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INTRODUCTION

The purpose of this lecture is to give s review of the most
important optical semiconductor devices with the priority as«
signed to semiconductor lasers and detectors used as sansors
of the leser radiation. Therefore the infrared devices will be
mostly exposed with only marginal attention paid to those op-
erating in the visible region of the spactrum,

General features of the above mantioned devices which are
considered essentiel to their applications will be discussed
and comparisons whenever possible will be made in order to il-
lustrate the state-~of-the art in the field, Devices employed
in fibre optic communication systems will be treated more in
detail since progress in this technique is still a driving
force for the whola present optoslectronics,

Because of the large variety of design and materiale exist~
ing in the technology of both gemicenductar emitters and de-
tectors an attempt will be made to show some general idess or
trends that have been implemented in practice, Classification
of these designs will be made to allow the reader to make his
own selection of the classes of the devices thnf might ve of
interest to him in hie future studies, For that purpose each
chapter of the lecture will be provided with the bibliography

selected as the most relevant for the subject,

1. GENERAL CONSIDERATIONS

Operetion of all optical semiconductor devices ie based on
two fundamental optical processes: photon absofgtion and radi-
ative recombination leading to photon emiesion.,

Accordingly, optical semiconductor devices can be clas-
sified into two basic groups: detectors and snitters, They
ars amployed to convert flux of optical energy or optical
signals into electrical current and vice versa. In many ape-
plications emitters and detectors are used 88 optically coup-
led source/detector systems., If assembled together in a com=
mon hoveing such devices are called optocouplers, Whan the
optical coupling ie achieved with an opticel fibre the sys-
tem becomes a fibre optic link,

Considering both construction of the optical semiconductor
devices and their applications, the whole family of these

devices can be visualized as shown in Fig.i.1,
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OPTICAL SEMICONDUCTOR DEVICES

PHOTOCONDUCTORS

DISPLAYS

PHOTOVOLTAIC
CELLS

——————_

-

Y
~ " \NTEGRATED ™

OPTOELECTRONIC |
. ClRouTs 7
EMITTERS e DETECTORS

EMISSION ABSQORPTION

Fig,1.1, Optical semiconductor devices form rnow a large device
family., Their operation is based on the two physical processes:

Emission and Absarption
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Optical radiation is understood to mean electromagnetic
radiation in the range of wavelengtha between 10 nm and 1 mm.
The optical radistion band consists of the subranges UV (Ultra-
violet), vieible radiation {Light) and IR (Infra=red), The renge
of the opticel spectrum covered by semiconductor emitters is
displayed in Fig,1.2 and Fig.1.3a,b. Analogous graphs can be

pPlotted for semiconductor detectors.
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Fig.1.2. Spectral distribution of the currently fabricated
semiconductor emitters, The sensitivity of the human eye and
8alar spectrum are also plotted to show that they occupy enly
« 8small part of the optical radiation spectrum
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Fig.1.3. Expected emission wavelengths for various III-V quatern

naries ‘at 300K [A] end IV - VI mixed crystaels at 77K(B}. The
thick portion in [A) denotes the compositions which are lat-
tice matched to stable binary crystals: [a} GaAs, (b} InP,

(3} GTS?'!d' InAs ; shaded areas correspond to the miscibility
gaps [1

It is worthwhile to notice thst although the expression
"Light” relates only to the optical radiation perceived and
evaluated by the human sya, the names of all samiconductar
emittars commonly refer to "Light" regardless the wavelength
of their emission, like Light Emitting Diodes [LEDS)or Lasers,
However, recently this approach seems as being to be changed
and in more pracise definitions, the term "infrared"” appears

e.g. IRED,
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HISTORICAL OUTLINE

Cpticel semiconductor devices have over 60 years long hig-
tory marked by developments of new significant devices. How-
ever, the real beginning of the activity in this field is

usually bound to invention of junction lasers,

Yoars

1873 ~ discovery of the photoconductivity in selenium
(W, Smith)

1923 - emission of light observed from p-n junctions
naturally occurring in SiC (Lossew)

1952 - first photovoltaic detectors {germanium photovolt-
aic cells)

1962 - firat semiconductor injection lasers
1962 - first germsnium and silicon pei-n photodiodes
1965 - development of silicon avalanche photodiodes
1968 - first commercial LEDs and LED displays
1970 - CW lasing action obtained at room tempsrature
1974 - 1.3 Hm laseres made of InGaAsP/InP heterostructures
1977 - first Quantum Well lasers
Most etriking achievements are noted in the field of samicon-

ductor lasers [Figs 1.4 and 1.5},
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Fig.1.4, Threshold current density of semiconductor lasers
has been improved by almost 2 orders of magnitude making
thesa devices applicable in practice
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Fig.1.5. Progress of semiconductor 1
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range, high output power, low naise
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Fig.1.6, Loas spectra of
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in the past decade, This
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development of optical
semiconductor devices
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MAJOR FEATURES OF THE OPTICAL SEMICONDUCTOR DEVICES

EMITTERS

* High power efficiency (up to 50%)

e High speed (up to 15 GHz)
» Wavelength selection

¢ Narrow spectral linewidth

(45 m for LEDs, 0,01 A or 300 MHz)
AlGaAs/GsAs davices

® Supply voltage compatible with

N\
¢ Small dimensions of the optical source

DETECTORS

e High quantum efficiency and
responsivity

(20,7 asw)
¢ High speed

(range of nanoseconds)
¢ Good linearity
s Relalively low noise fi

ure
(NEP 4x 1815 wnl/2)
+ Wide spectral response

OPTOCOUPLERS

s High voltage isolation (up to 10 kv
¢ Broad bandwidth
* Supply voltage compatible with ICs

ICs

s High reliability

. longﬁlifetine

s (<10 hrs) small
over all dimen-
eions

e Lightweight

s Mechanical rug-
gedness

D

)
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APPLICATIONS OF THE OPTICAL SEMICONDUCTOR DEVICES

visible LEDs and displays: optical indicators
Photodetectors (visible range) : sensora

measurement systems

sclar celle
infrared devicos: see Fig.1.7,
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Table 1. Advantages of Fiber Optics

s Large Bandwidth: Light ~10%4 Hz; Modulate >1 GHz

e low Loss: 1 dB/km; 100 km repeater spacing

¢ Complete Elactrical Iasolation: No common ground
s Lightweight: 2 to 10 x savings

s Rugged and Ourable: ~800°C

s Cheaper: No raw material problems

e Securet Difficult to tap

® No electricel hazards

¢ Immune to EM Interference: Dielectric fiber = guided waves

01 051 5 10
TRANSFER SPEED [Mb/s]

Fig.1.8, Applications of fibre optic Local Area Networks (LAN)
optical fibre syatems are more suited for high-speed data

transfer than pair and coaxial ceble ayastems
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Fig.1.9. Structure of Lsser Printer System

PRINTING DOT DENSITY

[dots /mm]

25]\ INK JET PRINTER
i.

LASER BEAM PRINTER
ELECTROSTATIC PRINTER

AN OFTICAL FIBER
TUBE/ ELECTRON
PHOTOGRAPHIC
PRINTER

THERMAL PRINTER

102 10? 10% 10°
PRINTING SPEED [ lines/minute]

£19,1,10, Printing speed and dot”s density of the *Main Dote
~Mode Printer”, A laser besm printer can print at high speed
with highly resolved images compared with other mode printers,

In future, thare will be more progresa towards higher speed

and higher resaolution
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tective layer (plastic)

FPro
Jeclrve fitm {alurninim)

Transparent disc
(acryt)

111 Otrective fens| |7

Fig.1.11, Principles of playback of the Optical Video Oisc,

The lamer beem is emitted from under the transparent disc
rotating st high speed (1xB800}rpm , and the signal is de-
tected ci"rom the intensity modulation of the reflectad light
caused by presence/abaence of the signal pit
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Fig.1,12, Comparison of File Memory Systems, Optical devices
coming out enable & short time access vides file and/or a
large-capacity and low cost digital file sysrems
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2. BASIC DEVICE STRUCTURES AND PARAMETERS

