heles and electrons) to
their respective majority sides (p and n type material). A depletion region or layer
it therefore created on cither side of the junction. This barrier has the effect of
stopping the majority carriers crossing the junction in the opposite direction to the
ficid. However, the held accelerates minority carriers from both sides to the
opposite side of the junctiorn, forming the reverse leakage current of the dinde.
Thus intrinsic conditions are created in the depletion region,

A photon incident in or near the depletion region of this device which has an
energy greater than or equai to the bandgap energy F, of the fabricating material
(i.e. i/ > E;) will excite an electron from the valence band into the conduction
band. This process leaves an empty ho't in the valence band and is known as the
photogeneration of ap electron-hole ‘car ier) pali, as shown in Figure 8.1(a).
Carrier pairs sc generated near the junction are separated and swept (drilt} under
the influence of the eleciric field to produce a displacement by current in the
external circuit in excess of any reverse leakage current (Figure 8.i(b)). Photo-
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Figure 8.1 Operation of the p-n photodiode: (a) photogeneration of an electron-hole
pair in an intrinsic semiconductor; (b) the structure of the reverse biased p-n junction
illustrating carrier drift in the depletion region; (c) the energy band diagram of the
reverse biased p—n junction showitig photo-generation and the subsequent separation
of an electron-hole pair.

generation and the separation of a carrier pair in the depletion region of this reverse
biased p—n junction is iliustrated in Figure 8.1(c).

The depletion region must be sufficiently thick to allow a large fraction of the
incident light to be absorbed in order to achieve maximum carrier-pair generation.
However, since long carrier drift times in the depletion region restrict the speed of
operation of the photcdiode it is necessary to limit its width. Thus there is a trade-
off between the number of photons absorbed (sensitivity) and the speed of
response.

8.4 Absorpticn

8.4.1 Absorpticn coefficient

The absorption of photons m a photodiode to produce carrier pairs and thus a
rhotocurrent, is dependent on tihe absorption coefficient oo of the light in the
sermiconductor used to fabricate the device. At a specific wavelength and assuming
only bandgap transitions (1.e. intrinsic apsorber) the photocurrent /p produced by
incident light of optical power P is given by {Ref. 4]:

_Poe(l —r) [1 —exp (- and)] @D
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Figure 8.2 Optical absorption curves for some common semiconductor photodiode
materials (silicon, germanium, gallium arsenide, indium gallium arsenide and indium

gallium arsenide phosphide).

Table 8.1 Bandgaps for some
semiconductor photodiode materials at

300 K

Bandgap (eV) at 300 K

Indirect Direct
Si 1.14 4.10
Ge 0.67 0.81
GaAs — 1.43
InAs — 0.35
InP - 1.35
GaSb — 0.73
Ino.s3Gag.47As — 0.75
Ing.14Gag seAs — 1.15
GaAS[)vBBSbovn —_ 1.15
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where e is the charge on an electron, r is the Fresnel reflection coefficient at the
semiconductor—air interface and d is the width of the absorption region.

The absorption coefficients of semiconductor materials are strongly dependent on
wavelength. This is illustrated for some common semiconductors [Ref. 4] in Figure
8.2. It may be observed that there is a variation between the absorption curves for
the materials shown and that they are each suitable for different wavelength
applications. This results from their differing bandgaps energies, as show in Table
8.1. However, it must be noted that the curves depicted in Figure 8.2 also vary with
temperature.

8.4.2 Direct and indirect absorption: silicon and germanium.

Table 8.1 indicates that silicon and germanium absorb light by both direct and
indirect optical transitions. Indirect absorption requires the assistance of a photon
so that momentum as well as energy are conserved. This makes the transition
probability less likely for indirect absorption than for direct absorption where no
photon is involved. In this context direct and indirect absorption may be contrasted
with direct and indirect emission discussed in Section 6.3.3.1. Therefore as may be
seen from Figure 8.2 silicon is only weakly absorbing over the wavelength band of
interest in optical fiber communications (i.e. first generation 0.8 to 0.9 um). This is
because transitions over this wavelength band in silicon are due only to the indirect
absorption mechanism. As mentioned previously (Section 8.2) the threshold for
indirect absorption occurs at 1.09 um. The bandgap for direct absorption in silicon
is 4.10 eV, corresponding to a threshold of 0.30 pm in the ultraviolet, and thus is
well outside the wavelength range of interest.

