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Abstract: '
Integrated optics for signal processing, optical communica-

cion and image detection appears interesting not only at
wavelengths throughout the visible part of the spectrum but
a+ wavelengths in the infrared as well. While it is true

shat present dispositions of integrated optics rarely include
r:1ly integrated cdetectors, hybrid and monolithic integration
of optics and detectors will become more prevalent as opto-
alectronic intecration advances in the future. Kecping with
«khe present state of the art this tutorial thus presents an
ovcr;iew mostly over nonintegrated photodctectors for visible
and near infrared wavelengths including the wavelengths of
2.6 and 1.2 to l.6um which are of major interest for fiber
optical cormsunication. After briefly mentioning the role of
:sernal detectors, this presentation concentrates on photo-
diodes and avalanche photodiodes. Design and selection crite-
ria for the efficlient detection of wecak liqght signals will be
mentioned including cuantum efficiency and responsivity of

i -to- i rror rates
photodetectors and signal-to-noise rations and e

of optical recelivers.
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I. Introduction

Inteqrated optics i3 of Interest for the minjaturization of
existing optics concepts and for the extension and realiza-
tion of new functions {(n optical signal precessing, aptical-
fiber llqhtwavc communication and for the detection and pro-
cessing of infrared radiation. Forscable applications entice
the entire wavelengths range throughout the visible to 0.8

and from 1.2 to 1.6 micrometers where major interest in fi-
ber-optical communication centers and to longer wavelengths

In the infrared,.

Photodetectors /1/ for these wavelengths include thermal da-
tector-types, like bolometers for monitoring and calibration
purposes and pyroclectric detecteors for convenient detection
of high speed signals of high intensity /2/. These detectors
respond to the rate at which energy ls absorbed. The best and
most commonly used detectors for the sensing of radiation
Lhroughout parts of the visible and the ncarer infrared range
of the spectrum are all photodetectors based on the photoelec-
tric effect /1/. In these detoctors absorbed photons are, as
illustrated in Fig.l, able to excite electrons from lower to
higher energy levels, thereby giving rise to the flow of
photocurrent through the detector.

These photodetectors respond to the rate at which photons are
absorbed. Such photodetectors for visible and near infrared
wavelengths use photoconductive materials in which photons
are able to excite electrons directely from the valence (V)
into the conduction band (C). Photons are then absorbed and
able to excite carriers as long as their energy hv is higher
than the bandgap-energy AE of the respective photodetcctor,
Photondetectors based on band-to-band excitation in a semi-
conducting material thus possess a detectjon limit towards
long wavelengths (i) /1-6/:

1 1.24
VLo bpax tem] £ KETZVT' m
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Fig.l Photoeffect (Elnstein 1905}; Photon with evergy hv

Y {(h = Plancks constant, v = optical Irequency) is
absorbed and excites electron-hole pair in photode-
tector.

Silicon (ZE = 1.1l2ev) is the most commonly used photodetector
=aterial for visible and near {nfrared wavelengths around 0.8
and 0.9.m where AlGaAs semlconductor lasers and light emls-
sion diodes operate. Its technology is will known. It allows
detector optimization, array fabrication and inteqration with
electronic receivers. Extension of the response towards longer
wavelengths between 1.2 and 1.6 micrometers, the major wave-
lengths of present interest in {iber-uvptical communication,
needs other detector materials. Germanium (3E = 0.66eV) ex-
tends the response to about 1.%um /B,9/. NDetectors in 1I11-v
compounds like InGaAs and InGaasP on InP have undergone in-
seasfive development in recent years /10-17/ with excellent
detectors and detector-amplifier combinations /18-21/ beco-

=ing available.

Q6 08 10 12 14 16 18
'l 51 WGeAsP Gy WLGeAs

06 08 10 12 14 16 18 L
Wavelength (um)

Ihtccfor!

sl liciency
S R

Quantum

Fig.2? Fiber-optical communication tn 1,2-1.6um range. Low-
loss wavelength region of fiber, emission wavelengths
of semiconductor iight sources and wavelength responses
of semiconductor photodetectors fafter /7/).

Integrated optics has advanced to the stage, where waveguides,
modulators and switches can be combined in monolithic form.