2,1, EMITTERS (1]12] (3] 4] 5]

|
BEFORE : AFTER
—a ! E,
! hv .24
Eg | - Aprm] = E; - E; [eV]
|
o] " E1

SPONTANEOUS EMISSION

Fig.2.1., Radiativs electron-hole recombination leads to sponta-
neous or stimulating emission, Depending on which of the two

processes dominates, the device is called Light Emitting Diode
{LED) or LASER

LEDs s Construction Features

[ P CONTACT {Au-Zn)

6‘; Si:Ns
>
Zn DIFFUSION
~ n GaAs
41 CONTACT _ [Au-Ge-Ni)

Fig.2.2, Structure of s typical GaAs LED made by selective dif-
fusion of zine. Similar etructures can be obtained using other
Semiconductor materials aq, GaAs P, x )
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Relevant jissues:

1
e internal quantum efficiency N "
1 4+ 1L
o s—
Tnr
s external quantum efficiency Te "MiT,e

Ng = &xtraction coefficienr

_ s
gRETa

P \

a)

T
' DolP

Fig.2.3. Light propagation in two basic LED configurationa:
a} planar, b} hemisphare

Planar:

[1 + R, exp (-2«;;]3 xp)] exp {-o?nxn)

70 *

2
np {ng + 1)

where Rc - contact reflectivity, o - absorption coefficient,
np = refraction index, for flg = 3,6 8nd R =0 o=0 Mo~ 1,3%

. I
luminance: Lo - 5 A, = emitting area
Tog (ng + 1) % &, ]

Hemisphere: -
) 2 ng [1 + Rc exp (-2aszp)] exp{-cfn r)

P
(=]
[}

(n, + 1)?
- LY
for n. = 3,6 Mo = 34% Q—"zzn
o
P

2
TrnR (nR + 1] AJ

N

luminance ; Uo

EPOXY ENCAPSULATION
MAGNIFYING DOME LENS

i
SILVER PLATED l
COPPER ALLOY
LEAD FRAME,HER,

YELLOW & GREEN
{SOME STD.-RED LAMPS
HAYE SOLDER DIPPED
KOVAR LEADS)

——————
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LED CHIP CONDUCTIVE
EPOXY DIE ATTACH,
BALL WIRE BOND ONTOQ
TOP CONTACT

J

J

CATHODE POST
REFLECTOR LEAD
FRAME USED ON
HIGH-EFFICIENCY RED,
YELLOW AND GREEN

REFLECTOR DISH
COINED INTO
CATHODE POST
[NO REFLECTOR
ON STANDARD
RED DEVICES)

FLAT ON SiDE OF DOME
INDICATES CATHODE
LEAD

CATHODE LEAD IS
SHORTER THAN

ANODE LEAD
J/r

Fig.?.4. Construction feetures of a plastic ancapsulataed LED

UNIFORMLY
LIGHTED
SEGMENT

lamp

DIGIT SEGMENT

FORMED BY
DIFFUSING

CAVITY

DISPLAY
PACKAGE

Fig.,2.5, Assembly tech-
nique of a stretchsed
segment display
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LEDs: Materials Considerations and Parameters
——nt Tolerials Lonsigerat L Ll

visible wavelength rangs: direct band-gap semiconductors
{e.g. Gaas P

risls ddpod with impurities giving iso-slectronic trap=-

X 1=x

Ping (e.g. GaP t ZnD, GaP 1 N)

infrared range: direct band-gep semiconductora

(Al Ga, As : x < 0.44)

32

ENERGY GAP Eg (eV)

12

I I I 1 ¥ i I T |

| l 1 | | 1 | 1 1

GaAs

01 02 03 04 05 06 07 08 09 10
MOLE FRACTION AlAs, X AlAs

Fig.2.6, Com oTitional depondeance of the snergy gep for
B

Aleal__xA.

for xg 0.49) or indirect band.gap mate-

1.0
08
06
0.4
02

RELATIVE INTENSITY

FIYTTTTT T
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40 35|30 25 2.0 16115
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GaAs, P,
BLUE 14,86
GaAs - PHOSPHOR ORANGE INFRARED
Zns, SiC GaAsysPes /[ GagginrahsgoPi"

Goyying3As,Peg
S

e
w

Fig.2.7. Spectral characteristics of typical LEDs

Table 2, Parameters of standard LEDs

Characteristics
Package Ap [nm] [ oldeq] Poat [mW] T [nA] t . {nel[ Material
T0 18 950 80 a8 100 400

8 1018 |eso0 10 8 100 | a00 G::ﬁ 5
¥ Plastic | 950 50 10 100 | 400
H TO 18 875 30 i8 100 500 AlGaAs :5i
H.'..l.'ﬂl.ﬂ....'l' EErmaw I--RI--.--'------...--‘I HESEAEEEDS=x

Ap[nml gldegl | Limcd] I [mAT[AM] e
w Plastic | 660 60 3 20 20 GaAsP/GaAs
El' 635 65 6 20 45 GaAsP/GaP
- a 635 24 8 20 45
] 565 24 3 20 35 ||GaP/GaP
> . 585 24 10 20 a5 GaAsP/GaP
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Materials considerations

HETEROSTRUCTURES {HETEROJUNCTIONS )

* Lattice matching
A HETEROJUNTION is a junction in o eingle crystal between two

s+ wavelength of the eaittad radiation
diseimilar semiconductors. The distinguishing difference is

7 >
generally the bend structure, and the most important feature 10 /’ o 1
Y i-
6[ s ! 25
of the band structure is the ener ap. 10 - 4 r
ay gep 1 o« 10 —f
C il P 7 Aao
Basic confiqurations _wF e ‘,{' $% (2x10) -
5] y a
¢ single heterostructure {SH) gml.r ,/’ 8/:1" it must be:
4 s
s double heterostructure (OH) 2 7 /"aaln,Gay,P-GaAs A
“ 103E- P oe [n Goy.,P-GoAs —--9-5_ 10-3
* separate confinement heterostructure {SCH] ’ .o
b<—  wPb,_ SnJe-Pble
102'- PSP R U T SR U YPR RPN
SRR L LAY |
Aaofﬂo

Fig.2.9. Interface recombination velocities far lattice-nis-
matched heterojunctions as a8 function of relative mismatch
sa /a  [7]
WAVELENGTH COVERAGE
_Gox Al AsiGaAs OF SEMICONGUCTORS

S S—
| S
D — ] T
! ! W NIRRT ——110
I' H [N LONG - WAVELENGTH
| i t ) 1 T 5 | REGION 5
H ! I ! ) 3 i - L ot
n Il ~o e N I P P MM e P ; 3 (] : I _
! i (o) ) 3 i @ Q5 E
7 A P T 13 e | N b V1 1 s
-?(, <Ut' .".' :g ;_"T > - '&8 qf-g g q,. q,. E [ RE'Bm 4 |r =
o a -1 ] g i = L= & & S 1 ' | | | w
el 8|4 Sal88 ] § s 8] & & L ST 15/15 o &
g A il g 4 13 5 z = REGION 1/ rediow -
SINGLE ‘HETEROSTRUCT ——— z i z
URE  DOUBLE-HETEROSTRUCTURE SEPARATE CONF INEMENT HETEROSTRUCTURE c 7 SH(I)R} i ; ! 195 w
g @
a WAVELENGTH || Vo .
Fig,2.8. Energy band diagram, refractive index profile and b L RecioN v Y 1 g
optical field distribution in SH, DH and SCH B i ‘ t a
|
5 P o 01
e} I
: 1
¥ ]

]

[}

[

Advantagest s carrier confineaent %E— {
1

W

8

06 a8 10 12 14 16 ‘A 20

WAVELENGTH [ pm }

Fig.2.10, Loss spectrum and dispersion varaus wavelength of
Ge-doped SM fiber, Broken vertical lines indicate wavelangth
ranges covered by typicel semiconductor lasers [8]

e optical field confinement - waveguiding
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Semiconductor Compounds

¢ Ternary compounds AIIIBV

* Queternary compounds AIIIBV

28
26t
2y
22
20t
18

z =

A A

ey o

& &
WAVELENGTH, A um

=]

