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Laser Diodes

Outline of basic operation
Structures

Fabry- Perot lasers

Limitations of FP lasers

Mode Partition Noise

Single Mode device options

DFB laser basics

DFB laser structures

Systems implications

Quantum Well and High Speed Lasers
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Light Emitting Diodes

Introduction

Why Leds?

Structures

Reliability

LED based systems

LEDs for Single Mode Systems
Packaging etc

Conclusions
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Integrated Devices

etched facet lasers
* Dual and multisection devices
* Optoelectronic integrated circuits
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Lasers for Coherent Communications

* System basics

* Linewidth requirements
*Alternative Configurations

* DFB lasers .

* DFB/external cavity

* external grating feedback

* Linewidth reduction/ tunability
* Multisection devices
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BASIC PARAMETERS

Fibre type

Launch power; mean, peak

Wavelength; wavelength tolerance

Detail of spectrum; modes, spectral width
Modulation parameters; bandwidth, tr,tf

Temperature effects; TEC provision
Operating point stabilisation
Operating current, voltage
Reliability

Noise

Reflection sensitivity

Linearity -
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Detectors and Receivers

Detection principles

Materials

Detector structures

Detector technology

Receivers

Integrated devices

Future requirements and trends

e
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LINK OPTICAL BUDGETS

Gross Budget = Source mean launch power - Receiver Sensitivity

Allowances for: Fibre loss
Connector loss
Dispersion impairments
Equipment impairments
Temperature variations
Repair and maintainance
Component degradation
Operating margin
Upgrade (WDM etc. )
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BASIC PARAMETERS

DETECTORS Operating wavelength

Detector type; APD, PIN, RX
Responsivity (A/W)

Leakage current

Resistance, capacitance

Bandwidth, pole frequencies; (Hi Z, T2Z)
Amplifier noise

APD gain, Gain-Bandwidth product
Receiver sensitivity, at given BER
Temperature derating

Reliability
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1. INTROPUCTION

Optical fibre technology s now firmly established as a superb medium for the
transmission of both analogue and digital data. world wide exploftation of
the technology 1s préceeding on & broad spectrum of applications, frou low
cost links of only a few metres operating at data rates of a few thousand
bit/s right up to long havl telecommunication lnks fn excess of 100 kw at
greater than ! Gbit/s. There 1s now an exhi larating urgency in the '

development of the necessary optoelectronfc components for these systems; the
basic device technology 1is now maturing with many components in full
production, yet the research is being continually driven by the need for
enhanced system performance and lower device cost in a competitive and

rapidly growing market,

The broad spectrm of applications for optical fibre technology demands an
equally wide range of source devices; the requirements for a source to
transmit at 1 Gb/s over 100 km befng radically different to the simple
minimal cost LED {1ight emitting diode} used for short links.

It 1s now clear that long hau) telecommunfcation systems will be moromode, on
grounds of both cost and performance. Such systems demand high performance
laser sources. Multimode systems, which can be used fn applications from the
Junction network down to the simplest control 1Maks, can utilise LED sources,
with both cost and performance benefits.

In this article the range of applicability of the LED in the fibre optics
fleld is discussed and the structure, design and optimisation of suitable
LEDs described.



2. THE ROLE OF LEDs IN SYSTEMS

Light emitting diodes {LEDs) are playing an increasingly important role as
fibre optic sources. LEDs are not only the obvious device for short haul
links, but also, with the development of low loss fibres in the 1.3 wn band,
they have become viable sources for medium range, medium data rate
telecomunication links, where the laser has long been regarded as the

essential source element.

The nﬁximum link lengths at high data rates which can be achieved using 0.8 -
0.9 um LEDS 1s limited by 'chromatic' or 'material’ dispersion in the fibre
acting on the inherently large spectral linewidth of the LED. For this
reason, ‘first generation' 140 Mb/s links, which operate in this band, use
laser sources, with spectral linewidths generally less than ~ § rm. However,
narrow spectral linewidth can lead to severe modal noise with multimode
fibre, which imposes a severe loss penalty. Hence an idea frequently
advanced 1s that lasers should only be used with monomode fibres and LEDs
only should be used with multimode fibres. For LEDs centred near 1.3 um, the
maximum data rate 1s not limited by chromatic dispersion, as this passes
through zero for silica fibres near this wavelength. Fibre moda! dispersion
imposes a more severe limit, and this is independent, to first order, of the
source linewldth. Figure 1 shows estimates of the maximum link lengths and
data rates attainable using near state-of-the-art fibres and current sources
and detectors. Results are shown for two wavelengths, 0.9 and 1.3 n and
assume source energy widths of 3 kT, corresponding to linewidths of 32 and

100 nm respectively.

In the dispersion limited regime, to the right of the figure, the relative
contributions from fibre modal dispersion and material dispersion can be

seen. The material dispersion Vimit at 1.3 um, in this case allowing for
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some narrowing of the LED linewidth by the filtering action of the fibre (1)
is up to 100 GHz km, well in excess of the likely modal dispersion of the

fibre, of which three examples, 0.75, 1.5 and 3 GHz km -re shown on the

diagram.
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Figure 1. Estimates of maximum Tink lengths and data rates attainable with
LED based systems.

In the power limited region of the diagram {left side} no allowance is made
for spiice or connector losses or for system margin. Consequently practical
Tink lengths will lie well within the bounded region., LED based 1.3 m 140
Mbit/s systems have already been installed widely within the U.K., with link

Tengths in excess of 10 km.

It ts thus clear that (ED sources can be used for the majority of single
channel point to point multimode links, as the extra pawer and narrower

linewidth given by laser sources is often unnecessary.
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Additional advantages arise from using LEPs wherever possible. There {s no
modal nofse, which can be a severe problem with Tasers on multimode fibre,
and freedom from self pulsation and reflectfon generated nofse together with
simple drive cfrcuitv, 1n that optical stabiTisation of the operating point

{s unnecessary.

Teble 1 detafls some of the LED based systems which are under development or
are in production by Plessgy. The range extends from short haul military up
to medium haul (10 km) telecommunications and includes the major growth areas
of CATY and local area networks, where the Tow cost and high performance of

modern LEDs is 1{kely to have a catalytic impact.

TABLE 1 - SIMMIARY OF LED BASED MILTIMODE SYSTEMS

SYSTEM SOURCE DETECTOR OPERAT [ONAL
Telecormunications
2, 8 Mbit/s 0.9 ym SLED S111con APD 1979
1.3 ym SLED PIN-FET 1982
34 mbit/s 1.3 um SLED/ELED PIN-FET 1982
180 Mbit/s 1.3 um ELED PIN-FET 1983

Local Area Network

50 Mbit/s, short haul 0.9 wm SLED S1ticon PIN 1983

CATY 1.3 vm ELED PIMFET 1984-5

Hi‘litar!

Analoaue, Nigital 0.9 pm SLFD S{licon PIK 1982-83

PC - 30 Mt/ {Militarv
Qualified)

Wavelength Multi- 0.75-1.55 \m Silicon, 1984-5

Plexing 111-¥ PN
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3. LED PHYSICS

3.1. fmission Wavelengths

Both cost and performance dictate the wavelength of operation for an LED
based optical transmission system. There are potentfal applications for LEDs
from the near visible (uTtra low cost potymer fibres) through the near infra
red {0.7 - 0.9 ym) for moderate performance svstems to the Tong wavelenath

(1.3 - 1.65 um) band for the longest haul, highest performance applications.

Two I1I-V semiconductor materfals svstems can be convenfently used to
virtually cover the entire wavelength range of interest, these befng the
faAs/GalnAs and InP/GalnAsP combinations for 0.7 - 0.9 and 0.95 - 1.65
respectivelv. These materials are grown with the active layer lattice
matched to the confining material, for tow {nternal stres: and high
relfability,

3.2, Light Generation

Light {s generated in an LED under forward bias due to the recombfnation of
the carriers which are injected at the p-n Junction. LEDs for optical
comunication are oenerally fabricated from direct gap semfconductor
materials and allovs as radiative recomhination s rapid and dominates other
non-r;adiatlve processes. Conveniently the GaAlAs alloy remains direct gap
for emission between ~ 0.7 um and 0.9 1 (2) and the GalnAsP alloy 15 direct
over the full lattice matched compositional range on InP substrates {0.95 -
1.65 um). Both of these material systems are also used to fabricate laser

diodes for optfcal communication.
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3.3. Heterojunctions

The ability to form heterojunctions f{n both material systems is used to
advantage in LED structures. Figure 2 11lustrates the band structures of
GaAs homojunction and GaAlAs/GaAs double heterojunction diodes under zero
Fas. In the former, under forward hias electrons are injected into the
p-tvpe material, resulting in radiative recombination. The electrons are
poorly confined as they can diffuse several microns into the p-type mater{al
before recombining. The LEM naterial is also absorbtive at the emission
wavelength; care must be taken to minimise substrate thickness to ensure

efficient 1ight extraction.

nGaAs nGaAlAs|| Lifetime = 1 (high p)

Bp

=/ed (high J)
JB

GaAs/GaAlAs Double Heterojunction
n-n-p-p+

Figure 2 Band structures of GaAs homojunction and GaAlAs/GaAs double
heterajunctions.
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In the double heterojunction device, carriers are injected into the narrow
bandgap active layer from the two wider bandgap confining layers. Carriers
can no longer diffuse away and efficient, recombination occurs within the
active layer. The confining layers are now transparent to the emitted 1ight,
and can be utflised as windows for very efficient 1ight extraction. A
sinflar layer configuration {s applcable for the long wavelengths. Here the

ctadding layers are of InP and the active layer GalnAsP.

3.4. Recombination Rates

Electron-hole spontaneous recombination in direct bandgap materials takes
place at a rate R depending upon the electron and hole concentrations:

R = Bnp
where B is the recombination coefficient which depends on the nature of the
transition. B {s effectively similar for both band to band and band to
shallow acceptor transitions, as although the capture probability at an
acceptor is higher, this is largely offset by only a proportion of the

acceptors being ionised at normal temperatures {(3).