Inclusion of semiconductor light sources and detectors has

up to now in esscence not passed the stage of hybrid integra-
tion. As far as the monolithic integration of detectors and
optical waveguldes is concerned only a few attempts and de-
monstrations have been reported. A case In point is the inte-
grated optics detector with waveguide conceived by D.B.Ostrow-
sky et.al. f22/. As shown schematically in Fig.), this detec-

tor combines a silicon photodiode with an optical waveguide
in 5i07.

At presont virtually ait integrated optics arrangements rely
on  separated,single,well designed and optimized detectors,

arrays, or detector-receiver combinations.
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3. 3 Integrated optics detector with $i103-wavequide and
77" 7 silicon photodicde fafter /32/).

<n keeplng with this present state of the art, this prcscﬁ—
:a:ion-wjll cencentrate on single and opttcal receivers with
w2ll oztimized response at visible and near infrared wave-
ienghts. Reverse biased photodiodes without or with internal
¢urrent gain, l.e., avalanche carrier multiplication are the
=08t suitable detectors for these wavelengths /1,3-8,23/.
oy exhiblit high responsivity, low leakage currents, high
sreed of response and good sensitivity to weak light signals

1= the following, the principle of operation and behaviour of
ghotodiodes will bedescribed. It will pe pointed out how these
ée:ectors are combined with low noise electronic receivers to
cezect weak optical signals with good Eignal-to-noise ratio
¢r low error rates. Attention will be drawn to the advantages
ari the increase in sensitivity that {s possible with avalan-
che-photodiode-receivers. It is then peinted out that the
infrared sensitive avalanche photodiodes do not yet reach the
sersitivities of the best silicon avalanche phatodiodes. This
tas lead to the scarch for improved avalanche multiplication
structures /24,25/ and to the investigation of optical hete-

redvne detection technigues /1,26,27/. The simpler technology

frared signals.

II. Photodiodes

and fiber-optical communication is the photodiode which has
as (ts esgential feature a reverse biased p-
semiconductor capable of absorbing the incid

/1,6,247, The operation of a reverse biased
illustrated (n Fig.4.

n junction in a
ent radiation
photodiode g
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Electrons and heoles generated by the absorbed photons are se-
parated under the influence of the built-in and appliced bias
field and drift in opposite directions thereby inducing a
curre=t in the external circult which is then amplificd and

processed.

The p-i-n photodiode, as normally fabricated, consists of a
lightly doped p or n type layer (the i-layer) sandwitched bet-
ween wwo learity doped p and n regions, Fig.5.

conTacr INCIDENT
METLLIZATION LIGHT /AI‘JTmﬂFLECT'ION COATING

n
WSSERESNISSENIIEE PR

(2} )

Fig.2a! Schematic view of silicen p-i-n photodiode.

=V Equivalent clreuit of device without lcakages and
series resistances.

n reverse bias 1s applied which depletes the | region. Efff-
cient zonversion of the incoming photons into photoelectrons
reguirs the incident photons in their majority to be absorbed
with:r the high field { reglon of the device. In operation
the photodliode looks like a current source with the photoge-~
nerated current given by

- =x= =@ .P.BE.E (2)
N hv

Lph
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where hy is the photon cnergy, ¢ the clectron charge and

Popt is the optical power incident on the detector. The quan-
tity n s the quantum cefficiency of the detector and repre-
scnts the fraction of the fncident photons producing electron-
hole pairs that are collected as photocurrent. Cd is the ca-
pacltance scen by the photocurrent generator while driving

the load Ry,-Cg comprises the junction capacitance of the rho-

todiode, the capacitance of the mount and the input of the
load circult,

The p-i-n construction allows tayloring of optimization of
Quantum efficiency and speed of response. This is of special
importance for Silicon whose absorption constant varies gra-
dually with wavelengths. To absorb all the light within the
high ficld rogion {.m ™ lelong wavelenqgth sconsitive diodes
need wide intrinsic w regions /17,