LASER

ENERGY GAP AT 300K, Eg ev
=

=2 o o
o= o
L
=
w

=)
3

53 3% 85 56 57 58 59 60 61 67 63 Bh 63 6o
LATTICE CONSTANT, aq R (300K}

Fig,2.11. Energy gep versus lattice constant of AIHBV com=

pounds, Note that AlGaAs is lattice matched to GaAs substrates
regardless of the composition, other compounds can be lattice
matched only if they are quatarnaries [a]
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(Quaternary Compounds]

Minumum [
Minimum X
/‘ _____
/
/
/
/
’
/ =
V. _ _ f- a aGaAs_
= / /G b Fig.2.12. Thres dimen-
W — (o sional diagram showing
[Suae -
(= InP r - the relationship be-
il ] tween the band-~gap and
the composition of the
| quaternary compound
InAs GaAs InGaAsP

Ga As
(1,42av}
565

0,57nm
0575
058
0,585
4059

0,595

40,60

0,1
0,0 I 1 ANV E . L L L 0,605
00 O' 02 03 04 05 06 07 08 09 10
InP In As
{1,35av) r— (0,35ev)

— — 50 - LATTICE CONSTANT
IS0 - ENERGY GAP

Fig.2,13, Diagram of Fig,2.12 projected on to the base show-

ing the relation-ship between lattice paramater {broken lines)
band gap (solid lines} and material composition {x and y axes)
for the quaternary meterisl Iny_.xGayAn Pl.y. Dotted lines in=
dicate[ compositions lattice matched to InP and GaAs subatra-
tas 10
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AlP GaP InP AP

AtAs

AlSb

AlP GaP InP AIP

Fig.2,14, Iso=band gag lines varsus composition of nine po-
tentially important AIIIBY compounds. Broken lines denote in-
direct transitions and cannot bs considered for lasers. Typi=-
cally band gap of the semiconductor used for the active layer
of a fibre optic emitter should be within 1,0 - 0,8 eV, Cor-
responding region has bsen ahadowed on the diagram

Modern concaepts of heterostructures
e quantum wells (Qw)
e multiquantum wells (MQW)

¢ strained layer superlattice [SLS)
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HETEROSTRUCTURE LEDs

Main applicatiaont fibre optic communication systems

Basic structurest

Surface emitting {SLED) or Burrus type
Edge emitting (ELED)

Superluminescent (SLLED)

Important paerametarsi

Light - emiseion center wavelangth A
Spectral bandwidth . AN
Optical cutput power from fibre end PF
Cutoff frequency or rise time Tins), f_
Forward current IF
Revarse volrage VR

Relevant issues

Reliability output power degradation

Operating temperaturs

(na}
{nm)
(pw)
{MHz)
( ma)
{v)
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Construction features
L =)

—n GaAs

| _nAlLGa, ,As

[P AlgpsGaggAs

P Aly G0 gg As

'GaAs

Si0,

Fig.2.15, Cross-section of & typical Surface Emitting LEO,

the AlGeAs/GaAs heterostructure passivared gelectively by
5102 to confine current

tx=0,2:03 7]
I

Il

Deaign considerationa

* good ochmic contacta
¢ thermal resistance [must be minimized)

¢ effective coupling with optical fibre

Q) . b) |1_ c) I
|

i |

[ 1=

T ” 1
Fig.2.16. Possible configurations of the LED - optical fibre
coupling. Results depand on the diameter of the emitting spot,
N.A, of the fibre and diameter of irs core, For a source amal=
ler than the core and step-index fibre the efficiencchz(N.A]a
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p CONTACT AREA
I:Z(lprnWIDEmepm LONG)

P METALLIZATION
Gahs ACTIVE LAYER

SILICA ISOLATION {01-1 pm)
02 um) ™\ OPTICAL

p GaAlAs —— EMISSION

[2 pm]} 2

n GoAlAs -

{2 j.?ml 4 250 um

n-TYPE F—— 400 ) ———d

SUBSTRATE

{100 pm)

n CONTACT

Fig.2.17. Schematic of an Edge - emitting LED, Active region
is restricted to a small area in order to incresse currant
density snd minimize losses due to absorption

LED CHIP

TO 18 PACKAGE

L4 L]

Fig.2.18, Diode package with s short fibra length "pigctail”
for easier coupling to fibre cables
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Comparison of SLED and ELED
4L

Fregquency response

PIWI UV—A—_E%, f -'1—
1+ {wT) ¢ amt

where P(o) is the CW output opticsl power

T'%(po’no){ll' 49

1/2
- 1}
eB_d {po +n

12]

o

where: Po and n, = elactron and hole concentrations
without injection

DUTPUT POWER [mw)

d - width of the recombination region

e = alectron charge

B, « recombination coefficient
{for GaAs B, = 10~-10 cm3/e at room tamp,)

J = current density

t high i ti level
DRIVE CURRENT (mA} 8t Nigh injection levels:
Fig.2.19. Output power veraus current for typical surface
emitting (SLED), edge emitting (ELED) and superluminescent

1/2
1/2 g 2
SLLED} LEDs ~;ed .1 (B
( T2(55) fo =77 (=g
o~ EDGE
7 1.0} EMITTING Ew-
z | LED —B=120°  Z -—¢..8, 5120° @10 T
E L‘_: ’1 L 5 e o hl
~ - +
= el / surrace g 507 1(0) ELED
w 05} 2051 /' EMiTTING 5 o o5 Ilw)=
= _ = LED axt L 1+{wr)?
5 9= < - SLED
¥ 0 A - &l 0 L A A - w 03r
90° 45° 0° 45° 90® 90° 45° 0° 45° 90° .::’33 o2k =150 mA |
BEAM ANGLE FROM NORMAL BEAM ANGLE FROM NORMAL < g
{a xld wa |
for ELED: @, =20 =20 rad o S W W L b L
* o el T 2 3 6§ 710 2030 5070100
, FREQUENCY f [MHz]
Fig.2.20, Fer field radiation patterns from an ELED having
a very narrow double-heterojunction spacing and a surface

Fi . .« Typi SLED d ELED
emitior g.2.,21 yPicel frequency response of EDs an 8
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SEMICONDUCTOR LASERS

Light Amplification by Stimulated Emissisn of Radiation

BEFORE I AFTER
|
L — E2|
hvyz I e NV 12
(% e f M/\.hv‘lz
: IN PHASE
|

&,
STIMULATED EMISION

Fig.2.22.
ETALLIC CONTACT
OXIDE-DEFINED APPING LAYER
STRIPE | ASING//,CLADDING LAYER
SPOTZ_ACTIVE
N i LAYER . H\[-6,
5<% z
Lu”
[+
[T7] ————
-
t
2 CLADDING LAYER
e SUBSTRATE
“LONGITUDINAL—(00uND “METALLIC CONTACT

CAPPING LAYER: GaAs {InGaoAs)
CLADDING LAYER: AlGaAs (InP)
ACTIVE LAYER: GaAs [InGaAsP)

Fig.2,23, Schematic diagram of a simple heterojunction laser,

Strips-contact double=heterostructure with 8102 isolation
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Basic Parameters and Characteristics

a) 40 b} 40
3 0
30 | 50 0 S .
20 60C 0y 5/0 ¢
10 ;
[y ; ,
z € /
E, 7| t-: 7+
= &
—
Ly o
8 o
-
z 5
=5 -
| i i
0 100 200 0 106 200 300
DRIVE CURRENT DRIVE CURRENT
{mA] [maA]

Fig.2.24, Optical output powar va drive current for AlGsAs

[a) and InGaAsP (b] lasers as a function of temperature

23d 1-r 1 1 A
Ton * A1 Loue (5750 ¢ e 1nighe)e oty 4 100) (5!

where: d - thicknees of the active layer
N3 = internal quantum efficiency

f = confinement factor [(frection of the radiation
within the recombination region)

R1 ,R2 - reflectivity

°Cout ~ absorption coefticient of the material
outaide the recombination region

O(fc - absorption within the recombination region

L - cavity length T T

I, = Ith(Tll axp (—-ql.——tJ 1)