For a fast radiative process an increased R 1s needed. Now R is defined as
R = an
Trad .
where a, 1s the excess electron concentration, thus

Trad ™ &1

Bnp
For p-tvpe materfal, p ~ My and an = n so the lifetime f{s inversely
propartional to the doping level. Alternatively, {f the dicde is fabricated
in undoped material the lifetime {s inversely proportional to ap, and thus
becomes short at high current densities, giving a.fast modulation rate. Both
approaches can be used to control the lifetime in high speed LENs; this is

discussed further, with respect to LED structures, in Section 5.1.



4. LED DPTICS
4.1. External Efficfency

Although minority-carrier Injection-induced electroluminescence fn LEDs can
be of very high nuantum efficfency, the measured external efficiency of
rectangular shaped LEDs {s only a few per cent. This is because only a smal)
fraction of the light s radiated from the active region within the crvstal
toward the crystal surfaces at less than the critical angle, so the majority
of the 1ighf generated is trapped by total fntera! reflection. The power
coupled into a medium of tow {index ng from the planar face of an LED

crystal of index ny 1s approximately
2

o
Pin T —
4";
where Pyy s the power generated internally and T 1s the transmission

factor at the crystal/afr interface. This is 1,31 of Pin for GaAs into afr
where n = 3.5 and Ny ™ 1,

The power P coupled from an LED of radiance R fnto a fibre with acceptance
angle o 1s

P = RAR « RAs(NA)2
for small values of numer{cal aperture NA. A is the smaller of the areas of
the erftter and the fihre core cross section. For highest coupled powers the
product RA must be maximised.

4.2, Burrus- type Em{tters

One simple way of achieving a high radiance 1s to restrict the emission to a
small region within a larger chip. This approach was first adopted by Burrus

and Dawson (4) and high-radiance LEDs of this geometry are commonly termed
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'Burrus’ emitters. With such designs, Yow thermal impedances can be achieved
at the active regfon allowing very high current-density operation. With the
high internal effictencies "t usually achieved this results 1in
high-radiance emission at the front surface. If it is assumed that the
enission distribution from the active reglon s {sotropic, the external
emission distribution, after transformation by refraction from a high- to a
Tow-1ndex medium at the front face, is approximately lambertian ({.e. Io-lo
cos @),

The axial radiance P is approximated by

Tng ¥

R - E,%!."L
where T §s the transmission factor which mav take into account the sbsorption
loss through the crystal and losses at the surface due to reflection at the
dielectric/air interface, J is the current density and ¥ is the junction
voltage,

If the internal absorption is low and the reflection coefficient at the back
crystal face very high, the radfance may be up to twice that predicted above.
3
With the fibre butt-coupled to the emi tting area of the LED as shown, thers
is obviously no advaptage 1n making the emitting area larger than the fibre
core area as light would only be coupled {into the fibre cladding and
ultimately be lost or otherwise wasted. With a step-index fibre, the
enitting area mav therefore be matched to that of the fibre core so that the
active region will then have Towest thermal impedance and therefore a high

maximum operating current.

With graded-{ndex fibres, the effectfve acceptance mmerical aperture 1s a

maximum on the fibre axis and decreases radially so that increased butt
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coupling efficiency results with smaller sources but thermal {mpedance
Increases with decreasing source area so sowe compromise dimension must be

determined,

4.3. Lens Coupling

The situation where the fibre {s butted directly to the emitting aperture of
the device is very far from optimum since a Targe fraction of the lambertian
emission distribution is not coupled into the relatively narrow acceptance
angle of the fibre. Huch more efficient coupling can be achieved if lenses

are used to collimate the emission from the LED.

The aim {s to magnify the active area so0 that firstly the size of the image
of the active area matches the fibre core, and secondly the radiance of the
fmage over the acceptance solid angle of the fibre 1s not significantly
reduced. Highest lens-coupling efficiencies are obtained when the active
ared 1s considerably less than the fibre-core area. This places severe
constraints on the thermal and electrica? design of the structure in order

that bigh radiance is achieved in very small-area devices at reasonable drive

levels.

Several lens-coupling configurations have been adopted and are summarised in
Figure 3. In all cases radiation within a larger acceptance solfd angle is
transformed by the Tens to have a smaller s011d angle which can be accepted
by the fibre. The main limit to the increase in coupling efficiency which

can be achieved with lenses fs set by the fracticn of emitted radiatfon which

=11-

can be collected by the lens. MWith the simple lens and bulb-ended fibre

configurations, the lenses collect a fraction of the radiation emitted into
air from the front face of the LED., With the sphere-lens configurations, the
adhesive used to hold the lens 1in place acts as an immersion medium with a
higher index than that of air and so the lens acts on a larger proportion of
the internally emitted radiation. The hest coupling efficiencies will be
achieved where the LED-lens interface is completely eliminated, as in the
Tntegral-tens LED, because the lens can act upon a large proportion of the
internally gererated power. The coupling efficiency of both separate and
integral sphere lens configurations has been calculated by Abram, Allen and
foodfellow (5,6). FKing et al and Alferov et al (7.8) have described GaAlAs
OH LEDs with an integrali-lens geometry. This was formed by the growth of
GaAlAs in near-hemisherica) holes in a GaAs substrate which 1s etched away

later 1n the process.

)

Bulb ended Truncated  Spharically Integral lensed ‘Sweest Spot’
fibre sphere polished (Honeywoel)

Figure 3. LED-Fibre Lens Coupling Schemes.



-12-

Improvements in the coupling efficiency compared with the butt-coupling case
{with 0.16 MA fibres) of around 3-§ times are typically obtained with
bulb-ended fibres, and up to 18-20 times with sphere-lens coupling. However,
in princtple, gatns of several hundredfold are feasible with the
intearal-lens geometry {f active regions of just a few micrometres dfameter

are realised.

From thermodynamic considerations it is not possible to increase radiance by
means of lens systems, but magnification without loss of axfal radiance at
the image can be readilv achieved {f the acceptance aperture of the lens is
sufficiently 1large. The advantages which can result from sphere-lens

coupling depend on the operating conditions one aMows for the LED

Figure 4 shows the results of our theoretical analysis of the LED-lens
system, based on the optimum truncated sphere lens system of Reference 6. To
read the figure, fibre core diameter cncf NA are selected. Device parameters
{drive current, source diameter] can then be read off the right hand scales
and launch power off the left hand axis. The results assume an LED of the
lens coupled type shown in Flgure 6, and assume 100% internal efficiency,
step index fibres and reflective hack contacts. In the following section,
optimised LED structures are described, and results compared with the
predictions of this model.

The sweet spot (Honeywel1) configuratfon 1included in Figure 3 employs a
relatively large lens, giving an output beam which s larger than the fibre
core. This has the advantage that reduced accuracy {s necessary in the fibre
placement, at the cost of lower coupled power than attainable with the

optimised truncated sphere lens configuration.
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Drive Source Current

118 current (diameter O[ density 4
ki fcm?
NAwD-§ 1300mA  [50pm 15

-
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{250mA  [ar8pm {104

200mA  |33-3pm 5

4150maA 2Bpm 306

Launched power {mw)
L o

100mA  [16-6pm 45

150ma 83um 92-4

0 S0 100 150 200 750 300
Fibre core diameter (pm})

Figure 4. Theoretical coupled power levels for optimised surface emitter
with truncated sphere lens. Read by first selecting fibre
parameters, giving diode dimensions, current and coupled power.

5. LEN STRUCTUPES

5.1. Lens Coupled Surface Emitter {SLED)

The lens coupled surface emitting LFN developed by Plessey {s {1lustrated in
section in Figure 5. Two active layer configurations are shown, for the
GaAs/GaAlAs and InP/GalnAsP systems. A third alternative s the simple
diffused device, where the Junction 1s made bv z2inc diffusion into an n-type
GaAs substrate. The basic unlensed device is derived from the configuration
first adopted by Burrus {4). The current fs confined to flow through & small
central area (10 - 50 ym in diameter) by either dielectric isolation by a
film of 510, or by proton implantatfon of the passive area of the device,
which renders the material semi-insulating. Efficient radiative

recombination occurs between electrons and koles in the relatively narrow
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bandgap active layers of the double heterojunction devices and between
injected electrons and majority holes in the p-side of the junction in the
case of the In-diffused device. Light, which {s radiated isotropically,
exfts from the top face of the device (into which 1s etched a well to reduce
absorption), ¥s collected by the lens and coupled into the fibre. Heat is
effectively removed from the device by the integral plated gold heatsink,
which is 5 - 10 um thick. Overail chip dimensions are typically 200 x 300
un, the etched well being offset to enable a thermocompression gold wire bond
to be made to the n-side of the device. A honded and lensed device is shown
in Figure 6. Here the lens diameter is ~ 110 wm and the device {s of the
CaAlAs/GaAs type.

GainAsP/InP 1-3pm emitter Layer structure for GaAlAs/GaAs

0-8-0-9pm smitter

Fibre

Titania [Silica lens

 Substrate Well etched
—n :": nGaAs substrale _ g°::‘A'°
" ain l aAlAs
Active layer —p GalnAsP 92311;::\
::'lg[;lnlsp pGaAIAs: .M!’_alg'___
1Y

T , T —Si0, pGaAs—
~ p contact
Contact dia. 10-S0pm )  PcOMtact
TPlated heatsink

Figure 5. The Lens Coupled Surface Emitting LED - Schematic
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Flgure 6. The Lens Coupled Surface Emitting LED. Scanning Electron
Micrograph.

We have achieved power levels up to a third of those predicted from Figure 4

for GaAlAs/GaAs and GalnAsP/InP LENs fnto the larger core fibres. Saturation

of the LED output occurs for the very small emitting areas required for small

core fibres (particularly 50 um, 0.2 NA telecomms), due to both thermal and

non-thermal effects (8). N¥ particular importance are Auger recombination

and {n-plane superluminescence.