REEETRSTEE R —

- - :_——.
RO
foy

-\E"-”"l.!"(u"a;—

LIGHT ARSORFTION COEFFICIENT [cm']
LIGHT PINETRATION DEPTM, MICAONS

WAVELEHG! W [ m}

Fig.6 Optical absorption coefficients of major photodetector
materials /1,47,
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Silicon photodiodes for bl e and UV light possess high ficld
reglons that extend closc 12 the surface towards the Incident
radiacion /1/. Large efficiency (*80%} arround 6000 R and high
speed of response as shor: is 40ps can be obtained from $i
p-i-n dicdes with 2-3.m w.i2 high field regions /24/. To in-
sure high quantum cfficienzies (>80%1) at GaAs-lascr wave-
lengths between 0.8 and O.:.m the Si p-i-n diode need high
field reglons that are as wide as 20 to 40.m. Transit-times
of the carrlers through thrsze wide &rift regions will then
rowever limit the spced ¢f response to around one nanosccond.
“he gradual drop-off of thz absorption constant of silicon
with wavelength thus leads =5 an undesired trade-off between

effjciency ané speed of response.
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Fig.7 Spectral responsc ol typical nhotodiodes.

Better response and high speeds arc achleved as illustrated

in Fiq.? with p-i-n diodes made from germanium f8,9/ or IYI-v
materials such as InGaAs and InGahsP /10-17/. In an interesting
development /28/, ligCdTe-diodes have been realized with res-

ponse in the 1.3-1,5um region and towards lenger wavelengths
in the infrared.

Silicon phaotodiodes are in a state of relative maturity. Large
and small arca devices are available in single units, lincar
/35/ and two-dimensional arrays /29,30/.Photodiodes for use

in infrared optics and fiber optical communication are usually
small In size with diametres of Lhe light sensitive arca bot-
ween 20 and 200um. Their junction capacitances can be below
1pF and the dark currents of order InA. flighest speeds approa-
ching 100OGHzZ are achloved with minfaturized devices of a few

i dimensjon  embedded in microwave packages /31/.

L

it
Ay-condoct

Fig.8 InGaAs p-i-n photodiode for integrated optics and

fiber-optical communication in the 1~-1.6um wavelength
range /10-17/.



The construction and cross-sectional view of a InGaAs p-i-n
photodiode for the 1 to 1.6um range Is Lllustrated in Fiq.8,

The signals emerging from photodiodes are usuvally quite small.
A light slgnal of 10OnW creates a photocurrent of less than
100nA. For convenient processing photodiode signals thus nced
to be amplified in low noise recelvers.

T11. Optical Receivers

An optical receiver detects optical signals and amplifies it
then for use in electronie signal processing. Usually an
optical receiver consists of a photodetector and anelectronic
anplifier of sufficient bandwidth and low noisc to pass and

anplify the weak signals emerging from the photodetector /1-7/.

L FJ Re
LIGHT .
M
[Voutf « Re | 1on]

L L

PHOTO-  TRANSIMPEDANCE
oooe AMPLIFIER

Fig.9 Optical receiver with transimpedance amplifier.

Two types of amplifiers are in common use, one is a low noise
anplifier with a high impedance input 32,23/, the other is
the 80 called transimpedance amplifier 733,23/. In the trang-
inpedance amplifier the photocurrent is forced through the
feedback resistor Ry tO generate an output voltage

v *» -Rp-1

out ' (N

ph

that is proportional to the photocurrent Iph' A varicty of
amplifier circults have become known £23,32-15/ with good

signal amplificatton, large dynamic range and low noise in
bandwidths of up to tens and hundreds of Milz, with the fastest
oncs extending into the GNz range.

If sufftciently large light intensities are avallable the
major performance criteria for an optical receiver are good
responsivity (A/w) and quantum efficiency of the photodiode
at the wavelength of operation and sufficient bandwidth of
the recciver electronics to pass the photogenerated signal.

If weak light signals are to be detected, then minimization
of nolse and interference plckups becomes a major require-
ment for the receiver. Receiver noise includes contributions
from the electronic amplifier and shot nolse from the total
detector current.

The light detection process in a photodiode consists of the
absorption of photons which produce electron-hole pairs,

c¢ach of which induces a current in the external circuit.
Since the arrival times of the photons arc random and usuvally
(in the absence of strongly coherent fluctuations) /36-18/
characterized by Poisson statistics /2,36/, the current pro-

duced in a given time interval is also random. The fluctuations

in the current are referred to as shot noise. For a photo-
current Iph' the fluctuations in the current arc characterized
by a mean square nolse spectral density

2

< >
i'Dt‘.'l:

af

= 2o I (4)

ph’
where Af is an electrical frequency band of the receiver.
This nolse is associated with the incident radiation and re-
presents the fundamental limitation (quantum limit} of the

detection process /1-6/. In an actual photodiode, nonncgli-



aible dark and background radiation induced currents might add
Al

to the shot noise /1,6/.