Germanium is another semiconductor material for which the lowest energy
absorption takes place by indirect optical transitions. However, the threshold for
direct absorption occurs at 1.53 um, below which germanium becomes strongly
absorbing, corresponding to the kink in the characteristic shown in Figure 8.2. Thus
germanium may be used in the fabrication of detectors over the whole of the
wavelength range of interest (i.e. first and second generation 0.8 10 1.6 um),
especially considering that indirect absorption will occur up to a threshold of
1.85 pm.

Ideally, a photodiode material should be chosen with a bandgap energy slightly
less than the photon energy corresponding to the longest operating wavelength of
the system. This gives a sufficiently high absorption coefficient to ensure a good
response, and yet limits the number of thermally generated carriers in order to
achieve a low dark current (i.e. displacement current generated with no incident
light (see Figure 8.5)). Germanium photodiodes have relatively !arge ddrk currents
due to their narrow bandgaps in comparison to other semiconductor materials. This
is a major disadvantage with the use of germanium photodiodes, especially at
shorter wavelengths (below 1.1 pm).
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8.4.3 i~V alloys

The drawback with germanium as a fabricating material for semiconductor
photodiodes has led to increased investigation of direct bandgap I1I-V alloys
for the longer wavelength region. These materials are potentially superior to
germanium because their bandgaps can be tailored to the desired wavelength by
changing the relative concentrations of their constituents, resulting in lower dark
currents. They may also be fabricated in heterojunction structures (see Section
6.3.5) which enhances their high speed operations.

Ternary alloys such as InGaAs and GaAlISb deposited on InP and GaSb
substrates, respectively, have been used to fabricate photodiodes for the longer
wavelength band. Although difficulties were experienced in the growth of these
alloys, with lattice matching causing increased dark currents, these problems have
now been reduced. In particular the alloy Ino.s3Gag.47As lattice matched to InP,
which responds to wavelengths up to around 1.7 ym (see Figure 8.2), has been
extensively utilized in the fabrication of photodiodes for operation at both 1.3 and
1.55 pm. Quaternary alloys are also under investigation for detection at these
wavelengths. Both InGaAsP grown on InP and GaAlAsSb grown on GaSb have
been studied, with the former material system finding significant application within
advanced photodiode structures.

8.5 Quantum efficiency

The quantum efficiency 5 is defined as the fraction of incident photons which are
absorbed by the photodetector and generate electrons which are collected at the
detector terminals:

_ number of electrons collected

number of incident photons (8.2)
Hence,
=TI 8.3
"= 8.3)

where r; is the incident photon rate (photons per second) and re is the corresponding
electron rate (electrons per second).

One of the major factors which determines the quantum efficiency is the
absorption coefficient (see Section 8.4.1) of the semiconductor material used within
the photodetector. The quantum efficiency is generally less than unity as not all of
the incident photons are absorbed to create electron—hole pairs. Furthermore, it
should be noted that it is often quoted as a percentage (e.g. a quantum efficiency
of 75% is equivalent to 75 electrons collected per 100 incident photons). Finally,
in common with the absorption coefficient, the quantum efficiency is a function of
the photon wavelength and must therefore only be quoted for a specific wavelength.
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8.6 Responsivity

The expression for quantum,efficiency does not involve photon energy and
therefore the responsivity R is often of more use when characterizing the
performance of a photodetector. It is defined as:

R:Q(AW'I) (8.4)
P,

where I, is the output photocurrent in amperes and P, is the incident optical power
in watts. The responsivity is a useful parameter as it gives the transfer characteristic
of the detector (i.e. photocurrent per unit incident optical power).

The relationship for responsivity (Eq. (8.4)) way be developed to include
quantum efficiency as follows. Considering Eq. (6.1) the energy of a photon E = if.
Thus the incident photon rate r, may be written in terms of incident optical power
and the photon energy as:

ro=Po 8.5
o= ®.5)
In Eq. (8.3) the electron rate is given by:
re=mrp (8.6)
Substituting from Eq. (8.5) we obtain
nPq
=1 8.7
r W (8.7)
Therefore, the output photocurrent is:
Poe
I = Nt 8.8
e (8.8)

where e is the charge on an electron. Thus from Eq. (8.4) the responsivity may be
written as:

_ne (8.9)

hf
Equation (8.9) is a useful relationship for responsivity which may be developed a
stage further to include the wavelength of the incident light.
The frequency f of the incident photons is related to their wavelength \ and the
velocity of light in air ¢, by:

=< (8.10)

Substituting into Eq. (8.9) a final expression for the responsivity is given by:

neA

thc

8.1
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Figure 8.3 Responsivity against waveiength characteristic for an ideal silicon
photodiode. The responsivity of a typical device is also shown.