To =~ parameter charecteristic for the laser satructurs

and material
TD = 100 - 375K for AlGaAs/GaAs
T0 2 50 « 90K for InGaeAsP/InP



- 34 -

o o o =
s O o QO

o
[

N LN Loy
80 60 40 20 0 20 40
ANGLE 8 [Deg]

RELATIVE INTENSITY

0

L
60 80

Fig.2.25. Far-field intensity distribution for & DH laser
in the direction perpendicular and parallel to the p-n
Junction plane. Angular width ©, at the half-power point
is a function of d/n (d « thickness of the ective layer)
and the index step An

/ - PEAK WAVELENGTH
y
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LONGITUDINAL L 8A! .- SLOPE = ﬁ‘l
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INTENSITY f d7

WAVELENGTH A

Fi1g.2.26. Diagram to illustrate emission spectrum of & multi-
mode CW laser and the effect of tamperature )
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SEMICONDUCTOR LASERS: DESIGN CONSIDERATIONS

Traneverse Mode and Carrier Confinement

= Optical field confinement factor

INTENSITY INTENSITY
——— -
Y
~ \‘
# __//:0’ s /’/7/[13//// d
[ 4 500 -200 nm
SH oH
QW (GRIN|
~ ~ > ngﬁnm
TR TS EIIO ST II
L5077 LA - Maw
o Lz=10nm
LOC Lg= 5 nm
INDEX INDEX
ACTIVE LAYER | | A
(23 oPTICAL caviTY i ] M= ke
[ cLADDING LAYER A
B8

Fig.2,27, Schematic crosa section of variocus laser structures
showing geometry and refractive index profile corresponding
to variation of the bandgap energy {SH lasers became practi=-
cally obsolete)
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x 10 Lasal 4 P e | .

Pl it 05 1 5 10 20
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Fig.2.28a. Threshold current Fig,2,28b, High-temperature
density as a function of tem= limits for laser oscillation
perature for various laser in OH lasers under pulsed op-
structures [11)], [12] eration[1]
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Lataral Mode Confinement

Stripe lasers: ¢ Gain guided

s Index guided

-20° 0° 2¢° -10°¢° 10°

Fig.2.29, Three basic types of wava.confining structures con-
fine the laser light in the lateral direction. In a gain -
induced waveguide (left), the injected electrons alter the
index of refraction of the active layar, confining the late-
ral mode; the correeponding beam pattern generally has two
Peaks and is highly estigmetic, In @ positive-indax waveguide
icenter! the centrel portion of the active region is made to
have 8 higher refractive index than the outer regions; the
guided light ie totally internally reflected at the dielec-
tric boundaries and provides a Gaussian-gshaped besm, In a
negative-index waveguide or antiguide (right) the central re-
gion of the sctive laysr is made to have a lower refractive
index than the outer regions; when light impinges the dielec-
tric boundaries, part of it is reflected back into the wave-
guida and pert of it 1s refracted into the cuter regiona. The
refracted light is » radistion loss, and it appears in the
far field ao narrow side lobses
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SELECT Y
BURIED HETEROSTRUCTURE EECLVEL

4 DIFFUSED STRUCTURE
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N /
MESA DIFFUSION LASING gPOT

=—LATERAL — =

VARYING -TH
T RUCTICKNESS BENT-LAYER STRUCTURE

e e

N— A —
CHANNEL IN SUBSTRATE
HIGH-REFRACTIVE - INDEX MATERIAL

Fig,.2,30, Four Principal wave-confining structures can be
used in index-guided lasere as the waveguides for confining
the laser light in the lateral direction. Examples shown are
8ll positive-index waveguides [13]

¢ buried heterostructure - Planar DH material is embeded in
8 low-refractive index materisl

¢ 68loctively diffused structure - the dopant changes the
refractive index of the active layer

¢ varying-thickness atructure - local incramse in the thick-
ness formas a positive-index waveguide

& bent-layer structure - lateral bends cauvee the light "to
perceive® a positive-index waveguide, since laterally,
light “sees" more low index material outside the bends
than in the flat region
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Lataral Current Confinement

Neceseary for obtaining: e low threshold current
s high CW ocutput optical power

¢ high power convereion efficiency

Lateral Current Confinement Schemes

ZINC OR CADMIUM IMPLANTED
y  DIFFUSION PROTONS
p / <
& k\‘“;\\\\\'“m&\\\\\\
g Wik e S
E L b 1 N X > i N
VT ATERAL——
p
= i .
linl}—ﬂ__ N >\\““
‘ -TYPE p
/ SUBSTRATE N
d
ETCHED CHANNEL

Fig,2.31. Tightly confining the currant {arrows) to a narrow
strip of the active region is essentiasl for making a CW laser,
The four major ways of accomplishing thie are shown,

e preferential -~ dopant diffusion - outside the diffused
region the current is blocked by back-biased p-n junctiaons

® proton implantation - creates reglons of high resistivity

e inner stripe confinement - back-biasad p=-n junctions on
both sides of the channal

¢ buried heterostructure - back-biased pP=n junctions
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Semiconductor Lasers Designs

There are over 30 ... known laser designs optimized to
achievet e low threshold current

» 8ingle mode operatioh

* high output power

» special features like small

astigmatism of the output beam

Most of those lesers are index guided lasers,

High Power CW Lasears

Main issuesi
s facet degradation

s heat generation

Two basic approaches have been taken to avoid facet degra-
dation:

1) Increase the lasing spot size both perpendicular and
parallel to the junction and introduce s mode - dependent
loss mechanism (lateral antiguiding, lateral absorption, or
scattering) to discriminate againat high=order-mode o8cil-
lation,

2) Eliminate facet degradetion by making nonabsorbing

mirror {NAM} laser structures,
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aj INTENSITY
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>
Alx(h‘.'AS —"'"‘,/ N

ACTIVE |LAYER
43 opnicaL cavity
] CLADOING LAYER

Fig.2.32, One method of incressing the trensverse size of the
lasing spot_is to make a DH diode a very thin active layer
(TAL), {left). The TAL acts ss a ver weak waveguide, Bso that
as much ae 90 percent of the opticaY energy spreads out into
the cladding layers, Alternatively, the diode can be censtruc-
ted with a large optical cavity (LOC) just below the active
layar (right). Most of the light propegates in the cavity
while obtsining gein from the active layer

b}
aj
Zn DIFFUSION METAL H ,
Si0z }
n-GaAs )
A le— p-AtGass ; i
—— e
S~AlGaAs L
— n-AlGaAs L\ i’
—] Spmh—- le—n - GogAs
SUBSTRATE

=4

Fig.2.33, Schematic diagram of » CSP (Channeled - Substrate
Planar] laser {s) based on the TAL concept {14]and (b): profile

of absorption coaefficient and resulting variation of the index
of refraction
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F19.2,34, Schematic of CHD LOC leser (Constricted Double
Hetsrostructure Large Optical Cavity) (e) and model of the
W-shaped lateral “leaky™ guide in COH - LOC structures [15]
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Fig,2.36. Schematic of the coupled multiple stripe (CMS) £19.2,37, Schematic representation of phase locked arrays
heterestructure laser, Similar structures have been developed (see p.ad)

with multiple quantum wells built into the active regicn [16]
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Fig.2,37. Schematic representation of phase-laocked arrays come
posed of gain-guided lesers (a), and index-guided lasers [ibl -
if!l fabricated by:
8] preferential proton implantation: b} chemical etching of
ridge type waveguides; ¢} prefersntial p~type-dopant diffusion;
d) metsl-organic vapor-phase epitaxial [MOVPE) growth over
channeled substrates; e) liguid-phase epitaxial [LPE) growth
over chaenneled substrates; and fl quantum-well-structure dis-
ordering indeced by preferential n type dopant diffusion, With
the exception of the last one, which has been demonstrated only
for AlGeAs/GaAs devices, the structure can be either of the
AlGaAs/GaAs type or of the InGaAsP/InP type [17]

r ™1 I
) O O oo o

GAIN

- rv— 0*-mode ~ .
PN e N el f w-180°-mode

7 - “
S PETRVAVIWAY

o)

-

R —f

] —={
-

()

@ F——

e

()