For aralog signal transmission the goal is to detect the
weakest possible light signals while still maintaining an ade-
auate signal-to-noise ratio (SNR) at the output of the opti-

cal receiver /1-6/.
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T15.10 Signal-to-noise ratio of photodiode-recelver,

The SXR is commonly defined as the ratio of the electrical
sizgral to the noise power and reffered to the input of the

Tecriver.

Aher weak light signals have to be detected, then in almost
all gpractical cases the sensitivity (SNR)} is limited by amp-

lifier noise:

2
<l >
hv 2 Dot
<popt.m1n> ne'm {SNR) -8B —f {5}

within the bandwidth B of the receiver /1-6/.

While SNR's for digital systems are of order 20dB, even when
Crror rates have to be maintained below 10-9, analog signal
transmission of sound and video signals can require SNR's ex-
ceeding 50dB's,

To detect weak light signals it wouid thus help to employ
cither photodetectors with built-in low noise gain such as
avalanche photodiocdes or a photodotection process such as
optical heterodyning that overcomes the noisc limitations

of the receiver /1/, While avalanche photodiodes are quite
practical and will thus be treated in the next section, optij-
cal heterodyne detection at visible and necar infrareg wave-
lengths is at an carly stage of exploratijon. Interested rea-
ders are referred to the literature /26,27,7,1/.

Low amplifier noise requires careful design of the receiver.
Capacitances of the photodetector, mount and receliver input
have to be minimized. This is illustrated in Fig.l0 where the
nolse of a ficld effect transistor amplifier is detailed. Be~
sides chosing a FET with high transconductance qm it is of
utmost importance to keep the capacitances IC at the input

of the receiver at their lowest possible values. In discrete
and hybrid integrated receivers /15/ these capacitances can
hardly be lowered under a few pF, even {f the detector capa-
citances are considerably lower. As will be shown lateron in
Fig.22, this limits the sensitivity and the minimal detectable
power of discrete photodiode receivers for digital signal
reception in the 50 to SOOMHz region to -40 and -30dBm.



Phozodetectors with lntﬁrnal current gain bring advantages eos-
pectally at wavelengths where the well developed silicon ava-

lanche photodiodes operate.

vozclithic integration of photodetector and low noise recciver
is another avenue which is actively pursued to  achieve
higher sensitivities /%.19-/. Such integration has already
asvasced from the stage of photodectector-ficld effect tran-
siszor integration /19/ to the iategration of entire recei-
vars /19,20,39-41/.
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Fiz.1. Structure of AlGaAs-p-i-n-FET receiver.

Sinze Iull integration climinates major points of the moun-
sinz and stray capacltances, receiver sensitivitios improve
considerably, by several dBs. As an cxample, receiver front-
ernd modules using GaAs p-i-n-fET's have been successfully de-
monsirated in combinatlion with inteqrated GaAs amplificrs,
shewing the capabllity of receiving digltal signals at

03Msit/sec and 0.85um wavelength /40,41/.

IV. Avalanche Photodiodes

Ccnrared to simple photodiodes avalanche photodiodes (APD's)
possess internal current gain which helps to overcome the
noise limits of the receiver so as to achieve higher sensiti-
vities /1,8/.

- It -

Avalanche photodiodes are cspecially constructed photodiodes
which can be operated at high reverse blas voltages where
avalanche carrier multiplication takes place. At high clec-
tric ficlds in excess of losvlcm.electrons and holes which
drift through the junction can pick up sufficient energy to
excite new electron-hole pairs through impact ionizatjon
/1,3,4,42,43;7.
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Fig.12 Pulse response and carrier multiplication of
germanjum avalanche photodiode /8/.