It may be noted that the responsivity is directly proportional to the quantum
efficiency at a particular wavelength.

The ideal responsivity against wavelength characteristic for a silicon photodiode
with unit quantum efficiency is illustrated in Figure 8.3. Also shown is the typical
responsivity of a practical silicon device.

Example 8.1
When 3 x 10'" photons each with a wavelength of 0.85 um are incident on a
photodiode, on average 1.2 x 10'! electrons are collected at the terminals of the
device. Determine the quantum efficiency and the responsivity of the photodiode at
0.85 um.

Solution: From Eq. (8.2),

number of electrons collected
number of incident photons

Quantum efficiency =

_l2x 10"
T 3x 10

=0.4

The. quantum efficiency of the photodiode at 0.85 um is 40%. .
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From Eq. (8.11),

Responsivity R = L
hc

0.4%1.602x107"°x%0.85x10°¢
6.626 x 10~ ** x 2.998 x 10°

=0.2714 AW™!

The responsivity of the photodiode at 0.85 um is 0.27 AW™!,

Example 8.2
A photodiode has a quantum efficiency of 65% when photons of energy
1.5 x 10~ '° J are incident upon it.

(a) At what wavelength is the photodicde operating?
(b) Calculate the incident optical power required to obtain a photocurrent of
2.5 uA when the photodiode is operating as described above.

Solution: (a) From Eq. (6.1), the photon energy £ = hf = hc/\ Therefore

he 6.626 x 107> x 2.998 x 10°

E 1.5x10° "
=1.32 pm

The photodiode is operating at a wavelength of 1.32 pm.
(b) From Eq. (8.9),

ne _0.65 x 1.602 X 1071

Responsivity R = “,‘l}" 1.5x10°"
=0.694 AW
Also from Eq. (8.4).
kle
[+]
Therefore
2.5x107¢
— = J. W
Po==6oa =380k

The incident optical power required is 3.60 uW.
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8.7 Long wavelength cutoff

It is essential when considering the intrinsic absorption process that the energy of
incident photons be greater than or equal to the bandgap energy E; of the material
used to fabricate the photodetector. Therefore, the photon energy

ke S E, , (8.12)
A
giving
hc
A= 8.13
E, (8.13)

Thus the threshold for detection, commonly known as the long wavelength cutoff
point A, is:

= nc (8.14)

The expression given in Eq. (8.14) allows the calculation of the longest wavelength
of light to give photodetection for the various semiconductor materials used in the
fabrication of detectors.

It is important to note that the above criterion is only applicable to intrinsic
photodetectors. Extrinsic photodetectors violate the expression given in Eq. (8.12),
byt are not currently used in optical fiber communications.

Example 8.3

GaAs has a bandgap energy of 1.43 eV at 300 K. Determine the wavelength above

which an intrinsic photodetector fabricated from this material will cease to operate.
Solution: From Eq. (8.14), the long wavelength cutoff:

A, = 6 6:626 x 107> x 2.998 x 10°
E; 1.43x 1.602 x 10~

=0.867 ym

The GaAs photodetector will cease to operate above 0.87 pm,

8.8 Semiconductor photodiodes without internal gain

Semiconductor photodiodes without internal gain generate a single electron-hole
pair per absorbed photon. This mechanism was outlined in Section 8.3, and in
order-to understand the development of this type of photodiode it is'now necessary
to elaborate upon it.
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8.8.1 p-n Photodiode

Figure 8.4 shows a reverse biased p—n photodiode with both the depletion and
diffusion regions. The depletion region is formed by immobile positively charged
donor atoms in the n type semiconductor material and immobile negatively charged
acceptor atoms in the p type material, when the mobile carriers are swept to their
majority sides under the influence of the electric field. The width of the depletion
region is therefore dependent upon the doping concentrations for a given applied
reverse bias (i.c. the lower the doping, the wider the depletion region). For the
interested reader expressions tor the depletion layer width are given in Ref. §.