Fig.2.38. The various schemes employed, to date, for achieving
fundamental array-mode operation: {a) larger gain between ele-
ments than in the elements; |b) "chirped® arrays, (c} diffrac-
tion-coupled arrays; (di offset-stripe arrays; and {e} Y-junc-
tion arrays [17

REFLECTIVITY

Fig.2,39, L
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SEMICONDUCTOR LASERS
OPTICAL FEEDBACK SYSTEMS

FABRY PEROT
EXTERNAL CAVITY

FABRY PEROT
INTERNAL CAVITY

DISTRIBUTED
REFLECTOR

SINGLE FREQUENCY LASERS === |

Optical mirrors of Febry Parot Lasers are obtained by

s clesving{along 110 plane}
¢leaving and coating

e atching and cleaving

s etching

front. focet rear facet

CA=BI0 nm

os

o]

a4

02

Fig.2.40. Calculated
reflectivity as »
funcrion of the layer
optical thickness for
alternating layers of
Al,0, end 51 Tla]

i
Al203 _.% S| %AI:O:% s1 %\
LAYER OPTICAL THICKNESS
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0] NATURAL CLEAVAGE
PLANE

CLEAVED

BhL

HEAT

Fig.2.41,. GaAs and other I1II.V compounds can be easily cleaved
along (110) crystallographic planes due to specific arrange=-
ments of the constituent atoms in the crystal lattice

Meiat conlaci
50,

Gaky
LG, A
Acive layes
Gaki bulter

A Ge Ay ]
Lt ]

Fig,2.42, When a laser structure about 200 um long and 20 pm
wide is cut by exposure to ultrascnic waves in a liguid bath
8 mirror is produced at the laser’s base

- 47 =

Distributed Feedback Lasers

n-GaAlAs
p-GoAs
p-GaAlAs

ACTIVE REGION

Fig.2.,43, Scheaatic of a OFB laser

Bragg condition: A= = for n = 3,6 A=t111 R

Advantages of the distributed feedbacki

. waveiength selection and control (single frequency opera-
tion

s lower sensitivity to temperature changes

e suitable for CEICs [optoelactronic integrated circuits)

Disadvantagea of the DFB technology

e two-step spiltaxy required

¢ low output power
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Fig.2.45, Schematics of various possible structures of DFB

lasers
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Fig.?.46, An InGaAsP/InP DFB buried heterostructure laser and
itse spec;ral'characteristics. Fundementel transversse and sin-
gle longitudinal mode operation hes been obtained {20]
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Fabry Perot Lasers with External Cavities
———nronies

3
Distributed Bragg Reflector Lasere [DBR]) The Cleaved-Coupled-Cavity {C”) laser
a) na LASER MODULATOR
¥}—p* Il IZ

4 - ACTIVE LAYER [ ]GoAs

e P el Ll A —WAVEGUIDE 136um (" ~sum (fi2ium
Lac A . ALL FOUR
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B t 3
5i09 Fig,2.48, Schematic diagrsm of the C° laser [22]
INTERMEDIATE LAYER &k,
A IDE
WAVEGU InGaAsP (p} r—‘-‘ ALLOWED
np - . I FABRY-PEROT
" P — 1 ] 1 11 MODES FOR DIODE 1
INGEASP p) k=135 um P IR .
INGOASP  A:187um : ﬂz- e b » ALLOWED
nP (N ' ﬂ ¢ : FoP MODES
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] ] 1 £-P MODES
' + [ FOR CLEAVED
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[ *  LASER
.V

ACTIVE WAVEGUIDE
WAVYEGUIDE
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Fi9.2.47, Cross-section of DBR laser structures (a} and N b, -y,
schematic of an ITG DBR lassr (b} [21] ) "

_______ I I
Advantages of the DBR structures:
Mg A
e more easy to fabricate than DFB RESULTANT LASER SPECTRUM

¢ reflectivity of the distributed mirrors can be

3
F19,2.49, Basic workin rinciple of a C” laser for obtaiin
independently controlled n t1o 1 o

single frequancy operation: [a] Allowed Fabry-Pearot modea for
diode 1, (bl allowed F-P modes for dinde 2, {c} resultant
modes for double active leyer laser, and (d) resultant laser
apectrum
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Fig,2.50. Schemstic of a heterostructure laser and the con-
focel external cavity [23]
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Fig.2.51, The spectral tuning bandwidth as a function of

external cavity length abtsined using a 240 pm radius
mirror {23]
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Single Freguency Lasers

(Dynamic Single Mode Lasers -~ DSM)

Single frequency semiconductor laser:; a Junction lsser
that can be made to emit only the fundamental transverss

mode and only one longitudinal mode.

1

Fig.2,52, There are 11 major deeigns of single frequency
lasers., The three in the top row and the firet in the second
row are coupled-cavity lasers: the next three are frequency-
-8elactive-feedback lasers; the next one is an injection-
-locked laser; the last one in the third row is a geometry=-
=controlled laser, The two at left are hybrid designs [24‘



Teble 3, Parameters of selected CW hi

lasers [13]
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gh powar single mode
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Tunable Infrared Semiconductor Lasers

Applicetion: Infrared spectroscopy

Structure |Lateral Max |Spot size Author, Required featuresis tunability
type gﬁg:i:;:Ion Cw p::er H® X um Lab year s axtremaly narrow emisstion line-width
T T T T TTrr 'I T T T LI B A § Il T T T rrr
COH-LOC+CQAntiguiding 165 1.4 x 6,0] RCA Botez et al.
1983 TYPICAL R
OPERATING re-300K-» o 20 - 80K ———— g
BCM Scattering 83 1,1 x 2.,3| NEC Endo et al. TEMPERATURES
1384 ( p——————{ PhSnSe
Pb
csP  |absarption 95 [0.9 x 5.0{Hitachi | Aiki et al. ' 1 PbSnTe
1978 | LASER T 1 PbSSe
BTRS Absorption 200 1.3 x 0,6 [Matsu- Hamoda et &al. ACTIVE 4 —— PbCdS
shita 1984 COMPQUNDS —————- 4 PbEuSeTe
—_ A
DC-PBH+AR |Passive 140 l1,1 x 2.5| NEC Mito et al. , GalnAsP
guide (1.3 pm) 1985 ! L  GaAlAs S,
INO3.H2S,
PBC Pa;aive a5 0.9 x 2.2|Mitsu- Sakekibara MOLECULAR CH‘ HCL NUI?PANE,Sogo
guide (1.3 pnm) bishi et al, 1985 gﬁi;%%"”““ HF HCL WF || cO [$02.03.NH3
1 1 i llllll llll Illll ! I S S W
01 0.5 ] 1 10 50

WAVELENGTH, um

Fig.2.53, Properties of heterojunction lasers
spectroscopy epplications |[25]

relevant to

METALLIZATION -

INSULATOR;
n*-PbSe
n -PbEuySeTe A ]

ACTIVE LAYER : PbEuSeTe P -PbSelPbTe)
p -PbEuSeTe [SUBSTRATE}

METALLI ZATION

Fig,2.,54, Double heterostructure lesd salt laser configura=-
tion (Meximum operating temperature: CW - 150K, pulse - 250K)
Note: these new types of lasers are still in the laboratory
atate [25]
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2.2, PHOTODETECTORS [26] [27]

BEFORE | AFTER
e —— s : Ec
1=800mA 28K E. s\hv I
:j{ﬁgcﬁ1 ] : E
23} A 4860 ) b i v
DAY N—— . ABSORPTION
S | N Fig.2.56, Photon absorption resulting in freecarrier generas
225 —I 1840 tion is fundamental for operation of semiconductor photode=~
::L\T._ tectors
R
E 22 — R ®® l The major requirements for a photodetector and opticel
o —— _..._._._....:l_._
2 i R < receiver with high performance include:
I ast {800 €
& — ¢ large response at the wavelength of the incident optical
% B signal
w
- oaf <780 * sufficient electricsl bandwidth i.s, speed of response,
to accomodate the information bandwidth of the incoming
signal
205F S 1760 ¢ minimum excess noise introduced by the detaction and
— emplification process,
20 — - ———\— {no
1070 1055 1070 10585

GENERAL INFORMATION
WAVENUMBERS, i’