The operation of an avalanche photodiode is illustrated in
Fig.l2. Photeresponse and dark current characteristics of a
germanivm avalanche photodiode are shown as {t is excited
with 0.5ns pulses From a pulse locked helium neon laser /8/.
At low reverse bias voltages, where no carrier multiplica-
tion takes place, the diode operates as a reqular photodiode.
As the reverse bias ig increased, carrijer multiplication



through impact jonization setg in, as indicated by an increoase
in the current pulse., The highest pulse amplitude and maxi-
nmun photocurrent multiplication is reached, when the diode

is blased close to the breakdown voltage Vg. At higher volta-
ges, a self-sustained dark-breakdown current renders the

diode less sensitive to photon-excited carriers.

In anavalanche photodiede the shoto-gencrated electron-hole
pairs gencerate additional carriers, resulting in an output
current that 1s larger than thke primary photocurrent given
Ly eq.2. The equivalent circuit of Fig.5b) may be used for
the APD with the value of the current now given by

I = <M> T = <M> I,1—e P {6)

ph opt

where <M> is the average carrier multiplication factor. The
avalanche gain depends on the photodetector material, device
desicn and on the bias cenditions and the temperature of
cperation.

The avalanche gain process {s 3ctually a statistical pro-
cess /34/ in which cach primary carrier produces a random
number M of secondary carriers with a mean value <M>. The
random nature of the avalanche gain introduces noise into
the photocurrent multiplication process. As comparedto a
photodiode, the mean square notse spectral density of the
multiplied photocurrent increases to

2

<q >

Det . 2 (7
- " Zelph <> FleM>), )

where F{<M>) is referred to as the cxcess noise factor /447,

In an ideal multiplier the excess noise factor would be unity.

In an actual photodetector the excess noise factor depends on
the detector material, the shape of the clectric field pro-
file within the device and on whether the avalanche is initia-
ted by electrons and holes /1,24,44/. F{<M>) will be smallest
when only one type of carriers {electrons or holes) produces
ionizing collisions and the avalanche is initiated by this

type of carrier. After McIntyre /44/ the excess noise factor
increases as

FEeme) = kews o (2- Ly 1y (8)

when the avalanche s i{nitjated by the more strongly ionizing
carrier.

1, k-1 s 2
'
-
-
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FIM) v M, FiM) = kM 4 (2 = a0 - 4,

Fig.13 Excess noise factor F(M} of avalanche carrier multj-
Plication process as a function of average carrier
multiplication M and ratio k of the smaller to the
larger ionization coefficlent and where the most ionl-
zing type of carriers initiates the avalanche s44/.



In this equation, the factor k denotes the ratio of the wea-
ker to the stronger jonlzation ccefficient. The best perfor-
mance is achieved when k is smali and the avalanche 1s initia-

ted with the strongly ionizing tvpe of carriers.

fonization rates of electrons ani holes for the most common

avalanche photodetector materials are shown in Flg.l4,

MONIZATION RATE icm' ')

4 1 g s N

CLLI*®ICFIELD |2 antyiem)

Fiz.l4 Ionjization rates of clec:rons and holes in silicon,

germaniunm and I1II-V photcietector materials
/1,24,42,43/.

Tha largest differences betweer :he ionization rates of holes
ard electrons are found in silicon. Silicon is thus the hest
material for avalanche photodiczias, It is an electron multi-
plisr that exhiblts k values as .ow as 0.02, especially at
low fields.

= -

To take full advantage of the possibilities offered by sili-
con for analmost fluctuation-free and high-specd photoelectron

multiplication /44,45/, silicon avalanche photodiodes have to
be constructed in a special way. The n*-p-n-p‘ recach-through
structures /46/ are the best /47-49/.
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Fig.15 Silicon avalasche photodicdes of the epitaxial
nt-p-n-p* tvze. Light s incident through the high
field region in the front and absorbed in the n-
region. Electrons initiate the avalanche in the n*-p
high field recion. a} High voltage (200-400V) device
with thick r region and high (>90%) efficiency and
1 ns speed of response at 0.8-0.9um /48/.

b} Low voltaze type (4-8Y) with lower (~60%) cfficien-
€y and a speed of responsc of a few ns /49/.

These reach throuqh structures rosses an n*-p region with a

high electric fleld for carrier multiplication and an exten-
ded n reqion for licit absorption and photo-carrier genera-

tion.