Photons may be absorbed in both the depletion and diffusion regions, as
indicated by the absorption region in Figure 8.4. The absorption region’s position
and width depends upon the energy of the incident photons and on the material
from which the photodiode is fabricated. Thus in the case of the weak absorption
of photons, the absorption region may extend completely throughout the device.
Electron—hole pairs are therefore generated in both the depletion and diffusion
regions. In the depletion region the carrier pairs separate and drift under the
influence of the electric field, whereas outside this region the hole diffuses towards
the depletion region in order to be collected. The diffusion process is very slow
compared to drift and thus limits the response of the photodiode (sce Section
8.8.3).

It is therefore important that the photons are absorbed in the depletion region.
Thus it is made as long as possible by decreasing the doping in the » type material.
The depletion region width in a p—n photodiode is normally 1 to 3 um and is
optimized for the efficient detection of light at a given wavelength. For silicon
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Figure 8.4 p-n photodiode showing depletion and diffusion regions.
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Figure 8.5 Typical p-n photodiode output characteristics.

devices this is in the visible spectrum (0.4 to 0.7 um) and for germanium in the near
infrared (0.7 to 0.9 um).

Typical output characteristics for the reverse-biased p—n photodiode are
illustrated in Figure 8.5. The different operating conditions may be noted moving
from no light input to a high light level.

8.8.2 p-i-n Photodiode

In order to allow operation at longer wavelengths where the light penetrates more
deeply into the semiconductor material a wider depletion region is necessary. To
achieve this the n type material is doped so lightly that it can be considered intrinsic,
and to make a low resistance contact a highly doped n type (n*) layer is added. This
creates a p—i—n (or PIN) structure, as may be seen in Figure 8.6 where all the
absmption takes place in the depletion region.

Figute 8.7 shows the structures of two types of silicon p—i—n photodiode for
operation in the shorter wavelength band below 1.09 um. The front illuminated
photodiode, when operating in the 0.8 to 0.9 um band (Figure 8.7(a)), requires a
depletion region of between 20 and 50 um in order to attain high quantum efficiency
(typically 85%}) together with fast response (less than 1 ns) and low dark current
(1 nA). Dark current arises from surface leakage currents as well as
generation—recombination currents in the depletion region in the absence of
illumination. The side illuminated structure (Figure 8.7(b)), where light is injected
parallel to the junction plane, exhibits a large absorption width (=500 pm) and
hence is particularly sensitive at wavelengths close to the bandgap limit (1.09 um)
where the absorption coefficient is relatively small.

Germanium p—i—n photodiodes which span the entire wavelength range of
interest are also commercially available, but as mentioned previously (Section 8.4.2)
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Figure 8.6 p-i-n photodiode showing combined absorption and depletion
region.

the relatively high dark currents are a problem (typically 100 nA at 20 °C increasing
to 1 pA at 40 °C). However, as outlined in Section 8.4.3, 1II-V semiconductor
alloys have been employed in the fabrication of longer wavelength region detectors.
At present, the favoured material is the lattice matched Ing s3 Gao.4: As/InP system
[Ref. 6] which can detect at wavelengths up to 1.67 um. A typical planar device
structure is shown in Figure 8.8(a) [Ref. 7] which requires epitaxial growth of
sevéral layers on an n type InP substrate. The incident light is absorbed in the low
doped n type InGaAs layer generating carriers, as illustrated in the energy band
diagram Figure 8.8(b) [Ref. 8]. The discontinuity due to the homojunction between
the n* —InP substrate and the n—InGaAs absorption region may be noted. This can
be reduced by the incorporation of an n type InP buffer layer.

The top entry* device shown in Figure 8.8(a) is the simplest structure, with the
light being introduced through the upper p* layer. However, a drawback with this
structure is a quantum efficiency penalty which results from optical absorption in
the undepleted p* region. In addition, there is a limit to how small such a device
can be fabricated as both light access and metallic contact are required on the top.
To enable smaller devices with lower capacitances to be made a substrate entry
technique is employed. In this case light enters through a transparent InP substrate
and the device area can be fabricated as small as may be practical for bonding.

Conventional growth techniques for II-V semiconductors can be employed to
fabricate these devices, although liquid phase epitaxy (LPE) tends to be preferred
because of the relative ease in obtaining the low doping -levels needed (around

* Top entry is also referred to as front illumination.
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Figure 8.7 (a) Structure of a front illuminated silicon p-i-n photodiode.
(b) Structure of a side illuminated (parallel to junction) p-i-n photodiode.