Fiqures of Merit

Fi9.2,.55, Temperature and current tuning characteristics of

Figures of merit are used to compare the measured perform-
a8 Pbg,9955ng,00550 heterojunction laser [25]., Since gas ab-

sorption 1inéa exbibit linewidthe of a few 0.1 ¢m=1 ar nor- ance of one photodetector against the measured performance
mal pressure sand in the order of 0.01 cm=1 at reduced pres-

sure, the emitted laser radiation can be easily tuned through of other photodetectors of the sama class, the performance

a selected gas absorption line with s resolution of < 10-4¢pm-1

far below the linewidth expected of an ideal photodetactor that performs at a level

limited by some fundamental physical principle, Care in the
use of photodetector figures of merit is essential because
many parameters of photodetector performance do not fully

summarize the relevant factors in photodetector choice,
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A basic figure of merit that applias to all detectors with
electrical output is responsivity,
e Responsivity
Responsivity is the ratio of the output [usually in
amperes or volts] to the radiant input in{watts)

Spectral voltage responsivity:

v
R, (x.f) "3;‘;‘:'“—] [vrw]

Vg = measured voltage output
Popt - apectral radiant power incident on the detector
Alternativelys

Ry (A, £ m F:EfT;T' [Arw]
It may be noticed that
91-%-% [A/w]
where: X in um
N~ quentus efficiency
The blackbody responsivity:

VS V.
Rv (T, ] & -

= by 4 2
"{c; Popt( ) da Asda T Ad/ TR

1s oqual to the ratio of detector output and incident
radiant powsr from a blackbody source of rempsrature T modu-
lated at 8 frequancy f that produces the observed output,

¢ Quantum Efficiency )

The Quantum efficiency 7 1s the nuaber of elsctron~hole

pairs generated per incident photon

- 50 .

I P
L) t
LAl T
where: I. is the photogsnerated current by the sbsorption
of incident radiant power ﬂ”nlt a wavelength A

= Noise Equivalent Power [NEP)

The Noise Equivalent Power of a detector is the required
power incident on the detector to produce a signal output

egqual to the rms noise output,

i
NEP = —LMS
Ri

where: i ng 18 the roct-mean-squars noise current in

amperes, Ri is the current responsivity in A/W,
Detectivity O
The detectivity D of a detector is the reciprocal of the

noise equivalent powsr,

0 = §EB

s Normalized Detectivity D"

The normalized detectivity D® normalizes the detector area

and bandwidth

&
\/A s f
0* VA A f = —F [em H21/2 1]

Alternatively
o Lant o RAT et s
rms v rms ept
where % is the signal to noise ratio,
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PHOTOQDETECTORS

PHOTOCONDUCTORS Q’HOTOVOLTAIC DEVIC ED

( FHoToDI00ES ) PHOTGTRANSISTORS
—(p-n PHOTODIODES )
PHOTOVOLTAIC
——{(p~i-n PHOTODIODES ) CELLS
AVALANCHE
PHOTODIODES
SCHOTTKY BARRIER
PHOTODIODES

Fig.2.57. General classification of major types of eemicon-
ductor photodetectors
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PHOTOCONDUCTORS

hi

P
_— alnp2Rt) ()

P
opt .primary

Lon® al? 79 ]photocur‘r‘ant

OHMIC

CONTACT

co".:'r".l:‘: t.I' * v
Fig,2.58m) Schematic diegram of a photoconductor that consists
of e slab of semiconductor and two ohmic contacts ar the ends

Photocanducior

%MT o

Fig,2.58b] Equivalent circuit of a photoconductor

the rms signal current:

L= 3mPope T 1
p V2 hV tr (1 + W2T2’_17§

thermal noise:

2
10-4kTGB

shot noise:
2 _ 1 449I,8

i =
GR v, 1+ w2
ig sz(popt/h?} kTt 2,6 o
(s/N)Power = I-z .2 [1 * _-'_r_(:l '”')27 }_]
Gr * iG 8B q

[+]
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PHOTODIODES

p-n _and p~i-n Photodiodes

ANTIREFLECTION METAL
COATING CONTACT

he
. %n. »
T T Psoy” Vﬁ

(Q) tb)
ANTIREFLECTION

ucrnt\ e d CORTING
"x/a_%‘i,.m

X Sy~ f
ha
— e ] / n
/ o
* nm[cnon) L THIN, SEMITRANSPARENT
COATING METAL LAYER
fc) id}

Fig.2.,59. Device configurations of some high-speed photo-
diodes [28]:
8} p~ie=n diode,
b} p-n diade,
€] p~i-n diode with illuminstion parallel to
Junction,
d] metal-semiconductor (Schottky barrier] diode

]L=lD 'lp ) Iﬂ.ﬂl\
gV
ID=lo[exp(—ﬁ)-1] L
lp")ﬂ‘e"d%&
le
== v
KT Iptlo
__‘_) V°c=-3—-ln[ Io ]

Fig.2.60. p~n junction current-voltege characteristic and ita
shift during exposure to light, Ip is the photocurrent, Py is
the incident radiant flux dengity
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Noise Propertise

CURRENT: THERMAL
OPTICAL NOISE
SIGNAL
e SIGNAL OUTPUT
PHOTO- [ INTER- SIGNAL
ELECTRIC ACTION |—w o TIC
EFFECT CiRCUIT
B NOISE
BACK- ACK -
GROUND GROUND
{a}

. ' - -‘éw v .
— S
(o N c-L- R R ¥:
[ IT ] L Ly R/,
tb

Fig.2.61a) Photodatection progess of a photodicde. b! Equiva=
lent circuit of a photodiode [26]

ras signal current: 9
ip = qnm Popt/ﬁh
shot noise
2
<ig>=2q (1, ¢ Ig+ 1) 8
Ip -~ photocurreant,
Ig = current resulting from background radiation

ID - dark current
8 - bandwidth

thermal noise

<12> « 4 kT (1/Req) B Req = 1/Ry + 1/R + I/R,
2
2
(5/n) o Req = 172(an Pope /MY

power (<1f>+<1$>}aaq 2q (1p + Iy + 1,)8 + 4kTB/R

eq
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Metal=Semiconductor (Schottkv Barrier) Photodiodes

Metal=semiconductor photodiodes are particularly useful

in the visible and ultraviolet regions. In these regions the

absorption coefficients of in most of the common semiconductors

are very high, of the crder of 10° cn'1 or more, corresponding

to an effective absorption langth of 14{ T 0.1 pm or lass,

It is possible to choose a proper metal  a proper antireflec-

tion coating eo that a large fraction of the incident radia-

tion will be absorbed near the surface of the semiconductor,

DHELECTRIC

B B S =
[T
TRANSMIT mNcE\ / r
~ 60
&
1.3
£ a0 REF LECTANCE
LOSS
’J’J’__—(
20 Y
0O )
10 ] 0 &0 100 200 400 €00 1000 2000

THICKNESS OF Au LAYER (&)

i k)
Fig,2.62, (a] A 500 2. thick ZnS antireflection coating, [b)

Transmittance, reflectance, and loss in the gold films as a
function of the gold layer thickness, A= 0,6328 um [29]
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Avalanche Photodiodes

Relevant issues:s Jlow noise
« high gain
s high speed
s reasonably high operation voltage

INCIGENT RADIATION SigN,
METAL [*ve) ANTE-REFLECTION
CONTACT RING
n* p

COATING
T T It r ST

SigNg AND 5i072
'f;v ARLRRARRLRRRRR 1]

PASSIVATION

- CHANNEL sTOP
DIFFUSION

METAL {-ve)

‘ o CONTACT
Fig.2.63. State of-tha-art reach through silicon avelanche
photodioda structure [30]. Guard rings are made to prevant
Premature breakdown, channel stop rings are to prevent sur-
face leakage

AVALANCHE PHOTODIODE AMPLIFIER
T = ——— LB 1
oPTICAL CURRENT, 1 |
SIGNAL SIGNAL ! [ QuTPUT
~ I. PHOTO- DARK AVA- |7 INTER- | SIGNAL
| {ELECTRIC LANCHE <} ACTION [ p) )5
EFFECT | GaIN :_'_ CRCUIT| T NGISE
BACK- | - ]
GROUND L _ _ _ _ oo T _au ¥ ¥ T4
u
BCESS |
(a) NOISE

N
NS
LY
-l
—

b}
Fig.2.64a) Photodetection process, b) Equivalent circuit for
APD |26]
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Noise Properties of APD

i,=qnmp, MVZ hy M - avalanche gain

2 2
<4 >= 29 (xp +Ig s I)<M D8
or

2 2
<1.>= 2q (1p + Ig ¢ I) M° F(m)B

1I2(quop“h\J]2
2

2q {Ip + Ig+ 1) F(MIB + 4 &T B/R.q M

S/N =

Noise Factor:
V-
FIM) =< M >/mM
tor electron injection alone:

' of~ electron ionization
FiM) = Fé( M+ (2-1M (1 p/c{] rate
B~ hole ionization rate
small B/s 18 required for electron injecticn and
emall /g for hole injection

- GaAs
e S

IONIZAION  COEFFICIENT (¢m )
Sy B By 3,
Y y

5, 8,
E
?