Reach-through avalarnche structurcs on epitaxial silicon have
the advantage of beeing quite compatible with fabrication
processes of an intecrated-circuit faciltity,
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SILICON-APD (Q8 ~ 09um) In these Si-avalanche photodiodes the excess noise is rather

low, at a gain of <M> = 100 the noisc factor is only F(l00) = 5,
?L'Gm FIELD As already mentioned, the photoresponse of siljicon does not
— } Gom : extend much beyond one micromcter. Avalanche photodiodes for
p ] longer wavelengths in the 1.2 to 1.6um range thus have to use
r 8 ? Absorption other detector-materials.
J
[ Germanium photo-and avalanche photodicdes, whose encrgy gap
f:ttf;:ﬁ?:fgzh is narrower are presently used for long-wavelength applica-
tions to 1.5 and 1.6um. While early Ge-APD's /B/ used a
mesa construction (sec Fig.lB8a) to suppress dark currents te
Fi1g.l6 Schermatic representation of licht absorption and ‘ tha 10-30nA range, newer Ge-APD's /%.50,51/ are planar in
T eleczron multiglication {cain) region of : construction (see Fig.18b} and somewhat more optimized in

. - -——pt " ! ] - t .-,_ ) -
Si n*-p=---p7 avalanche phoiodiode their elostric Fiold profiles.
5ilicon ava.anche photodiodes reach gains in the range of

-an to several hundred as fllustrated in Fig.lé for the Bniu e eion cooing
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Fig.18 Germanium avalanche photodiodes for the 0.6 to 1.5
wavelength range.
a) Mesa construction /8/, b) Planar type contruction
/9.50,51/, both with high gquantum cfficiency and
speed of response of less than 10Cps.

CremmgmE Ak

These avalanche photodiodes operate in the 10 to 100 Volt
range. Since the ionization coefficlents of holes are only
slightly larger than the ionization coefficients of the

i d. L

s e e wmo we electrons the excess noise factor of these diodes increascs
QL TaCl vy
Fig.1l7 Photcnultiplication and current gain characteristics as
of 51 n*-p-n-p* avalanche photodiodes with high effi-
ciency at Gaas laser wavclengths /48/, F(<M>} % 140.5 <M:

{9}
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approxizately proportional to the current gain. Such avalanche
photodiodes are nontheless quite usefil to overcome th
thermal amptifier noisc of the optica. receivers and to in-

crease sensitivity.

A basic reason for the investigation 2¢ further detector
mazerials and novel avalanche structures /25/ lies In the
hope of finding an avalanche photodicls that responds to
longer wavelengths in the 1 to l.6um range and beyond with
avalanche multiplication as low as silicon. Unfortunately
rone of the JIT-vdetector materials of major Interest shows
ionizaz:on rates with large differencs2s bhetween electrons
and heoles. In addition, avalanche, ph:zodicdes fabricated
in heav.ly doped narrow gap I1I-V materials show a tendency
for insreased dark currents caused by internal field emission
7327,

InGaAsP/ InP 1 InGoAs f InP

AVALAHCHE PHOTODIODE S

for 1116 um

 fop g Tame

- = —{
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Fig.1% Avalanche photodiodes with lig:t absorbing InGapsP
15/ and InGaAs /16/ regions for light absorption
and n-p InP for carrier multintication.

The most successful 11I-V avalanche photodicdes for the 1 to
1.6um wavelength range thus combine the narrow bandgap mate-
rial needed for optical absorption with an epitaxially atta-
ched material of wider bandgap for carrier multiplication.

InGaAs on InP are epitaxially grown avatanche photodiodes of
this type /15,16,52-54/,

In InP the holes undergo stronger ionization than the eclec-
trons /43/. Low noisec avalanche photodiodes have thus been
constructed such that the holes initiate the avalanche.

InGoAsP /TnP - APD (1) - 16 um)

FIELD

n* 1nGaks
n  InGaAs i B

A\
L - Ganse T } Abcorpton
n. ok ?— \) } Gon

p-InP R T
p- InP - Subsir
LIGHT Hole Multpication

~»Moderate Nose [k 2 05)

Fig.20 Schematic illustration of p-n=InP-n-InGaAsP-n InGaAs
avalanche photodiode structure with light absorption
in depleted narrow gap n-InGaAsP region and hole
multiplication in n-p Inp region.