10° cm~2) to obtain low capacitance (less than 0.2 pF). However, LPE does not
easily allow low impurity level concentrations and it is necessary to use long baking
procedures over several days to purify the source material. High quality devices
have been produced using metal oxide vapour-phase epitaxy (MOVPE) [Ref. 9], a
technique which appears much more appropriate for large scale production of such
devices.

A substrate entry* p—i—n photodiode is shown in Figure 8.9(a). This device
incorporates a p*~InGaAsP layer to provide a heterojunction structure (Schottky
barriery which improves quantum efficiency. Moreover, it is fabricated as a mesa
structure which reduces parasitic capacitances [Ref. 10]. Unfortunately, charge
trapping  can occur at the n~p*-InGaAs/InGaAsP interface which may be
observed in the energy band diagram of Figure 8.9(b). This may cause limitations
in the response time of the device [Ref. 8]. However, small area substrate entry
devices can be produced with extremely low capacitance (less than 0.1 pF),
quantum efficiency between 75% and 100%, and dark currents less than 1 nA.

In both device types a depleted InGaAs layer of around 3 um is used which
provides high quantum-efficiency and bandwidth. Furthermore, low doping permits
full depletion of the InGaAs layer at low voltage (5 V). The short transit times in

* Substrate entry is also referred to as back illumination.
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Figure 8.8 Planar InGaAs p-i-n photodiode: (a) structure; (b) energy band
diagram showing homojunction associated with the conventional p-i-n
structure.

the relatively narrow depletion layers give a theoretical bandwidth of approximately
15 GHz. However, the bandwidth of commercially available packaged detectors is
usually between 1 and 2 GHz due to limitations of the packaging.

8.8.3 Speed of response

Three main factors limit the speed of response of a photodiode. These are [Ref.
11}):

(a) Drift time of carriers through the depletion region
The speed of response of a photodiode is fundamentally limited by the time it
takes photogenerated carriers to drift across the depletion region. When the
field in the depletion region exceeds a saturation value then the carriers may be
assumed to travel at a constant (maximum) drift velocity va. The longest transit
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Figure 8.9 Substrate entry InGaAs p-i-n photodiode: (a) structure; (b) energy
band diagram illustrating the heterojunction and charge trapping.

time, fasife, is for carriers which must traverse the full depletion layer width w
and is given by

tasin = — 15)
Ud
A field strength above 2 x 10* Vem ™! in silicon gives maximum (saturated)
carrier velocities of approximately 107 cms™'. Thus the transit time through a
depletion layer width of 10 um is around 0 1 ns.
(b) Diffusion time of carriers generated outside the depletion region
Carrier diffusion is a comparatively slow process where the time taken, fqis, fo°
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carriers to diffuse a distance d may be written as

2

2D.

taig = (8.16)
where D, is the minority carrier diffusion coefficient. For example, the hole
diffusion time through 10 um of silicon is 40 ns whereas the electron diffusion
time over a similar distance is around 8 ns.

(¢) Time constant incurred by the capacitance of the photodiode with its load
A reversed biased photodiode exhibits a voltage dependent capacitance caused
by the variation in the stored charge at the junction. The junction capacitance
C; is given by

&A

Ci= ” (8.17)
where & is the permittivity of the semiconductor material and A is the diode
junction area. Hence, a small depletion layer width w increases the junction
capacitance. The capacitance of the photodiode Cq is that of the junction
together with the capacitance of the leads and packaging. This capacitance must
be minimized in order to reduce the RC time constant which also limits the
detector response time (see Section 9.3.2).

Although all the above factors affect the response time of the photodiode, the
ultimaté bandwidth of the device is limited by the drift time of carriers through the
depletion region farire. In this case when assuming no carriers are generated outside
the depletion region and that there is negligible junction capacitance, then the
maximum photodiode 3 dB bandwidth By, is given by [Ref.12]:

1 Vd
m = = 8.18
2ntaninn  2TW ( )

Moreover, when there is no gain mechanism present within the device structure, the
maximum possible quantum efficiency is 100%. Hence the value for the bandwidth
given by Eq. (8.18) is also equivalent to the ultimate gain—bandwidth product for
the photodiode.