In addition, 1t becomes difficult to control current spreading in the device,
which gives rise to wasted 1light generation outside the desired area.
Conseauently some design compromises have to be made. At present best
performance with 5C un core fibre is obtained for LEPs with emitting areas of

20 um diameter.
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5.2, Tbe Fdge Emitting LED (ELED)

The edge emitting LED configuration has significant advantages over the
surface emitting geometry when coupling into the 50 ww core fibre,
particularly for the lona wavelength devices {9). This {s dde to reduced

non-thermal saturation and exploitation of super-radfance.

Figere 7 shows the edge emitting LEN (ELED) configuration developed by
Plessey. Particularly important features of the device which contribute to
the excellent relability and high performance include (1) the n-contact
window to allow screenina of the device for defects by observation of the
spontaneous emfssion perpendicular to the stripe; (11) the plated gold
heatsink which allows the use of high temperature bonding solders; (111} the
refractory p-side metallisation to elfninate contact metal diffusions; and
{iv), as shown in the scanning electron nicragraph of the device in Figure 8,
the facet mounted truncated sphere nicrolens, which enkances the power

coupled into the fibre hv tvpicallv a factor of five over butt coupling.

n metallisation with window

InGoAsP active

Ptaied heat spreader

Figure 7. 1.3 m Wavelength Edge Emitting LED - Schematic

-17-

Figure 8. Edge Emitting LED - Scanning Electron Micrograph,

Contact stripe isolation fs generally by proton implantation through the p*
Galnts contact layer. Stripe widths and lengths are 10 and 150 W
respectively, with a 250 um unpumped region, which inhibits round trip gain,

preventing lasing action.

L LED PERFORMANCE

6.1. PRandwidth and Efficiency

The injected carrier 1ifetime for spontaneous ertission has been derived fron
famizakd (10) from the recorhination rates outlined in Section 3.4 to be
edM 4J

N 1+ ——— .1

) ?
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Where e 1s the electronic charge; d s the active laver thickness; M is the
acceptor doping concentration; 8 is the radiative recombination coefficient;
and J {s the injection current densitv. For low-injection conditions this
yields a current density independent 1{fetime of

T« (H)"8
and for high-injection conditions

'r-JJ'
Since the high-injection situation applies when the density of the injected
carrier in the active layer exceeds the majority carrier density, the latter
relationship For v clearly applies for low-doped active-tayer materfal., The
current density dependence of modulation bandwidth follows because 1t 1s
related theoretically, to 1ifetime by '

Plud=Plo}[1 +{ur)2]™
Figure 9 shows the small signal frequency responses of several quaternary 1.3
wn SLENs with different active laver doping levels., Here the freauency
response {s plotted against /I, where I 1s the drive current, such that the
different speed determining mechanisms are apparent. The reduction fin
bandwidth of the heavily doped device at low current is due to device
parasitics in the oxide 1solated device shown and is improved by the used of
proton implant {solation, which reduces the effects of passive Junction

capacitance,

We have fabricated 1.3 .m SLEDs for data transmission at 140 Mb/s. Such
devices are typically a factor of two less efficient than slower devices
and launch up to about 40 uN into 50 wm core fibre. Other workers {11,12)
have reported very wide (1 GHz) bandwidth devices with similar geometry.
Pespite relatively tow power, these devices have many potential applications

in short haul, high data rate systems,
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Undoped
10} device 1100
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L]
0 100 200 300

=3dB (opt) bandwidth (MHz)

Figure 3. Freouency Responses of Doped and lindoped SLEDs.

Switching speeds below 2ns can also be attained fn the 1300 nm ELED. Here
there can he a degree of speed emhancement due to super-radiance, which
effectively shortens the radiative lifetime. Figure 10 shows a single pulse
response of an ELED designed for 140 Hb/s, together with the corresponding
eve diagram for NRZI coding. There is clearly little penalty due to eye

closure,

6.2. Launch Powers

Tahle 2 summarises the launch powers which have been obtained into various
fibres from GaAs, GaAlAs and GalnAsP surface emitting LEDs, together with
GalnAsP ELFDs. 1In all cases the cladding modes were stripped and the fibre

apertured into a detector at the stated MA of the fibre.
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Figure 10. Pulse Response and Eve Nfagram for 140 Mb/s ELED.

For telecomunications applications the 50 um core (.2 NA graded, index fibre
1s most important. Here power levels in excess of 250 uW {DC) have been

obtained with GaAlAs/GaAs SLEDs and 70 uW (DC) with 1.3 wm SLEPS, The lower
power from the 1.3 um devices s due to saturation effects but is none the

less sufficient for many long haul applications, such as 34 /s, 12 km
Junction tinks.
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TABLE 2 - LED COUPLEM POWER LEVELS
T Bandwidth st Couplad power Couplad power
Ouvica Type max. current T S0pm 0.2NA Cumrent 100pm 0.3NA Currem
Groded Indax Step Index
GainAsPlinP BOMHMr T ToOuWIDC) 100mA 400uW{DC) WOmA
Double Heteroatructure
Surfece Emitier
GalnAsP/inP 300MH: 1.5m 38pwW(DC) 100mA - -
Double Heterostruciws
Surfeca Emitter
GaAlihe/Gaks 150MH Ine - Bra 280uWIDC) 180ma 205mW(DC) 150mA
Double Heterohiructure
Surisce Eminer
GaAlAs/Gans J00MMx 16-2ns = - 12mW(DC) 150mA
Double Heterostructure
Surtace Emitter
Gake Zinc Ditfused A0MWH2 10ns 150uWIDC) 180mA B00uW {DC) 150ma
Burizce Emitter
GanAsPind 150MHz Ins 180 - 300pWIDC) | TBOmMA = -
Double Heterastructurs
Edge Emitter

For longer 1inks or higher datz rates the 1.3 wr ELED is a better option.
Figure 11 shows the Vight current characteristic for a premium device, which
couples over 300 ul\? at 150 mA. VYalues in excess of 150 oW are typical for

this device.

The GaAlAs/GaAs SLED has manv applications in the milftary and avionic
flelds, where short haul, high loss systems dominate, These devices
typically taunch 2.5 m¥ into 200 um core and »>1 m into 100 v core

ouasi-step index fibres.
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4
Coupiled Power /uW
300 50pum core, -2 NA
250
200}
Coupled Power at
150/ 75SmA (mean)
~-7-7 dBm
100}
80
0 50 100 150

DC Current/mA

Figure 11. Light-Current Characteristic of ELED.

6.3. Spectral Linewidths

Although the disadvantage of broad spectral linewidth inherent in the LEN
largely disappears at 1.3 wm due to the low material dispersion of the fibre,
control and reductfon of linewidth is stil1 highly desirable to improve
reproducibility and to reduce the need for receiver equalisation. The

Hinewidth of 1.3 um SLEDS increases with increasing doping level due to the

-23-

formation of band tail states.  Figure 12 shows the Tinewidths of two
devices, with In doping levels of 5.1017 em=3 apd 1019 w3 {n the active
laver, such devices exhibit rise times of 15 ns and 1.5 ns reSpecthnﬂy. The
Vinewidths (full width at ha)f maxfmum) dincrease from 75 to 95 nm with
Trcreasing doping level. A shift to lower energy is also apparent so that
the active layer composition must be adjusted to maintain the same centre
wavelength. The 1,3 uw ELED has a reduced linewidth due to self absorption

and superluminescence - 9iving 50-60 nm Tinewidth.

Lrghtly
daped

Heavily
doped

1-2 I'.ZS 3 I'.;lS 14
A {pm)

Figure 12. Emission spectra of lightly and heavily doped 1.3 um wavelength
StEDs.
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6.4, Thermal Behaviour

The optical power from a LED changes only relatively slowly with temperature
so that eptical feedback to stabilise tﬁe working point {s unnecessary. For
a 1.3 um GalnAsP/InP SLED in the range 20-100°C the output falls by -~
0.73°C"l, reaching half power at ~ 130°C. GaAlAs/GaAs devices tend to be

even less temperature sensitive, falling by ~ 0.5%°C- 1,

The basfc ELED {s considerahly more temperature sensitive than the SLED, as
the power increases rapid'v with decreasing temperature due to the onset of
super-radiance. For telecorws applications, where device operation vp to a
temperature of 60°C {s necessary, we have found it advantageous to reduce
super-radiance bv adjusting the LED doping and geometry. Figure 13 shows a
comparison between an ELFD with considerable super-radfance, a doped ELED and
an SLED. The doped ELED clearly 15 as good as the undoped device at 60°C,

and imposes less dermands on recefver dynamié range at the lower temperature.

00 1 Undoped ELED
2 Doped, implanied ELED
3 Fost surlace emitter
200-
z
i 100}
}
g 50} (3)
L
&
xr
IO L l L il 1 e J
=40 -0 0 0 40 60 B0 WO
Temp. °C

Figure 13. Power v/s Temperature for 1.3 un Wavelength ELEDs and SLEDs.
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7. PELIARILITY

The surface emitting high radiance LED 1s a partfcularly long lived, relfable
device. CGaAs zinc diffused devices have been operating at Plessey since 1974
and results of high temperature accelerated ageing, indicate lives at room
terperature around ~ 5,105 hours, the particular failure mechanism being gold

diffusfon from the contact. Piffused devices with improved contacts have

Hves well in excess of 106 hours.

The GaAlAs/GaAs double heterostructure SLED has been extensively investigated
by ourselves and others (13,14) with excellent results. Even with the most

pessimistic assumptions, operatfon over 106 hours can be confidently
predicted,

The GalnAsP/InP devices are proving to be even more relfable than the shorter
wavelength diodes. Device temperatures have to exceed 170°C  before
degradation rates become measurable (15,16} and even at this temperature
batch tives are around 10% hours. Predicted room temperature lives are
107-109 hours. OQur accelerated aaeing studies on 1.3 un ELED have given
activation energies of ~ 0.5 eV, with batch lives of > 5000 hours at 155°C,

giving room temperature lives well 1n excess of 106 hours.