ELECTRONS & HOLES

5
E
;/~

L] T T T i ] 5
1 3 & S &x1)
FIEWD (vem'}

F19.2.65. Approximate values for the electron and hole ioniza-
tion coefficients in GaAs and Si at 300K {21}
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Material conaiderations
—nfc ronaiderations

WAYELENGTH {um )

o284 2 15 10 08 06 05
- 7 e, v T $ T T V, 1 T T 3
iy z;na:ih\s/% He - Ne E
L P -
> Fgir 7% 7 -
z 0oL 222 %7 72 be GaAs
b TR 277 s 7 > 3
O B2 177 7imodase Cale
2 7InSB_ InGaA ]
% ml’pg Ly Z 7 /
© T 7% #7 e ’ 3
z z As z Si 3
E [ % dTi 7 ]
Z e p
g 0’7 g 3
3 FFHY? E
b Fe $: GaP  ;
< 2 z z z 1
U [
=t fE: fz ]
o = 7z Z 1
o 1. M i " i 4/4_._ 1 L L 1 i
0102 06 10 14 18 22 28

PHOTON ENERGY (ev)

F1g9.2.66, Absorption coefficients of the seniconductors im-
portant for photodetector technology. The vertical lines and
shadowed stripes indicate the Nd 1 4 AG and HaaNe laser lines,
transaission windows in optical fibres and open athmosphere,
respectively

32 Hg,_Cd Te
281 ALLoy
-——124-
E
2 201
< 16F
12
8-
b_
s I L Fi9.2.67, Cut«off wavelength as
02 03 04 a function of alloy composition
COMPOSITION X for the Hg, _,Cd To alloy [32]
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- §9 .
“"Mess” type photodiodes
W00pum
—
TilAu contoct
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substrgte
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Fig.2.68, Quantum efficiency and responsivity for various
photodetectors [26]

HETEROSTRUCTURE PHOTODIODES
Advantagees:
¢ large-bandpag material cen be used ms a window for the
tranamission of optical power

¢ quantum efficiency and response speed can be optimized
for a given optical signal wavelsngth,

40

16 Ins
azft N\,
28F \\ Inse
ALP e CdS
24t '\“'

ey
=]
T

-
N

ENERGY GAP AT 300K, Eg ev
=

o 28
:

i 'l 4 1 1 i 'l A ¥l i
54 55 56 57 sB 59 60 61 62 63 64
LATTICE CONSTANT. o, & (300K)

Fig.2.69, Enerqy gap versus lattice constant for III - V and
I1 - VI compound semiconductors

n* InP<100>substrate hy

b

F19.2.70. Mesa InGaAs/InP PIN photodiodes [34]
a) front-illuminated structure
b} back=1lluminated structure

RESPONSIVITY (A/W)
=] o - -
o @ < )

<
&

02

ey,
C% 40 11 12793 14 185 18 17
WAVELENGTH {um)

Fig.2.71. Responsivity and quantum efficiency of & InGCaAs

P=ien photodiode versys wavelength [35]

QUANTUM EFFICIENCY (%)
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Planar photodicdes
Table 4. Performance Comparison of InGaAs and Ge

SECOND SiN p CONTACT Detectors {Active Dismeter 2 ma; 0 v, 25°C) [41]
INX
{PASSIVATION)
FIRST SiNy o 1 InGaAs Germanium
u .
{DIFFUSION MASK) ety Responsivity (A/W)
n”InGaAs 1.3 um 0,8 0.5
n_InP 1,55 um 0.9 0.7
n InP i 0.82 um 0.2 0,1
n CONTACT A -
Dynemic impedance (kohms) 200 6
AR COATING
NEP  [pw/Hz1/2) 0.3 2.4
AulZn SiN[AR) Capacitance { pF) 600 1600
.
1SiN '| PII' s Max. Operating Temparature [(°C) 100 60
Hm . 14 tnin
Iym n”InGaAs
100 Bm n*InP
1

]
l AuggSnpz
EUTECTIC [AuG.SS"O.zmlE BOND
Fig.2,72, Schematica of planar InGaAs/InP photodiodes
a) back illuminated
b} front 1lluminated
Planar structures are mors advanced than mesa types and
better suited for large scale production by Chemical Vapor

Deposition techniques,
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HETEROSTRUCTURE Avalanche Photodiodes

Flg «2.73,
biss jin a

101 w0
I- SOum P*-1aP(Co aire}
Au ZIn
2l 5i0z 1108
1o n—inP £
o GO [n AsP ;
o [+ ot -Iop sob [ {352 ¥
NE Au Ga i
o )
- 1
« a
2 el |
> 0 ‘o
r
) AVAL ANCHE GAIN
W
a 10-8} 41
-
x
Lowd
g
2108
&
a
w-T-
w0l DARK CURRENT
- 1 1 1
i 0 26 o) %0

REVERSE BIAS VOLTAGE (V)

Avalanche gain and dark current dependence on reverse
InGaAsP heterostructure evalanche photodiode [36]
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"Separate Absorption and Multiplicarion® concept

InP nP

\

-
nGaAs

abtorbing
layer

g
InP

subsirale

A
mulliplication

loyer

Nd

; 22 ITISIIIIISY

1Y

Fi1g.2.,74, Layer composition,
field profile of SAM (separat

APD structure

doping profila and slectric
e sbsorption and multiplication]



hv
a

LIYLITTY

- 74 -

AuSn
n Ing gy Gag hAs
nin g5y GagAe 0Py

/" Ing Gy, Ang Py

- Fig.2.75. Recent SAM AFD

plnP (butter) structures [34]
pInP substrale

Aulinln
—

® LPE « grown with p*

\ guard ring (Be} subatrate
P ica) SN, 18I0,
he /n'lnP
///n InP
T P (nGadep ® VPE - grown with planar
-———-"inGaAsP structure
N InP(buter)
n InP substrale
" auserhi
M ¢ LPE - grown buried
° structurse
Auln

hy  n-InP SigNg
{active)

Pibe)

n~InPiguord nng)
nlnP

nGalnaAsP

[~ nGainAs

[T——n P {butter )

| e NInP substraw (1) A

/Auﬁo

electrons
InP \ JAnGaAsp

InGa As P
InGa AsP
h°|es\\ valence

band
notch

a b \

F19,2,76. Band diagrams of heterostructure APDe a} InP/InGaAs
heterojuncrion showing "notch® 1in which holes may be trapped,

bl InP/InGaAs heterojunction with InGaasP layer to reduce ef-
fect of the “notch”

holes
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~— ELECTRIC FELD

5865 4  30° 25vicm
10 R Tk SR T T
eml| v ¥—HOLE

IONIZATION RATE —»

5

LECTRON
.E Fig.2,?7. Renge of measured

1 e
P2 305 4cmyv ionization rates of electrons
RECIPROCAL OF ELECTRIC FIELD™> and holes in InP and GaAs [33]

The ionization coefficient ratio c
hanced in superlattice APD structures

an be arvificially en-

Photonjected
carrdr

Ehectrong wonite in

F19.2.78, Schematic diagram of the superlattice APD; below are

shown energy band diagrams of a reverse bissed suparlattice
APD (&) and staircase APD (bl [37]
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Table 6, Relative merits of fibre optic receivers incorporating