Example 8.4

The carrier velocity in a silicon p~i—n photodiode with a 25 um depletion layer

width is 3 x 10* m s™'. Determine the maximum response time for the device.
Solution: The maximum 3 dB bandwidth for the photodiode may be obtained

from Eq. (8.18) where:

Ud 3 x 104

ba XV 8
T~ Zrx 25 x 106 o1 x 107 Hz

Bm:‘
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The maximum response time for the device is therefore:

. 1
Max. response time = — = 5.2 ns
"
It must be noted, however, that the above response time takes no account of the
diffusion of carriers in the photodiode or the capacitance associated with the device
junction and the external connections.

The response of a photodiode to a rectangular optical input pulse for various
device parameters is illustrated in Figure 8.10. Ideally, to obtain a high quantum
efficiency for the photodiode the width of the depletion layer must be far greater
than the reciprocal of the absorption coefficient (i.e. 1/a,) for the material used to
fabricate the detector so that most of the incident light will be absorbed. Hence the
response to a rectangular input pulse of a low capacitance photodiode meeting this
condition, and exhibiting negligible diffusion outside the depletion region, is shown
in Figure 8.10(a). It may be observed in this case that the rising and falling edges
of the photodiode output follow the input pulse quite well. When the detector
capacitance is larger, however, the speed of response becomes limited by the RC
time constant of this capacitance and the load resistor associated with the receiver
circuit (see Section 9.3.2), and thus the output pulse appears as illustrated in Figure
8.10(b).

Furthermore, when there is significant diffusion of carriers outside the depletion
region, as is the case when the depletion layer is too narrow (w < 1/a,) and carriers
are therefore created by absorption outside this region, then the output pulse
displays a long tail caused by the diffusion component to the input optical pulse,
as shown in Figure 8.10(c). Thus devices with very thin depletion layers have a
tendency to exhibit distinctive fast response and slow response components to their
output pulses, as may be observed in Figure 8.10(c). The former response resulting
from absorption in the thin depletion layer.

Optical
_J input pulse

w > T?Qo
SmaI!:C

Fast components

Slow
w>» 1/ag cOomponents
Large C

w< Tfao
Smalt C

Diffusion”
component

Figure 8.10 Photodiode responses to rectangular optical input pulses for
various detector parameters.
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8.8.4 Noise

The overall sensitivity of a4 photodiode resuits from the random current and voltage
fluctuations which occur at the device output terminals in both the presence and
absence of an incident optical signzl. Althouwh the factors that deterniine the
seositiviiy of the opiical receiver are dealt with in Chapter 9, it is appropriate at this
stage 1o consider the sources of noise that arise within photodiodes, which do not
have an onterpal gain mechanism. The photediede dark current mentioned in
Section %.8.2 courresponds to the level of the output nhotoccurrent when there is
no intended epticel wpnal present. Hewever, there may be some photogenerated
curtent preseni due 1o background radiation entering the device.

The inherent dark current can be minimized thiough the use of high quality,
defect-free material which reduces the numbcer of carriers generated in the depletion
region as well as those which diffuse into this taver from the p7 and »7 regions.
Moreover, the surface currents can be minimized by caretut fabrication and surface

passivation such that the surface state and impurity ion concentrations are reduced.
Nevertheless, i is the case that the detector average current / always exhibits a
randorn fluctiaton about its inean valie ay a result of the siatistical nature of the
quantum detection process {see Section 9.2.3). Vhis fluctuaiion is exhibited as shot
noise {Ref, 13] where the mean square current variation it is proportional to I and
the photodiods received bandwidth B. Thus the rms vatuce of this shot noise current
(KN

(i) = (2eBl) (8.19)

Various figures of merit have traditionally been emploved to assess tne noise
performance of optical detectors. Although these parameters are not always
appropriate for the evaluation of the high speed photodiodes used in optical fiber
communications, it is instructive to define thoce most commonly utilized. These are:
the noise equivalent power (NEP); the detectivity {(£2); and the specific detectivity
(D*).

The NEP is defined as the incident optical power, at a particular wavelength or
with a specified spectral content required to produce a photodetector current equal
10 the rms noise current within a unit bandwidth (i.e. B=1 Hz). To obtain an
expression for the NEP at a specific wavelength, Eq. {8.8) must be rearranged as
follows to give:

R EULS (8.20)

Then putting the photocurrent 7, equal to the rms shot noise current in Eq. (8.19)
gives:

J, = (2elB) (8.21)
Moreaver, the photodiode average current I may be represented by (/, + Iq) where
14 is the dark current within the device. Hence:

Iy = [2e(], + 14)B}} (8.22)
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When I, » I, then:
I, =2eB (8.23)