8. SUMMARY AND CONCLUSIONS

High power, fast, reliable LEns have been developed for all wavelengths of
current {nterest in optical fibre systems. The range includes minfmal cost
devices for very short haul links, 0.85 um wavelength devices for LAN and
military systems, 1.3 um wavelength devices for LAH, CATY and high speed

links and 1.3 ym devices for telecommunications svstems,
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LEDs are simple to use, recuiring no feedback control, and are fmmwne to
modal noise, self pulsation and reflectfon induced noise. Increasingly LEDs
“will be used in preference to lasers for multimode fibre tsstems, whereas

lasers will exclusively be used For monomode 1inks.

Future developments of LEDs will give cost reductions with improvements in
power, bandwidth and linearity, Integration of high performance LEDs into
optoelectronic Tntearated circuits for high speed, low cost data transmission
tan also be expected as the trend towards a worldwide integrated

communications petwork continues.
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3.2.4 Light Emitting Diodes for Single Mode Optical Fibre Systems

Light emitting diodes used with single mode Fibre (SMF) are attractive
sources for local loop and other short haul applications due to cost and
relfability advantages over laser diodes [/ ]. Their output power is less
temperature dependent and they do not normally need external control
circuits. LEDs are currently being investigated for short haul low, medium
and high data rate links to meet the evolutionary demands of the emerging
broadband integrated services digital network (B-1 ON). This section
examines the structure and performance of such LEDs and discusses their
system limitations.

3.2.4.1 Device Structures and Performance

Two basic device structures are available for monomode LEDs, these being
the surface emitting and edge emitting geometry. In general higher optical
powers can be  achieved with the atter whereas the former offers simpler
processing and packaging, with hence potentially Tower cost, and a lower
temperature coefficient.

In edge emitting LEDs, lasing actfon needs to be reliably fnhibited, This
can be done by using a structure incorporating a proton-implanted absorbing
region behind the emitting stripe [2 J. The alternative structure widely
used is similar to the conventiona) tajectfon laser but with high
performance anti- reflection coatings to fnhibit laser action, e.g. [3].

Coupled power levels from singte mode ELEDs are typically in the range
2-10uW peak at room temperature. Greater power is available from devices
which are strongly super radiant. However this extra power s accompanied
by a worsening in the temperature de-rating of power, frem typically 1.2%
per degree C to around 2.6% per degree C. Figure 3.7 shows light current
characteristics for a super radiant device coupled into single mode Fibre
at 20,25 and 40°C.

Modutation rates are somewhat dependent on device structure and drive
conditions. Commercial devices are now readily available for data rates
upt to 200 Mbit/s but many experiments have been performed with edge
emitting LEDs at 565 Mbit/s and even 1.2 Gbit/s [41.

Surface emitting LEDs have also been proposed and demonstrated for use in
single mode fibre systems [5,6]. The advantage of the surface geometry
is in simple bonding, non critical fibre placement and planar processing
(no facet). The main disadvantage §s the relatively low power, with 1.5.N
being reported for a device suitable for 565 Mbit/s operation f£5] and the
wider spectral width, although the lower temperature coefficient partially
compensates for these disadvantages in practical systems.

Table 3.2 summarizes the performance of currently available high speed
ELEDs.

Table 3.2: Typical ELED Performance

Output power into SM-fibre (25°C, 150m A drive) 2-10uw
rise/fall times Ins max

half power line width (25°C) 80-100nm
Output power temperature coefficient 1.2%/°C typ.-
Centre Wavelength Variation with Temperature 0.5-0.8nm/*C
Spectral broadening 0.4nm/*C typ.

pia]
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3.2.4.2 Systems Applications

Figure 3.8 shows published experiments using LEDs with single mode fibre.
Link lengths of up to 9.8km have been reported at JGbit/s ?33] and in
excess of 100km at 16 Mbit/s [34]. Link lengths are limited by either the
available power budget or by chromatic dispersion due to the spectral
width of the LED. A 3dB power penalty may be seen for a 3.5 Gbit.km/s
1ink length data rate product for SLEDs increasing to ~5 Gbit.km/s for
ELEDs due to their intrinsically narrower line width.

For practical system applications, however, it is necessary to allow for
manufacturing tolerance and temperature variation of the LED centre
wavelength and spectral width and for fibre dispersion and attenvation
variation over the entire LED wavelength spectrum (see Fig. 3.9). The
fibre attenuation characteristic will not only affect the system loss, but
2ls0 the system bandwidth due mainly to the filtering effect of the water
peaks. This can drastically reduce the achievable section length compared
with those reported above. Bitrate distance products in commercial single
mode systems are Tikely to be similar to those achieved in Tong wavelength
multimode systems, i.e. less than 1.5 Gbit.km/s and will depend on control
of LED-wavelength and spectral characteristics. The overall bit rate
1imit will be set by achievable modulation speed and by receiver
sensitivity.

In concluston, both surface and edge emitting LEDS are suitable for use
with single made fibre. The prime advantages of these devices over lasers
are reduced cost together with excellent reliability. These advantages
enable these devices to offer cost effective sotutions to many low and
medium bit rate local loop applications for link Tengths up to a few km.
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MODE SELECTIVITY IN DFB LASERS WITH
CLEAVED FACETS

Indexing verms: Losers and laser applications, Semiconductor

lasers *°
The mode selectivily of disiributed feedback lasers with
clexved facets is ined for various posilions of the graling

relative to 1he facets. The expecied yield ofsin;k-que Iasets
is calculated for several yalues of the coupling coefficent.

Introduction: In order to 1ake full advaniage of the low loss in
optical fibres in the 1-55 ym region » light source \mth a
narrow speciral linewidih is requited. A possible candidaie is a
semiconductor Jaser incorporaling a graling in order to
provide distributed feedback {DFB). Although the DFB
favours modes near the Bragg wavelength, a laser with non-
reflecting mirrors may be multimoded since ore mode on each
side of the stopband will have the same threshold gain. The
resulling spectrum is then determined by the spectral gain
which will shift with temperature or under modulation, In &
DFB laser with reflecting mirrors (i.e. cleaved facets) the situ-
ation is more complicated since the threshold for the various
modes depends on the position of the facel relative to the
grating {Tacet phase’). Various schemes have been proposed in
order to bypass this problem:

fivse n phas.e shift in the grating'-*

(i} use & strycture where the gratings have been partly
removed?

(i) employ a tuning section*
{iv} adjust the thickness of the facet coating for each laser.?

These schemes all complicate the fabrication, and in the fol-
lowing we therefore examine the mode selectivity of devices
with cleaved facets in order 10 assess how serious the problem
is.

Analysis and results: The strength of the distribused feedback
depends on the product of the coupling cocllicient x and the
length of the graving L. A good second-order grating has
x ~ 100 cm™", and for L ~ 300 um this gives xL ~ 3. Higher
values can be obtained for larger values of L. In theory a
higher value of x can be obtained by using a first-order
grating, but this requires a more complicated processing tech-
nology. An analysis of various published results has shown
that the reporied first-order gratings do not Mave higher
values of x than those obtained by good second-order grat-
ings.

We consider DFB lasers with one or two cleaved [acets. In
order to simplily the analysis we sssume the maximum RNt
occur close to the Bragg wavelengih, and hence the spectral
propertics are mainly determined by the threshold gain of the
first few modes on each side of the siopband. For given mag-
niludes and phases of the facet reflection coeflicients we find,
using the formulas from Reference 6, the difference in thresh-
old gain for ihe two modes with the Jowest thresholds This
calculation &1 performed for a numbes of Iacet phases and we
define the “yield as the percentage of cases where the differ.
ence in threshold gain exceeds a given value, (A possible differ-
ence in the radiation loss” for the vatious modes is heglected )

An analysis along the same lines was reporied in Reference
8. In Refercnce B the mode sekectivity for DFB lasers with one
cleaved facet was given in terms of the threshold currents. For
the case of two cleaved facets, resuhs for the variation of 1he
threshold current for the dominating mode due to various
facet phases were given. A systematic investigation of the
mode selectivity in terms of the difference in threshold gain
has not been reported for this case, however.

For the case with one nonreflecting mirror, 32 different
values for the phase of the reflecting mirtor were examined. In
the case of 1wo reflecting mirrors 16 values of cach phase were
considered. Owing 1o the symmeiry properties of the
problem,* only 73 different combinations need 1o be con.
nidered. Using muhtiples of /8 as the values for the phases we

may ilightly overestimate the number of extreme cases (ie.
those with either very high or very low threshold difference). If
instead the phitses were taken to be random variables we
would, of course, get tmooth curves if & sullicient number of
cases were examined.

The results are shown in Figs. | and 2, which show the

100 kL=
78}

%
S0

25

ey " =B

Fig | Vield of single-mode losers. defined o3 the percewioge of cases

with a threshold difference AxL above the value given on the abscissa
Calculaled for lasers with ont reflecting and one Recting
mirtor, using three differens values for the product of the coupling
coeflicient and the lengih

100} L=

7%
%
50
25
0 - x 0'l5 oz
[} 05 (3] - -
* axL [pes/2]

Fig. 2 As Fig. 1, bu for lasers with iwo reflecting mirrors

‘vield" a3 & function of AaL, which is the required difference in
threshold gain multiplied by the length: the results are shown
for three values of the product kL. Note that Ax refers to the
field and not to the miensity,

For a laser with & length of 250 gm the value Aal = (-1
corresponds to a difference in the intensity threshold gain of
8cm™'. Based on a simple two-mode rate-equation model®
this should give a 100:1 ratio of the intensity of the dominat-
ing mode lo the intensity of the next mode. in this calculation
& high-speed modulation and 2 biay below threshold is
assumed. The yield vesults for Azl = 01 are summarised in
Table I,

A further analysis of the case of one cleaved facet thows
that for a region of kL values around 1-5 very low sclectivity
is obtained. For XL < 1 a good selectivity is obtained, but at
the expense of a higher threshold current.