Table 5. Laboretory messurements of optical receiver sensitivi- III - V PIN diodes, Ge APDs and ITi . v APDs  [24)

ties long-wavelength photodetector types [40]

Bit rate |Wave-~ |Normali-]Researchers 111 - Vv PIN diod Ge APD II1 - v APD
M h - Lab t
Type b/ legt z:gve:° ;:glzgzzd eboratory Device simple difficult especial~ vary difficult
sensiti- structure ly for 1,55 m
vity damt joperation
Fabrica- { new technelogy stablished still in re-
Photoconductor tion but relatively [technology search stage,
simple yields poor
InGaAs 2000 1,51 ~30.3 |[Chen et al |AT T Bell Lab
(1985) Receiver | very good at better at high potentially
1000 1.3 ~35.9 |[Chen,Kasper] AT T Bell Lab eensi- low bit rates bit rates,especial- |gives best sensi-
Cox (1984) tivity progressively Lf device cooled tivity, but by
worse above onl{ a few db,
p-i-n Photodiods 565 Mbit/s Still considera-
trade off with bly inferrior to
InGaAs 1200 | 1.53 { -36,6 [Smythe et |British Tele- dynamic range 51 APD
al  {1984] |com Res. Associat-| low voltages, high voltage operation
565 1.3 ~40,2 [Smith et British Tele- ed cir- |high performance simpler circuity,but more of it,
al (1982) [com Res, cuity FETS nesdad axtra circuity to stabilise gain,
447 1.3 -48.8 |Ogawa et great care with and compeneate for temperature
al (1981) circuit layout to| variations
minimise stray
APD capaclitances
Germanium 2000 1,55 | ~33.6 |Yameda et |Nippon Tele- Applica- |chosen for preferred for atill at re-
al [1982) |phone Tele-~ tions aubmarine systems| bit rate land earch stage
graph Corp. because of simplilsystems at pre-
4000 1.3 =22,0 |Takano et Nippon Elec- city, will be pre}sent
al (1985) leric Corp. ferred for co-
400 1.3 -38.8 Yamada et herent systems problems with saturation
sl [1978) in coherent systams
SAM  APD
InGaAs/InP | 4000 1,51 -32.7 |[Kasper et AT T Bell Lab
sl (198s)
420 1.56 -44,3 Kespar st
sl (1983)
Integrataed detector
InGaAs p-i~n/{100 1,3 =36,0 |Xasahara Nippon Elec-
/InP MISFET et al (1984)itric Corp,
receiver
1 x 12 InGaAa| 45 1.3 -40.5 Kaplan, AT T Bell Lab
P=~i=-n array Forrest, 1
Johnson
{1986)
dBm® - decibels below 1 milliwatr of power
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Table 7., Proparties of infrared quantum detectors

Wavelength | Operating Peak Response
Materiaml range temperature | detectivity time
[pmf K 1010 &m
Hz1/Z w-1] [pa]
Ge 0.8 = 1,8 295 10 0.001 - 0,2
PbS = 2.5 295 8 = 15 250
1 ~ 3.3 77 15 - 25 5000
InAs 2.3 - 3.8 295 0,5 0.1
1.3 -~ 3.2 77 40 1
InSh 1.6 - 5,3 77 10 - 40 0.1 - 1
CdHgTe 3 =-5 295 0.2 - 0,5 0,005 -~ 10
185 2 ~ 10 0.2 - 1
77 5 = 10 1o
CdHgTe 8 - 13 77 0.5 =« 3 0,2 - 1
0,5 = 2 0.001 - 0,1
CdHgTe 10 - 22 77 1 0.2
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PHOTOTRANSISTORS
h C
i "I }Icco
BASE n\r—EHTTEﬂ
l E u[ ccar{[m lﬂlm
n B’—’u
£
COLLECTOR
(a)
BASE l i EMITTER [——
6T ]
COLLECTOR [3

by

Fig.2.79a) Bipolar phototransistor, b) Photo - Darlington]3s]
Characteristic feature: large base-collector Junction serving
as the light-collecting eslement, Effactive quantum eofficiency
is (1 + hgg] times larger than that of the basss~collector
photodiodes. Frequency response limited by large Cep and by
the gain of the detector due to feedback sffect (Tp 26pe)

(EMITTER) (BASE) (COLLECTOR)
1

1
: ! p-Ga As
1 1
1 [}
1
J
]
i 50 1p - 40mA
a-Al, Ga)., As = 40
1)
L Ip=20mA
20

| S 1 I 1 L 1 i 1 )
1 2 3 4 5

R Ve (voLTS)

Fig,2.80, Current-volt=
- age characteristics of
a bilateral symmetrical
- haterostructurs photo-
transistor [39]
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213, OPTO-COUPLERS (OPTO ISOLATORS) [26] [a2], [43]

a4l

Fig.2.81, Equivalent circuite of opto-couplers

FOUR PIN EMITTER
LEAD FRAME

”" GaAsP LED EMITTER
[UNDERNEATH
LEAD FRAME)

INSULATING FILM

SILICON PHOTQ
DETECTOR AND
AMPLIF YING
CIRCINTRY
Fig,2.82. Mechanicai
construction of plas-
tic encapsulated
opto-couplers, The
GaAs [(or GaAsP) emit-
ter and silicon de-
tactor are die at-
tached and wire bond-
ed to separate four-
=pin lead frames, An
isulating film is
gandwiched batween
the amitter and de-
tector lead frames

FOUH PIN DETECTOR
LEAD FRAME

EXPLODED VIEW OF HP OPTICALLY COUPLED ISOLATOR
EPOXY ENCAPSULATION /Emmsn

L _FILM

DETECTOR

CUTAWAY VIEW OF HP DPTICALLY COUPLED ISQLATOR

other constructions t reflection opto=couplers

Table 8, Typical parameters of ¢
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urrantly manufactured

opto-couplers [44)
Typical urrent Input Input T,
Features Data Transfer | current Output
Rates Ratio Insulation
General Purpose,Photo- Riss/Fall 0% 60 mA 2500 v
transistor output Time O.BFJ
High Speed Transistor 1 Mbit/: 7% 16 mA 3000 vV
Output
Ultra High Speed Opti-| 10 Mbity 600% 5 mA 3000 v
cally Coupled Logic
Low Input Current, 300 kbir/el 300% 1.6 mA 3000 v
High Gain
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3. FUTURE TRENDS

In optical communication ; langer wavelsnqths
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LOSS (dB/km)

67
MULTIMODE OPTICAL ~ SINGLE-| 051 2345 Fig.3.2, Estimate of loss for
FIBER - MODE E WAVELENGTH [um] infrared meterials [46]
Q::> OPTICAL 2
o e = _EIg % 9 New semiconductors
LT are being tested: » GalnAsSb/InAs
x MULTrchPSoSNENT( INGe V) S » GalnAeSb/GaSh
o 10% LA . POLARIZATION 5 ¢ InAeSbP/InAs
B, OPTICAL FIBER(3.0 D * AlGaAsSb/GeSb
0w 103 FLUORIDE Z
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S 102k +25 w =~ In optical information proceasing : shorter wavelengths
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o 10! (\ x | 42 (&
@ i | 0 z Solution : quantum well lasers (Qw)
pld 1 >
> of. o
<L 10-1_ T mmm G [— Ly —
" % v 34
2 % ‘10 -3
1074 2 @
\ | 2 %
| » g
o . . ; 05 ¥ 1 EF
1960 1970 1980 1990 2000
YEAR
3
Fig.3.1. Progress of optical fibres and their future pro- 9 ~—hy
gress, By the 1990s development of infrared transmission
material will decrease the optical fibre transmission loas
below silica glass’s theoretical limit st 8 2 - 4 um wave-
length, causing en increase of demesnd for single~-sode fibre
[45 th ghh
1y hh
L
E > E
2 2 Ey

Fig.3.
togath

3. Energy level diagram of confined alectrons and holes
er with the allowed radiative transitions (n = 0).Higher

enargy levels contribute to short wavelength lasing
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- In general t higher CW output power
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