Substituting Eq. (8.23) into Eq. (8.20) and putting B=1Hz gives the noise
equivalent power as:

NEP = p, = 2¢ (8.24)
7

It should be noted that the NEP for an ideal photodetector is given by Eq. (8.24)
when the quantum efficiency » = 1.
When [, <€ Iy, then from Eq. (8.22) the photocurrent becomes:

I, = [2elsB)} (8.25)

Hence for a photodiode in which the dark current noise is dominant, the use of Eq.
(8.20) with B = 1 Hz gives an expression for the noise equivalent power of:

hcQRely)i

NEP = P, ~ 8.26
° nex ( )
The detectivity D is defined as the inverse of the NEP; thus:
- (8.27)
NEP ’

Considering a photodiode receiving monochromatic radiation with the dark current
as its dominant noise source, then from Eqgs. (8.26) and (8.27):

nel
hcQ2ely)}

The specific detectivity D* is a parameter which incorporates the area of the
photodetector A ‘in order to take account of the effect of this factor on the
amplitude of the device dark current. This proves necessary when background
radiation and thermal generation rather than surface conduction are the major
causes of dark current. Therefore the specific detectivity is given by:

D=D, = (8.28)

A
D*=DAb=— 1% .
b heQQelsf A)} (8.29)
It should be noted, however, that the above definition for D* assumes a bandwidth
of 1 Hz. Hence the specific detectivity over a bandwidth B would be equal to
D(AB).

Example 8.5
A germanium p-i—n photodiode with active dimensions of 100 x 50 um has a
quantum efficiency of 55% when operating at a wavelength of 1.3 um. The
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measured dark current at this wavelength is 8 nA. Calculate the noise equivalent
power and specific detectivity for the device. It may be assumed that dark current
is the dominant noise source.

Solution: The noise equivalent power is given by Eq. (8.26) as:

NEP=he22la)
nen

_ 6626 107 % 2,998 x 10%(2 x 1.602x 107" x 8 x 10 °)!
0.55% 1.602x 107 x 1.3x 107°

=878 x 107 W

Substituting for the detectivity D in Eq. (8.29) from Eq. (8.27) allows the specific
detectivity to be written as:
A (100 X 107 x 50 X 10”°)F
NEP g.78 x 107"
=8.1x10°mHz W™

D*=

The above parameters are solely concerned with the noise performance of the
photodiodes used within optical fiber communications. However, it is the noise
associated with the optical receiver which also incorporates a load resistance and a
preamplifier that is the major concern. This more general issue is dealt with in
Chapter 9.

8.9 Semiconductor photodiodes with internal gain

8.9.1 Avalanche photodiodes

The second major type of optical communications detector is the avalanche
photodiode (APD). This has a more sophisticated structure than the p—i-n
photodiocde in order to create an extremely high electric field region (approximately
3 x10% Vem ™), as may be seen in Figure 8.11(a). Therefore, as well as the
depletion region where most of the photons are absorbed and the primary carrier
pairs generated there is a high field region in which holes and electrons can acquire
sufficient eneray to excite new electron—hole pairs. This process is known as impact
ionization and is the phenomenon that leads to avalanche. breakdown in ordinary
reverse biased diodes. It often requires high reverse bias voltages (50 to 400 V) in
order that the new carriers created by impact jonization can themselves produce
additional carriers by the same mechanism as shown in Figure 8.11(b). More
recenily, however, it should be noted that devices which will operate at much lower
bias voltages {15 to 25 V) have become available.
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Figure 8.11 (a) Avalanche photodiode showing high electric field (gain) region. (b)
Carrier pair multiplication in the gain region.

Carrier multiplication factors as great as 10* may be obtained using defect-free
materials to ensure uniformity of carrier multiplication over the entire
photosensitive area. However, other factors affect the achievement of high gain
within the device. Microplasmas, which are small areas with lower breakdown
voltages than the remainder of the junction, must be reduced through the selection
of defect-free materials together with careful device processing and fabrication
[Ref. 14]. In addition, excessive leakage at the junction edges can be eliminated by
the use of a guard ring structure as shown in Figure 8.12. At present both silicon
and germanium APDs are available.

Operation of these devices at high speed requires full depietion in the absorption
region. As indicated in Section 8.8.1, when carriers are generated in undepleted

hf

n*
Metal contact
SiO,

Guard ring

Depletion region

p*

Figure 8.12 Structure of a silicon avalanche photodiode with guard ring.