Table 1
Value of kL | k] L)

Yield with | 2% M “%
cleaved lacel

Yield with 2 1% 0% 65%
cleaved facers

Renrintart from FI ECTRONIC | FTTERS 2Rth Fahrarv T9R5 Vil 21 No Son 179 — 180 L

The mode selectivity arises from the interference of the dis-
crete facet reflections and the distributed reflections from the
grating. Maximum interf e, and hence maximum selecti-
vity, occurs when the two contributions are of compatable
strength. Since a Fabry - Perot laser with power reflectivities
ficar (-3 and a DFB laser with two nonteflecting mirrors have
(he same threshold gain for xiL ~ 3-2, we expect good selectj-
vity for xl. products near this value.

Experimental results for the spectral properties of DFR
lasers were reported in Reference 10, A yield for single-mode
lasers of 66% was reported; some of the ‘failed” Jasers,
however, had ather problems. The value of x 1. was not given,

We sec that 8 DFB laser wilh two cleaved mirrors gives &
good yield of single-made lasers for moderate values of xi.
[these can be ohtained using a second-order grating). For low
values of kL the yield is significamly improved if the reflec-
tivity for ane of the mirrors s reduced.

Finally, we note that the output power distribution between
the two facets depends on the facet phases and differs from
maode to mode.*

The author is gratefut 10 one of (he referees for helplul
comments.
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{Ar coated)
Side mode rejaction ratio 7834 : 1

. :% CW drive ) = 31"'
Q Iy = 29mA at 26°C
3
Actual peak
w ~ pe
L0 .
9 . x 1000
3 g x 1
) 1 T
; $ 1.5328 1.5467 {urml 1.5600
) -1 :
) ) D _ i
= P~ - o H1g. 6. SPECTRAL PLOT FOR A PLESSEY DF8 LASER
E ~N ' 9. 8-
L] . E
/7] - E Wavelength sensitivity 0.08nm/°C
L ; o
od
ag
-2
(7. ] -3 50°C
. o 3 - | .
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d | 1 i A i ' 1 1 I
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£
-d . 30°C
N — 4
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20°C
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, L]
i : J 9 10°c
* . 1.8630 1.5354pm 1.544
. Fig. 7. WAVELENGTH SHIFT OF DFB LASER MODE WITH TEMPERATURE, MEASURED UNDER CONDITIONS

OF CONSTANT OUTPUT POWER
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ERTERNAL CAVITY SEMICONBUCTER LASER

Cavity tength 5-10cm  300um

le N
§ (
£ > 71

AR cooling =2%X

A

LY
rd

] laser chip

diffraction
grating collimating
(1200 lines/mm) lens WyattaDevlin

(El.Lett,1983)

MEASURED SPECTRUI OF LEC LASER

Linewidth

200 210 220
beat frequency (MHz)

CHARACTERISTICS OF LEC LASER

« Linewidth : Short term (millisecond) = kHz

: Medium term (seconds) = MHz
: Long term (hours) = {00MHz

» Tuning range = 10,000GHz °Ptical bench
by rotating components

grating = 100GHz packaged laser

(For packaged LEC laser see Matthews et-al,

Electron. lett, pp113-115,1985.)
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200
150
82MHr. mW
g 100 |
£
| 3
f
bO | .
0 ; ; :

1/DFB ax focet mAput power  (mW " 1)

Fig. 8. LINEWIDTH VERSUS RECIPROCAL OUTPUT POWER FOR A BTANDARD LENGTH (27%pm} DFB LASER.
THE LINEWIDTH POWER PRODUCT OF 80MHz. mW IS FAIRLY TYPICAL OF REBUA TS OBTAINED FOR
THIS TYPE OF LASER.
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Fig. 9. MEASURED LINEWIDTH VEASUS RECIPROCAL OUTPUT POWER FOR BOTH LONG AND STANDARD
CHIP LENGTH DFB LASER DIODES

12

05mA

55mA

DF8 /a.Se/‘, 20cm cx"ern;/f;'éfe C‘avfﬁ_

By



Spectrum of Line Narrowed
DFB Laser
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{a} Solitary laser
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tol WITHOUT. (b) WITH FIBRE GRATING EXTERNAL CAVITY,

fig. 2 SPECTRA OF 1.55 LASER
0 OF 320.

ONE MODE IS SELECTED AT 1562 nm WITH A SIDE MODE REJECTION RA

1562.0

1558.1
1580.7

13)

1559.4
15683.3

i 8O°C

) 40°C

ib) 30°C

b} 20°C

&) 10*C

Fig. 3 SPECTRA OF MULTIMODE 1.55 LASER. (s) WITHOUT. (b) WITH EXTERNAL FBRE ORATING,
SHOWING THE EFFECT OF GRATING TEMPERATURE.
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this letter a newly developed 1-5 um wavelength-tunable DBR
laser with both a phase conirol region and a Bragg wave-
length control tegion iy reported.® Tuning was performed by
injecting currents into the PC and DBR regions. This changed
the refractive index of the regions because of the plasma effect.
Large-range conlinuoys wavelength tuning was schieved by
mntmllinf the PC and DBR region currents simulta-
neously.”

Fig. | Wavelengthswnable DBR loser sirwciire and cross-sectional
view of grovre position

The device structure is shown in Fig. 1. The structure was
basically the same as that of the previously reported DBR
{ascr,* which had no phase conirel region. The DBR faser
consists of three current injection regions: a 190 um-long
active region, an 80 um-long phase control (PC) region and a
700 pm-long DBR region. The waveguide layers of the PC and
DBR regions, which were coupled to the active region opti-
cally. were transparent to laser light. For transverse mode
control, the DC-PBH configuration was adopted for all
regions. The three regions were clectrically isolated from each
other by 20 gm-wide eiched grooves, which were lormed on
both sides of the centre mesa siripe area. A cross-section at
the groove position is shown in the circle in Fig. . Isolation
resistances were about 60002 The sample was mounted on a
silicon heat sink with & junction-up configuration.

ot XMcew
("] I. sOmA

lonBémA

gt outpnd, mW
»

o 50 w o 50 00

a@ Iq.ma & lyorigmh g
P, 2 Lighs-outpes characterisics -

a Light output as a function of ctive region current /

b Light outpul as a function of DBR regioa currens 1, and of PC
region curreni f,

Light output as a lunction of sctive region current 1, is
shown i Fig. 2a, when currents are not injected into eithet
the PC or DBR regions. The threshold current was 29mA,
and the external quantum efficiency was 19% per from [acet
at 20°C. Fig. 2b shows light output as & function of DBR
region curtent I, and of PC region curremt 1,. The active
region curmrent [, was fixed. As the DRR fegion current
increased, the light output changed periodically and the wave-
icngth shifted 1oward a shorter wavelength with mode jumps,
which was expected theoretically.' On the other hand, as the
PC region curcent increased, the light output decreased
almost monotonically and the wavelength deopped contin-
uously towards a shorter wavelength, but ionally shifted
to longer wavelengths with mode jumps. This augnificant

404

MukATA MiTO
KaBAT AL M)

. MEC. Aan

mmEORRE AT eI

current, which increased from X mA 1o 75mA, as the PC
region current increased from OmA 10 30mA. The large
increase in threshold current is probebly due to absorption
loss increase in the PC region, caused by free carrier density
increase. Small negative values in 1, and i, were due to the
leakage currents between individual regions.
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Palmw

N
| N
\ | R\“
),

¥
t
W % 0 [¢] !‘) 160 L./}
o 1, mA I,.mA Iy mi
Fig. 3 Large-ronge tuning by controlling three currems

The tuning characteristics over a large wavelength range
are shown in Fig. ). Wavelengths are plotted as functions of
the three currents. Large-range tuning was realised by the
following procedures. First, the DBR region current 1, was
increased when the PC region current / » Was not injected. The
wavclength shified stightly d a shorter wavelength, More
increase in I, caused a mode jump. Therelore, before the mode
jump occurred, 1, was increased when I, was heid constant.
The wavelength shifted about 1 nm toward a shorter wave-
length, After I, was reset at zero the above procedures were
repeaied. In these processes the active-region current f, was
changed to maintain light oulput at 2mW. Consequently,
over TXGHz {5-Bam) continuous tuning was achieved by
controlling the three currents simultancously. At all data
points, single-longitudinal-mode oscillations, with 8 submods
suppression ratio of more than 30dB, was maintained.
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Fig. 4 Smooth runing by comtrolling two currents

Fig 4 shows s smooth wavelength tuning result for the
same laser. Tn this case, tuning was performed by controfling
only two currents. These were the active region cusrent 1, and
the tuning current {,, which was the sum of the PC snd DBR
region currents. The current ratio of the PC and DBR Tegions
11, was kept nearly constant by using fixed foad resistances
of 10002 and 30012 for the DBR region and PC region, respec-
tively, as shown in the Figure. The current ratio was about 3
to L. The maximum tuning range was 380GHz (3| nm} when
the light output was kept constant &t Z2mW. This range was
restricted by an increase in threshold current, as mentioned
previously, N heless, it is very ad r to be able to
obtain both the desired wavelength and tight output by con-
trolling only 1wo currents.

Spectral linewidih was also measured as a function of the
wavelength by the delayed self-hamodyne method. In a large-
range tuning case (Fig 3}, the linewidth changed periodically
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DETECTORS AND THEIR CHARACTERISTICS

B T Debney

1.  INTRODUCTION

This lecture will review the role of semiconductor detectors in fibre optic
telecommimication systems. The emphasis will be on direct detection systems
where the detector performance is of crucial importance in the system design.,
Some mention will be given to the detector requirements of systems based on
coherent detection, but only briefly since this will be considered more fully in
a later lecture,

Early fibre optic telecommunication systems opersted at a wavelength of 0.85um.
These were based on LED and laser sources fabricated in the GaAs/GaRlAs system,
and §i photodetectors of either the unity gain PIN diode type, or the avalanche
photodiode (APD}. The latter device provides gain through the process of
avslanche multiplication. Silicon devices have provided qood performance in
systems at data rates up to 140 Mv/s.