As the germanium avalanche photodiodes, these InCaAs/InP and
InGaAsP/InP photodiodes have reached a4 state in their deve-
lopment where they offer similar improvements in recejver
sensibility in the 1.2 to 1l.6um range as the best fully {nte-
grated photodicde receivers. A further search for long wave-
length avalanche photodiodes with low nolse single carrier

multiplication might in the future lead to long wavelength



detectors with properties approaching the best silicon

devices.

v. Photodetector Applications including High Sensitivity
Recelvers

pDepending on the nceds of a particular application specific
types of photodetectors preove most appropriate. A first
selection criteria asks for good responsivity or quantum
efficiency at the wavelength of operation. For the visible
and rear infrared to 0.8 ard 0.%um Siljcon is the favorite
amor3st the solid state detector materials. Its tcchnology
is far advanced. Detectors, be they simple photediodes, sophi-
sticazeé avalanche photodicdes, photoconductors or intricate
one or two-dimensional arrays /29,30/, have rcached a mature
state ¢f development and reilable operation.

Throughout the spectral range where they exhibit high res-
ponsivizy, they are usuallr the first choice for most appli-
;atio:s, one of the reascens being their low dark currcents,

often t2low nancamperes in the picoampere-range.

Jetecacrs for larger wavelzsngths in the 1 to 1.6um region

are ¢! rnacessity chosen from amongst materials with narrower
pandgacs, such as Ge, InGans, InGansP, HgCATe or the like.
with scme design effort it is possible to keep the dark cir-
cuizs 2f these devices at svfficiently low values to allow
room Temperature operation 2ven for low light level detece-
tion. Detectors for longer wavelengths in Lhe infrared,
tnclude HgCdTe f28/, lead salt detectors and III-V compounds
lire I=As and InSb. To achieve high sensitivity, thesc detec-
tors uscvally require cooline,

A further Important criteria of detector selection concerns
the intensity level of the radiation to be detected. As

long as the light intensities to be detected are sulficiently

R IV

high it suffices to consider spectral sensitivity and speed
of response of the photodetector. While p-n junction photo-
diodes and avalanche photodiodes easlly reach response times
in the nanosecond range, ecareful device and receiver opti-
mization is necessary to achieve response times in the
higher Gliz range and beclow 100 picoseconds.

If weak light levels are to be detected, major attention has
to be paid in addition to minimization of noise and leakage
circuits in the receiver. As a case in point consider the de-
tection of weak light signals at the ond of a digital trans-
mission link. It is a goal of receiver design to provide a
signal amplification in the receiver that is as free of ex-
cess nolse and fluctuation as possible. A light signal of
minimal intensity should still be detected with sufficient
quality, f.c. a sufficiently high signal-to~noise ratio or
low error rate. For digital signal transmission the minimal
detectable optical power depends, as incicated in Fig.21,

on the quality (gquantum cfficieny n, avalanche noise F(M)}

uf the photodetector and the noise <f

Ampl
electrical bandwidth B of the receiver,

2, within the

DIGITAL TRANSMISSION

Minimal Qetectsble Power < 2>

1
gl Rl
min X 0 7 Ml

no gain (M=1) - amplifier nofse <i
dominates
guin (M21) ~ Sensitivity increases

2
Anvl>

Error rate: 1079 Q=48
10? .
10772 g7

Fig.21 Minimal detectable power of digital signal reception.
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Comparisons of the best reported receivers f{or fiber optical
communication at bit rates from a few Mbit/sec to rates cx-
ceeding IGbit/sec are 1llustrated in Fiqg.22.

While well designed discrete photodiode-FET combinations
achicve sensitivities in the -40 to -30dBm rangec at bit rates
hetween 50 and 500 Mbit/sec conslderable Improvements in sen-
sitivity are possible with monolithically integrated pin-rer-
receivers. This holds for receivers throughout the visible and
Infrared reqgion to l.6.m.

-30 10° Error rate

'
L)
wn

MIMIMUM DETECTABLE POWER [dBm])

A

-50

) 4

5% / &>
va

/ )

-60 @Q
o

- 65 : :

005 0 02 g5 1 2 5
-BIT RATE [Gbit/sec]

Fig.22 Minirum detectable optical power at input of reccivers
with photodetectors and low noise amplifier as a func-
tlon of bit rate for digital signal transmission with
an error rate remaining below 10-9.