The need for high dats rates and repeaterless transmission over larger distances
has led to the move to longer wavelength operation, and with it the requirement
for new sources and detectors., Multimode laser sources can be used at a
wavelength of 1.3um, where the fibre dispersion is a minimum, and very Jong
transmission 1inks can be established which are attenuation limited. For 1.3um
operation, lasers based on the ITI-¥ system GalnAsP/InP have been developed,
This materia) system is also the basis of low noise unity gain PIN diode
detectors. The direct band-qap of the 1II-¥ compounds leads to narrow depletion
regions, resulting in detectors with high quantum efficiency and fast response,
For 1.3um operation Ge detectors have also been successfully used, and at the
present time are the basis of the only commercially available APD at this
wavelength, .
Lower attentuation and longer Yinks can be achieved through operation at the
Tonger wavelength of 1.55.m, The GalnAsP/InP material system also orovides
suitable sources and detectors at this wavelength, The use of Ge detectors at
1.55um is not so attactive, particularly at higher data rates, because it is
close to the absorption edge for Ge and the large depletion depths required lead
te Tow quantum efficiency and slow response,

Present day research and development in detectors for the long wavelenqth
requirements is aimed at producing low noise detectors which can a1so provide
substantial levels of gain, Such detectors will lead to higher sensitivity
direct detection receivers which could approach the performance realisable with
transmission systems based on the coherent detection principle.

B T Debney is with the Plessey Company at the Allen Clark Research Centre,
Towcester, Northants,
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2. BASIC DETECTION PRINCIPLES

{i} Intensity Modulation and Direct Detection {IM/0m)

This is the basic principle of all present day fibre optic transmission systems,

A laser or LED source is intensity modulated, by modulating the drive current,

and & photocurrent is generated at the detector which is proportional to the

received power (Figure la), The detector is essentially & power detector and

basic principles can be itlustrated through considering the simplest form of

:gmiconguctor detector, the PIN diode. The detection process is illustrated in
qure 2.

Photons with energy hv greater than the bandgap Eg enter the semiconductor and
are able to excite electrons from the valence band to the conduction band. The
electrons and holes produced can, if they reach the junction or are created
within the depletion region, be swept through the device and so generate a
photocurrent. The depth over which optical absorption occurs {¢ characterised

through the absorption coefficient « (hv), If ®(x} is the optical intensity
within the material af a depth of X,

&(x) = &{0) exp (-ax)

a it important because it {s a measure of the thickness of materia) required to
absorb the radiation. e.g, {f ¢ = 2/%, B6% absorption is achieved, and if

a = 3/x this rises to 95%. The absorption coefficient depends on wavelength and
the bandstructure of the material (see figure 4). Direct gap semiconductors
have absorption which rises steeply at the absorption edge, e.q. GaAs, [InP.
Indirect gap materials require phonons to mediate the absorption process and
hence the absorption is not so strong, e.9. Si.

An important detector parameter is the quantum efficiency (n}. This is defined
as the ratio of the number of photogenerated electrons which are collected
(traverse the depletion region and contribute to the photocurrent) to the
number of phatons which are incident on the detector. If & is the photon
intensity and Jpn the photocurrent density,

n= "ph/”

|
Be?oting Pr as the power incident on the detector surface, area A, we can
write

n = Inn hy

eP,

This leads to the definiton of detector responsivity R as

R = en/hv Amps/Watt

s0 that the detector photocurrent {s given by
Ion = RP,

This 1s the basic result for direct detection.

A high value of quantum efficiency depends on the ability to:

{a) Reduce reflections from the detector surface (AR coating).

(b} Maximise absorption within the depletion region {device design, W~{2+3/a).
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{c} Avoid carrier recombination (device design, minimise absorption outside the
depletion region).

For a PIN dicde detector reverse bias is applied so that a wide depletion zone
is created and carrier generation predominantly takes place here. Carrier§ are
swept through by the drift field with 1ittle or no recombination. Generation
outside the depletion zone has the effect that electrons and holes generated
diffuse towards the junction, and can contribute to the photocurrent if they
Teach 7t before recombining. Carrier generation outside the depletion region
can lead to recombination losses and affect the rise and fall time of the
detector, influencing the speed/bandwidth.

If the reverse bias is increased then a point is reached when the electrons and
holes can acquire sufficient energy from the field to be able to impact ionize
and create additional electron-hole pairs (see figure 3). This carrier .
multiplication process gives rise to avalanche gain and is the principle behind
the avalanche photodiode {APD).

L

For this case

Iop * MR P,

ph
where M is the current gain, or multiplication factor.

{11} Coherent Detection

For completeness we describe the basic principle of coherent detection. This is
illustrated in figure 1b. At the detector the signal field and tocal oscillator
field are combined. Because the detector is & power detector, and the optical
power is proporticnal to the square modulus of the combined optical field, the
photocurrent produced is proportional to,

. J{ugt + o) (Jwg +9) | 2

| Eg +E e TIME AVERAGED

E¢ + E
which is ‘z—g' Eﬁ + EL ES cos (ulFt + ﬁ.)

where wip = we - wy is referred to as the jntermediate frequency {IF)}. The
resulting photocurrent is then

Ip = RPg + RP + 2(P,Pg)™ cos {wipt + a¢)

p

The detector therefore acts as a mixer to produce an output electrical signal at
an intermediate frequency (heterodyning). This expression illustrates the basic
principle of coherent detection, ‘ﬁe signal modulation appears either in
amplitude (Pe), frequency {wg) or phase (®¢). The intermediate frequency signal
can be made ?arge by increasing the local oscillator power P thus improving

the SNR,

3. PMATERIALS FCR DETECTORS

Detection of light at a wavelength A, or equivalently photons of energy hy =
hey,  requires a material with band gap Eg which is less than the energy hv.
Fléuie £ can be used to investigate the range of materials which are available
to perform the detection process in the wavelength region of 0,85 + 1.55um,
Silicon with a band gap of 1.1 e¥ is well suited for operation at wavelengths
betow 1.1um and generally offers the best solution for the 0.8 » 0.%.m band.

VO,

The requirement for detection of 1ight out to 1.55, limits the cheice of
suitable materials to those of bandgap less than 0.8eV. Materials with band
gaps much smaller than this will still respond to 1.55,m radiation but will have
the disadvantage of high levels of dark current and undesirable temperature
sensitivity. A direct gap semiconductor material is also an advantage as this
results in more efficient light absorption. Germanium, with its band gap of
0.7eV and an indirect gap below 1.53um {0.8e¥) is an illustration of these
points and although it can be used at 1,55.m is far from ideal, particularly for
high data rates. Germanium has found better application at 1.3um, particularly
when an APD is required,

The group I1T-¥ semiconductors are also providing suitable detector materials
for the range 1.3 + },55.m. As can be seen from figure 5, none of the binary
semiconductors, with the exception of GaSb have bandgaps near 0.BeV. It is
possible, however, to form ternary and quatermary solid solutions and to tailor
the band gap to a desired value aver & wide range. These solid solutions are
usually prepared by epitaxial growth either from the vapour {VPE) or the liquid
(LPE) phase onto a binary substrate, The preferred material system for 1.3 to
1.55.m devices, based on proven performsnce, is the quaternary GalnAsP range of
alloys which can be grown epitaxially lattice matched to InP with bandgaps
between that of the binary InP (1.3eV, or 0.95.m) to that of that of the ternary
GalnAs (0.75eV, or I.6um). The system AllnAs provides larger bandgap materials
and can also be grown lattice matched to InP, allowing & further degree of
freedom in the design of more sophisticated detector structures.

4. DETECTOR TYPES

(i) Detectors without Internal Gain: The p-n and p-i-n Junction Diodes

The mode of operation of these devices has already been briefly described in
section 2, Whether the device structure is of the p-n or p-i-n type makes
Vittle difference to the basic principles. The choice of structure depends
Yargely on the width of depletion region required and this will be discussed
shortly. But first we consider some basic parameters which are necessary to
characterise the device for use in an optical receiver.

Device Capacitance

The small signal equivalent circuit for the junction photodiode is shown in
figure 6. For 2 p-i-n diode in which the 'i'region is lightly doped the
electric field 1s approximately uniform and the junction capacitance is easily
shown to be that of a parallel plane capacitor. The detector junction
capacitance Cp 1s therefore given by

Cp = eeohpy
where W s the depletion width,
This also applies to the abrupt p/n junction case with W suitably interpreted.
Bandwidth
The frequency response, or impulse response, is ultimately limited by the

transit time for carriers to drift across the depletion region. If we define

T,y 35 the mean of the transit times for electrons and holes then the detector
33% bandwidth is given by

f30p = O 4%5ay
lab



The bandwidth is here defined as the frequency at which the current falls by the
factor of +2 for » sinusoidal modulation at frequency LEVS

Noise

In the dark the current-veltage characteristic for the diode is as depicted in
figure 6b. wWhen biased as a photodiode the reverse bias saturation current Ip
flows through the device. This leakage current can arise from a variety of
mechanisms: minority carrier injection, generation - recombination within the
depletion region, band to band tunnelling. Which occurs depends on the
semiconductor material and the field conditions. Current fluctuations appear at
the device terminals due to the random nature of the process by which the
carriers traverse the depletion region. The process gives rise to what is known
as shot noise, and is characterised by the mean squared current fluctuations

being proportioned to the average

detector current. For the dark current

process the single sided {positive frequencies only) noise spectral density

function is given by

51 = quo

5o that in a bandwidth af the total mean square current fluctuations are,

13n = 2Tpaf

The photocurrent In, also exhibits
generation process and so

BTN = 2q (1,

Design Considerations

One of the main design considerati

shot noise due to the quantum nature of the

+ IphJ

ons 1s to ensure that most of the fncident

radiation is absorbed within the depletion region. For 5i operating at ~D.85, a

depleted zone of typically 30um is
Zones are necessary the p-i-n stru

required. In the case where wide depletion
cture is preferred, since the lightly doped