- g -

As Lllustrated, Si-avalanche photodiodes, due to their “low
noisc one carrier type multiplication® achieve much higher
scnsitivities throughout the visible part of the spectrum to
about lum in the infrared. These sensitivities come to within

10 to 15dB of the best possible idecal guantum nofse limited
recelver sensitivity,

Germanium, InGaAs/InP and HgCdTe avalanche photodiodes reach

high sensitivitics in the 1.3 to 1.5um range. Due to thelr
less than ideal carrier multiplication propertiecs they do not
yet fully match the sensitivities of the silicon avalanche
diodes. Nontheless it is worthwhile to use avalanche photo-
diodes, cspecially at high bit rates. They provide gain up
to high speeds since their current g9ain-bandwidth products
casily exceed 100GHz /1,457,

The development of most of these photodetectors and optical

receivers has obtained a major impuls from the needs of fiber-
optical communication,

Other important advances are taking place {n the development

of photodetectors for high specd optoelectronic signal pro-
cessing and sampling /56-60/,

Interest in this ficld started when D.Auston /56/ demonstra-
ted that short light pulses from high intensity lasers can
serve to activate photoconductive switches and to generate
clectrical pulses with rise and fall times in the low pico-
sccond range. Initial experiments were done with Si, Ge, LdS
and GaAs photoconductive material. A more efficient use of

light pulses in the picosecond
InP~

range has become possible with
switches /57/. Such a photoconductive switch is ilju-
strated in Fig.23.
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Fig. 23 Indium-Phosphide~-photoconductive switch /57/.

This s<ltch is formed by a gap in a microwave strip line

on a8 semiinstlating InP substrate. An incident high intensi-
v laser pulse excites photocarriers In the InaP thereby
closing the cap between the strip-line electrodes with a
tighly conducting electron-hole plasma.

“he InP is especially treated through ion bombardment such
that the photon-excited carriers will recombine within a few

gizoseconds after cessation of the optical excitation.

A variety of appliacations of these optoclectronic uwitches
are aciively beeing explored /59/. As an example Fig.24
snoWs an application of these high speed switches to the
czioelesironic sampling of high speed electronic signals
/3%/. In this case, photoconductive sampler is actually used
to measure the pulse response of a high speed silicon photo-
diode /24/. while a sequence of weak light pulses is incident
¢ the thotodiode, stronger light pulses with subsecquently
later arrival times serve to activate the photoconductive

sarpler.

- 114 -

At

Fig.24 Picosecond optoclectronje sampling (Photoconductive
switch samples signal of nigh speed photodiode) /56,597,

A further experiment /60/ illustrates the use of a pulsed
semiconductor laser to achivate a photoconductive sampling

gate made from semliinsulating GaAs of a few micrometers in
dimension. (Fig.25).

These types of photoconductive switches offer a number of
interesting possibilities for application in optical and

optoelectronic signal processing in hybrid and eventually in
fully integrated optics.
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T:2.23 Optcelectronic sampler combining pulsed semiconductor

laser with high-spced photoconductive GaAs-gate of

a few micrometer in dimension on a tapered coplanar
mounting s:iructure. The switch consists of Cr doped
Gahs. Up to the present tirme resolutions of order

50 picoseconds have been achieved as illustrated by
the sequence of samplirg pulses in the bottom part

of the figure. /60/.

A3 mentioned, a number of well developed and highly perfec-
-ad ghotodetectors are available for application in integra-
zed optics throughout the visible and infrared part of the
sy2cirum. Most of these detectors come in the form of single,
discrete devices. Amongst the photodiodes one and two dimen-
sicnal arrays are avajilable. In addition the first fully elec-
tronically integrated detector-receciver combinations begin

0 azpear. In most cases these detectors are placed and moun-
ted at the outputs of integrated optics arrangements. Their
size is usuvally sufficiently large that easy placement is
sessible. Hybrid arrangements allow the detectors and elec-
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tronic receivers to be optimized separalty from the inte-
grated optics. Fully monolithically optic- and electronically
integrated arrangements are a rarity at this time. The deve-
lopment of integrated optics will however undoubtedly bring
fully optically and electronically integrated detectors and
receivers, at least for specific applications where large
members of receivers warrant their development.,
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