'1' materfal can be depleted at relatively low voTtages. For Si devices the

reach-through structure of figure
depTetion Zone 'reaches through' d

7 is therefore adopted, so called because the
epTeting the '{' region and stopping at the

heavily doped substrate. When only 2 microns or so of material needs to be

depleted, e.9. when using GalnAs f
p-n Junction diode often suffices,

Another design point is the avoida
zone, in order to reduce absorptio

or long wavelength detection {see figure 8a) a

nce of absorption outside of the depleted
n 1oss and speed limitations. This can be

achieved through making the heavily doped surface region very thin. The problem

is particularly important when dir
substantial sbsorption can occur 1
avoided in the device shown in fig
which the large bandgap of InP mak
Absorption takes place within the
$0 25 to avoid a diffusion contrib

Alternative solutions to the avoid
heterojunction or Schottky barrier

ect gap semiconductors are used because

n the surface and within thin Tayers, This is
ure 8b by using a substrate entry structure in
es it transparent to the radiation. -

n GalnAs layer, which would be fully depleted
ution to the photocurrent,

ance of surface absorption are the uge of
structures.
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{i1) The Avalanche Photodiode

The avatanche photodiode (APD) is 1n essence a p-n junction diode reverse bissed
close to the point where the junction begins to break down. Under very high
electric fields electrons and holes can impact ionise and give rise to carrier
multiplication, e.g. a highly energetic electron can collide with 2 valence band
electron and transfer sufficient energy to it to cause excitation into the
conduction band, In this way one electron gives rise to two free electrons in
the conduction band and & free hole in the valence band. The basic processes
are illustrated in figure 3. When the electrons initiating the fonisation are
photogenerated electrons the multiplication process gives rise to photocurrent
gain at the device terminals. Gains of the order 100 have been obtained in wall
designed Si devices.

Important material parameters determining the behaviour of a device are the
electron and hole fonisation coefficients a and p. These quantities define the
probability of an fonising event taking place per unft distance travelled. They
are strongly field dependent and also temperature dependent. If eg. a >> p then
this would fndicate that the impact fonisation is predominantly due to slectrons
s0 that the current gain is associated with the primary electron photocurrent,
Some typical ionisation coefficient data {s given in figure 9.

Avalance photodiodes have the advantage of providing current gain which can
substantially improve the performance of an optical receiver. They do, however,
have the drawbacks of requiring very high voltages to establish the device
fields necessary, and the gain is very sensitively dependent on bias voltage and
temperature so that the operating conditions need to be very stable, A typical
gain-voltage characteristic for a Si device is shown in figure 10b.

Device Capacitance

As for p-n junction diodes. The {mportant parameters are device area and
depletion width,

Bandwidth

We consider here the optimum situztion where all carriers are qenerated within
the depletion region. The analysis of the bandwidth of an APD s a complex
problem because the presence of the gain process results in a gain-bandwidth
relationship. This has been analysed by Emmons {ref. 1) for a p-i-n diode
structure in which the whole of the depletion regfon contributes to the
muttiptication process. For this case the transit time which enters the
calculations is that for the depleted layer, which also defines the avalanche
zone. If the width of the avalanche region is Ly and v is an effective drift
velocity for the carriers, then the transit time 1, is given by L » It is
found that for a particular value of multiplciation factor M, the bindwidth is

given by (M)

2xt,

fagp *

xa 18 8 factor which depends on the gain M and the a,, ratio for the divice. and
can be extracted from figure 11. An effective trans(@ time, or what is
sometimes referred to as the avalanche build up time can be defined according to

1§ff = 1,2.8/x,(M)

The factor of 2.8 enters as the 1imit of y, when the gain is unity so that
this has the correct limiting form for a non-avalanching diode.
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It can be seen from Figure 11 that when M < a{ the bandwidth is approximately
independent of the gain, whereas for M > /g ﬁere is a constant gain-bandwidth
product.,

Noise

When the APD is operating at an average gain M not all photogenerated carriers
are multiplied by exactty M. There is a distribution of gains which is produced
by the statistical nature of the avalanche process and this introduces noise
into the multiplication process. The problem has been analysed by McIntyre
{ref. 2) and shown that if a primary current Iy is injected into the avalanche
region the spectral density of the shot noise in the multiplied current is given
by

SHPD = 2q 1, M2F(M)

F{M) is the excess noise factor, and is the measure of how much the noise
exceeds that of an vdeal current multipler. F(M) depends on the material and
Junction characteristics through the jonisation coefficient data, as well as the
nature of the primary excitation, i.e. electron injection, hole injection, or
both. If an effective ionisation coefficient ratio Kesf = (Bs )eff {s defined
for the avalanche zone and the avalanche is initiated Ey elec{rons {a), then,

FON = M {1 - (1kgpq) (B1))7 )

In the Vimit where the electron fonisation coefficient is very much larger than
that for holes (Keee << 1), F(M) + 2, independent of the gain and this is
essentially the result for a photomultiplier, which is the best which can be
achieved, If K.er = 1, then F(M) = M, yielding the strangest dependence of the
excess noise fac{or on the gain, reflecting the maximum feedback between the
etectrons and holes in the multiplication process and hence the greatest noise.
However, if the ionisation is initiated by electrons, but the holes possess the
largest fonisation coefficient {Kope > 1) then in the limit of large gain F(M) »
Kagf+ This emphasises the importance of ensuring that the carrier with the
largest jonisation coefficient initiates the avalanche.

In the APD not only the photocurrent undergoes multiptication, but also any
component of the device leakage current which flows through the junctions is
also miltiplied and contributes to the noise. Therefore the full noise spectral
density can be represented as

S0 = 2 {1t (120 1p) M2 Py )

Design Considerations

The comments made concerning the requirements for achieving high quantum
efficiency and bandwidth in the case of unity gain junction photodiodes apply
equally well to the APD.

Material quality is very important. Defects and dislocations within the
material can cause local enhancement of the electric field, and thus cause
premature avalanching in their vicinity, referred to as microplasmas. This can
give rise to non-uniform carrier multiplication across the illuminated surface
area of the device.

In structures requiring large optical absorption depths, such as Si, the simple

p-i-n structure is unsatisfactory. Instead a similar reach-through structure is
adopted but where the lightly doped region occurs after the n'p Junction as

toy

depicted in figure 10a. This has the action of providing an appropriate
thickness of depleted material for absorption, but the hiah field avalanching
region is confined to the more heavily deped, but thin, n -p Jjunction. This
provides for a much more stable device than would be the case if the whole of
the highly doped region sustained a breakdown field,

The device shown in fiqure 10a also indicates the use of a guard ring structure,
The ring of comparatively low n-type diffusion creates a p-n Junction which
consists of a wider depletion region and hence Tower field compared with the
n*-p junctions. This has the effect of confining the avalanche within the ring
and inhibiting premature breakdown near the surface at the n*-p junction.

The choice of materials with high ayg ratios is clearly preferred, but moveover
it must also be ensured that the cargier with the largest ionisation coefficient
initiates the multiplication, These conditions influence the bandwidth of the
device, its noise performance, and also ensures a more stable and uniform gain.

Work in developing APDs for long wavelength operation based 111-V materials has
presented a new range of design problems. Because of the narrow band gap
associated with long wavelength detecting materials there is a tendency for
band-to-band tunnelling to take place before sufficiently high fields are
reached to achieved carrier multiplication. The large tunnelling currents which
occur and their associated shot noise rule out homojunction structures formed in
e.9. GalnAs. To overcome this problem the structure depicted in figure 13 has
been devised. This is referred to as a SAM APD {Separate Absorption and
Multiplication APD)., Carriers are photogenerated in the narrow gap material
{GalnAs) where the field is high enough to cause depletion, but not tunnelling
or multiplication, and drift into the wide gap more highly doped InP junction
where the field is high enough to cause avalanching. The constraints imposed by
the field requirements and depletion requirements for this structure make it a
difficult device to fabricate.

5. WHAT MAKES A GOOD DETECTOR?

In this lecture we are considering the behaviour of detectors in the context of
an optical receiver. Whether it is digital or analogué transmission there is
the requirement to maximise the signal to noise ratio at the receiver. The
noise contributions from the detector can be important in determining the
receiver sensitivity, but more subtly other parameters can also influence the
receiver performance through their influence on the electrical characteristics
of the receiver. Receiver sensitivity amalysis will not be given here, but we
will briefly describe those detector sttributes which influence the receiver
sensitivity and their significance at different data rates.

For all detector types it is important to maximise the quantum efficiency in
order to maximise the signal photocurrent and this need not be discussed
further.

The detector parameter requirements for the PIN diode (non-avalanching) and the
APD are summarised below. -

PIN Diode {Unity Gain)

I.  Low Teakage current (minimise shot noise).

2. Low capacitance (minimise contribution to total input capacitance, and
hence receiver noise - higher data rates).
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3. High bandwidth {for detector response at high data rates),

APD

1,2,3 as above, plus

4. High gain, or combined with 3, large gain bandwidth product {in order for

achieve optimum gain condition and maximise receiver sensitivity).

5. large ayg ratio {to minimise excess noise factor and maximise value of
optimum gain).

These detector features have varying levels of significance depending on the
data rate, and trends are summarised in Table 1,

6.  PRESENT DAY TECHNOLOGY

For 0.85.m wavelength operation 51 detectors presently offer the best sotution.
The technology is well developed and excellent performance can be obtained from
both PIN diodes and APDs, Commercially available Si PIN diodes can typically
achieve guantum efficiencies of ~75% and subnanoamp leakage currents at 250C,
Operating at 10Y¥ reverse bias, a bandwidth of approximately 500 MHz is
achievable, The $i APD s an excellent device, as a result of the fact that the
ionisation coefficient for electrons is much greater than that for holes

{a 2> g). Devices exhibit values of Kegg in the range 0.1 to 0.01, with 0.03
being typical. Coupled with subnanoamp ‘eakage currents, this results in a very
Tow notse APD which permits the device to be operated at multiplication factors
of around 100. Bias voltages of 200-300V are required to achieve such gain,
though it can be obtained simultaneously with a frequency response up to

~500 MHz. The APD can offer very significant receiver sensitivity improvements
over the PIN diode as is illustrated in figure 14

Germanium detectors, though capable of operation out to 1.55.m, have
predominantly been used at a wavelength of 1.3um, The Ge APD has found the
greatest application because at this wavelength it is at present the only
commercially available APD. The easist to fabricate and hence commonest device
uses the n*p configuration produced by diffusing n-type donors into a p-type
substrate. This structure sustains the avalanching field near the n* layer and
hence electrons predominantly initiate the jonisation. Infortunately, in Ge the
ionisation coefficient for efectrons is less than for holes (« < g}, though only
s1ightly, with the result that the excess noise factor F{M}-M giving rise to a
noisy device. Leakage currents in Ge devices tend to be rather high, being
typically 0.1uA unmultiplied at room temperature, This limits the useful qain
in a receiver to around 10, beyond which the receiver nofse increases more
rapidly than the signal, and hence the SNR degrades. Operating voltages for Ge
APDs are lower than for Si devices, being typically 30-40V, and bandwidths of up
to ~1 GHz are available from commercial devices.

Operation can be extended out to 1,55, but large depletion depths of ~10um are
required. A reach-through type p*nn- structure has been developed for this
wavelength, which has the added advantage that the fonisation is initiated by
holes, The result s that X.e¢ of Tess than unity has been achieved, with the
corresponding FiM)<M, so that avalanche noise is reduced, Leakage currents have
been reduced somewhat by using smaller area diodes (30um diameter as opposed to
the more conventional 100um). Operation at 1.55um tends to be a feature of the
move to ever higher data rates and it is in this respect that the Ge APD HAS
Vimited application. Best reported results indicate a bandwidth of 700 MHz at a
gain of 10,
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At Tong wavelengths (1.3 + 1.55.m) the GalnAs PIN diode is the detector
favoured for high data rate operation. For the Towest receiver nofse this is
usually coupled to a GaAs FET preamplifier. The GalnAs PIN/GaAs FET front end
is the basis of commercially available receivers for data rates up to 565 Mb/s.
Although the bandgap and wavelength of peak response of & J]1-¥ detector could
be optimised by appropriate choice of the GalnAsp alloy compositions most
longwavelength detectors in this system have in fact been developed using

Gag g3Ing 47As which is lattice matched to InP and responds to wavelengths out
to 1.;pm. }his results in a broadband detector with a response from 0.8 + 1.7,
although the quantum efficiency is usually optimum near 1.3 and 1.55um, being
typically 75 and 90%, Interestingly the device has a useful response at 0.85.m,
{n ~ 40%). Both the top entry and substrate entry devices of figure B have been
successfully developed. In both cases a depleted GalnAs tayer of ~3um {s used
which provides high quantum efficiency and bandwidth. Low doping permits full
depletion of the GalnAs at low reverse bizs. Because of the narrow depletion
layers and the associated short transit times the device is intrinsically very
fast with a theoretical bandwidth of approximately 15 GHz, Mowever, the
bandwidth of commercially available packaged detectors is usually limited to 1-2
GHz, due to the properties of the package. The devices aperate under a reverse
bias of approximately S5V and exhibit low leakage currents of typically 10nA or
less. Low capacitance is a very important festure of the PIN diode detector and
3 device capacitance of less than 0.5%F is normal. With one particular design
of substrate entry device in which the detector is flip-chip bonded a GaAs FET
IC preamp, 2 detector capacitance of ~0.05 pF has been achieved {ref. 3).

In recent years there has been considerable R & D affort worldwide simed at
producing a III-V APD for Tongwavelength operation, which will surpass the
performance offered by Ge, The $AM APD structure illustrated in figure 13 has
been the subject of most investigation. Promising device and system results
have been reported in the Viterature but up to the present time no device has
been commercially available. However, preliminary specification sheets are now
being issued by some companies indicating that a GalnAs/InP SAM APD will be
available in the near future, Typical performance specifications are: quantum
efficiency better than B0%, leakage current {urmulitipled} of 10nA or less,
capacitance of less than 0.5 pF, and an operating voltage of ~100V. For the [np
Junction used in the device the effective a,, ratio is .approximately 0.5 which,
coupled with the lower leakage current, sugé sts a Tower noise performance
compared to Ge APDs. As indicated in section 4 the gain-bandwidth relationship
for an APD is complex, therefore though incomplete information it §s useful to
note that at a gain of 10 a bandwidth of ~ 2GHz §s achievable with this device.

7. DETECTORS FOR THE FYTURE

For trunk appiications the drive is towards higher data rates [over 1 Git/s),
higher receiver sensitivity, and probably 1.55um wavelength operation. Detector
developments are continuing with the aim of achieving wider bandwidth, lower
noise, and internal gain. We have already mentioned in the introduction systems
based on the principle of coherent detection. In a coherent receiver the local
oscillator power provides the gain mechanism and, assuming adequate local
oscillator power to achieve shot noise 1imited operation, the {deal detector is
2 low noise unity gain PIN diode. The motivation for future detector
development is therefore to enhance the performance of direct detection systems
and a common theme which features in these developments i{s to seek structures
with internal gain.

In the last few years new concepts have been emerging for APDs with the aim of
achieving higher effective asg ratios, and hence Tower noise. Two such ideas
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have arisen out of work on semiconductor superlattices. The first is depicted
in figure 15 and represents a structure comprising alternate layers of wide and
narrow bandgap materials. By choosing materials such that the conduction and
valence band discontinuities are significantly different it is possible to
achieve an effective ayy ratio for the structure which is very different from
unity, even though the gatio may be close to unity for the constituent bulk
semiconductors. The concept has been realised in the GaAs/GaAlAs system but not
yet in materials suitable for longwavelength operation. A second multilayer
concept is shown in figure 16. This is referred to as the staircase APD.

Device operation is based on the idea that if the conduction band discontinuity
is sufficiently large the electrons drifting across the discontinuity will find
themselves with sufficient energy to immediately impact ionise in the narrow gap
region. This device could operate on a very low bias voltage and in the 1imit
of no hole impact ionisation it becomes a solid state photomultiplier with an
excess noise factor of unity! The present challenge is to find suitable
materials in which to realise the structure. The band structure requires the
ability to grade continuously in alloy composition. The only suitable candidate
material system to date is GaAlAsSb.

A third idea for improving the ionisation coefficient ratio arises out of the
observation that in certain material systems the hole ionisation coefficient
exhibits a resonant characteristic as a function of the alloy compasition, The
phenomenon is a band structure effect and occurs when the band gap energy
becomes equal to the spin-orbit spTitting energy. The two material systems
which have been found to exhibit this hehaviour and which are suitable for long
wavelength operation are Gay_,Al, b and Hyy_,Ld,Te. At resonance an enhancement
in the ay by up to a factor of ~20 has been observed. However, considerable
improvemegt in the quality of these materials is necessary before high
performance devices will be forthcoming.

Also in the category of future developments are included the phototransistor and
photoconductor. These are not so new in concept but are included here because
at present no suitable devices are commercially available for longwavelength
operation. The heterojunction phototransistor (HPT) has been investigated for a
number of years as an alternative to the APD, The MPT combines the detection
process, at the base-collector junctions, and current gain, but is more
analogous in operation and performance to that of an inteqrated PIK diode and
bipolar transistor, rather than an APD. The InGaAs/InP HPT has been the subject
of most development work, but results to date suggest that it will not be a
serious contender for high data rate, high sensitivity receivers,

The photoconductor is an inherently simple device both in concept and structure,
and can operate from a bias of only & few volts. Photoconductors have been
produced in GalnAs, snd demonstrated a photoconductive gain of 10. It has so
far proved difficult to fabricate devices which simultaneously achieve low
notse, high bandwidth, and high quantum efficiency. Compared with the PIN diode
the photocenductor is inherently slower and hence is less suitable at high data
rates. Additionally, because the device is gain-bandwidth product 1imited the
gain available at high data rates is small,

It is interesting to speculate on the performance that could be achieved with
optimised receivers based on the spectrum of detectors which could be available
in the forseeable future and for gigabit per second data rates. An attempt at
such & comparison is presented in figure 17,

"y

LITERATURE

References

1. R B Emmons, 1967, J.A.P,, Vol. 38, No.9, p.3705.

2. adkam,H%,EHTMM.H&.ML,HLH,MJ.mML
3 R S Sussmann et al, 1985, Elec. Lett., ¥o1.21, No.14, p.593.

Detectors/General

J Gower, ‘Optical Communication Systems®, Prentice-Hall, International Serijes
in Optoelectronics, Ed-P.J. Dean.

S M Sze, 'Physics of Semiconductor Devices’, 2nd Edition, Wiley.

Detectors/Receivers

M Brain and T P Lee, 1985, J.L.T., LT-3, No.6, p.1281.

Detector Developments

G E Stiliman et al, 1982, IEEE Trans, Elec. Dev., ED-29, No.9, p.1355.
F Capasso et al, 1983, IEEE Trans. Elec. Dev., ED-30, No.4, p.381.
F Capasso, 1985, Physica 1298, pp.92-106.



DETECTOR PIN DIDDE APD
ATTRIBUTE
DATA RATE . DATA RATE

LOW HIGH LOW HIGH
LOW LEAKAGE CURRENT 3 1-2 4 2 -3
LOW CAPACITANCE 1-2 3 1 2
HIGH QUANTUM EFFICTENCY 4 4 4 4
HIGH BANDWIDTH 1 4 1 4
HIGH GAIN 1 1 3 2
LARGE RATIO OF
IONISATION COEFFICIENTS 1 1 ] 3

1. Not significant/not applicable
2. Significant

3 Important

4, The highest importance

Table 1
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