TIFIC AND CULTURAL ORGANIZATION

f@) INTtRNATlON.&L ATOMIC ENXZERG Y AGQENCY
UNITED NATIONS EDT"CATIONAL. 8CIEN

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - P.o. B. B8€ - MIRAMARE - OTRADA COBTIERA 11 - TELEPHONE: 3240-1
CABLE: CENTRATOM - TELEX 48039% -]

H4.SMR/285 - 12

WINTER COLLECE ON
LASER PHYSICS: SEMICONDUCTOR LASERS
AND INTEGRATED OPTICS

(22 Pebruary - 11 March 1988)

PHYSICS OF SEMICONDUCTOR
LIGHT SOURCES AND
DETECTORS

H. Melchior
Swiss Federal Institute of Technology
Zurich, Switzerland




£ S £ £
: : 0 5
Semiconductor Light Source o =8 3
T E v £
""""'I 'E.,g 55.-_
=" o g_)u . E
2%e g &
P-InP X o xS
1 ‘guou.es (\N\S. i PrEs
VP—= InGaAsP < - < 4 -g
B ACTIVE LAYER 4 8 4 82
S84
(Q/Z- N-inP cktcd

L
, ELECTFIONS ] \\ / l

THREE CRITICAL ELEMENTS

N-LAYER INJECTS ELECTRONS
P-LAYER INJECTS HOLES

ACTIVE REGION EMITS PHOTONS

Ni-AuGe-Ni
|
'

n-contact

DOUBLE HETEROSTRUCTURES

i

|
TRANSVERSE JUNCTION STRIPE LASER

§ 3 :
N o S g S
{WIDE) BAND GAP T Lot > =
N e B % 2
h o LD QR EE Zé -g

17

pa’

J :> P n SE
LIGHT
EMISSION
REFRACTIVE INDEX L.

LIGHT T /\

Zn-&drive-in-
diffusion




. saovuns Bunse|s. jeyeied 1) |n._
PUS UIBD yla WNPBW B J0) WONIPUOD UOGRIEO I |0 YORTIUSERIOY |-G T ‘Ot o~
WYY W ———

ANd1ng ANt
)

r ’ ] 1

_.C._n.-_mn...ﬂ_ W I — — — — ey
]

L = 1nm

MIRROR
2n

AP LE 3= gz 3
'

+
1
1
OO 132 Y — — 123000 17T
)
] v
t
1
! ]

2 30w 1 3MIu0s
NI T3TVA3M AT L DML ATV Led

mc

loss

W 2y e G dxs T2 pur dosinm yo) 3y 1w P idaa s @ Snam endo

241 uiyIie SPia) JUIPIUI 01 P JO ONRI M| Ty SE UDYEL S souwr
Y31 J4E ISP IWIPIDUL DI POINWISURI) O O1LES pUE -' SR UIYRY S1 JOIW
Y| 241 12 SPIMY UdpL 01 PAHWSUE Jo OIS 3Y) *7 51 Yifua) Anamd g
187 By W umoys se Joanw Siara Y3y g uo wapuy s ipg-27) by
g uaaH se *y Jueisuos uolirdedosd xdWwos DY) im danw sueyd ay g
on AN 1Q UAIT bon
“RIIIdS0 135E) JO uONdUSIP i SMOJI0] |apowW S “|-g 14 W pyrasa
se saoRuns Bunssyas Aetued pgeied  waomiog NN darm-sueyd
ay Busapisuos £q pauiriqo aq Uk uoHIPUBD uoHEYIO ML 0w
-Japiau 30 uo[m3 J04ag-Aiqrd B W10) 01 IR Yum wimpaw ® 30 sa0n)
-ans unzayas jajjesed jo asn £q powsoy £jjensn St JOIR|[LI50 195k} iy p
UIREd dyy se
{317 wwany0d uied sy aeudisap 01 uaog sy adesn {RIMIA0) pagIOsqE St
UOIIEIPEL Udym 241150d S (F)% IPYM “PIAUWI SI UOHNMPES UdYym darnsod se
PRUYIP uE (FIF pur (3)™" ssneaaq uBls snutw € sy (g5 1U-8¢) b3 vy

0-g5) 1™ T /Py = (7 - = (76

¢ Phase condition

® Gain

Two Conditions For Lasing

MIRROR

se ()5
sl pue aanedau Swooxq 1)-7¢) b £9(31™"2 01 paieu 51 yorym (e
W3LMY30) uondiosqe Hy1 “UOISSILLZ PAIRIAUMIS JO) LONIPUCD 5JrSRa03t ay
SIYSHES UGLIEIDND 3Y) Udym JTU) UMOYS SEM §) OIS snolaid y) u)

ALISHIO LNZHEND QIOHSIUMHL

‘MSWNS pue "1ysedey ‘ysiuey 13))y) 'mos wonoeq ayl Ul umoys
St Wbt jo wawauyuod By o1 uey) ss3| S ainponasowaoy e ssorae abueys ay) “eg
1noqe s! sy*-'en’|y/syeo Jo) abueyd xapul aandesss ay) ‘seig piemio) sapun swesbeip
pueg-Abiaua smoys mos doi ay) ‘siase amnonssossay-aiqnop (9} pue ‘aimons
-os913y-3|burs (q) ‘asmpdninsowoy {2) Jo soususjoeIByS Swos Jo uosuedwon

(2 (q) (o)

wfio~  wi) wifi~ wrfj~
W) O~

4HI1T

1
et ~10

.\.neu wrrf “ _

X3ON|
JALLIVEI

Sv™ 100y YO sy log Yy [sy oy [SYOO] sv0D
d d u d d u d u

ST & WINLEDT-LITNEY

FABRY-PEROT SPECTRUM



mirror. These complex field reflectances are related (o the power reflectances
Ry =rir* and R, = ryr,*. For a low loss medium, the phase shifis 0,
and &, are small and are generally neglected so that ry=Ri%andr, = R},

Without the time dependence, Eq. (2.2-46} gives the planc-wave electric
field as &, expi - I2) so that 4, is 114; inside the left boundary and e,
€xpl =L} just inside the right boundary. The first portion of the field
transmitted at the right boundary is 168, ¢exp(~TL} and the reflected
field is r,r.8 exp(— I'L). The next portion of the wave transmitted at the
right boundary becomes iy raexp(—3TL) and so on. Addition of these
transmitted fields gives

S, =n08,expl-TL[1 + rryexp{=2rL)
+ r,’rzzcxp(—‘l”.) + -] (3.8-2)
The sum is a geometric progression which permits Eq.(3.3-2) to be written as

Hilyexplt—TL)
dl = 61' 2 p‘ f
I —ryryexp(-2r1)
When the denominator of Eq. (3.8-3) gocs to zero, the condition of a finite
transmitted wave &£, with zero & 15 obtained. which is the condition for
oscillation. Therefore the oscillation condition is reached when

rraexp(—2rL) = 1. {3.8-4)

(38-3)

From Section 2.2,
r=jn— Kk, (2.2-54)
and with &, = 2z 7, from Eq.12.2-38) and withk = 2/, 41 from Eq.(2.2-61),
Eq. t3.8-4) becomes
rirsexpty — x)L]exp[ - 2ji2nn zo)ll] = 1. {3.8-5)
In Eq.13.5-31 the absorption term has been writlen as the diffcrence between
the gain and all of the losses %;. Losses are discussed in detail in a later
portion of this scction. Unless the necessary conditions for stimulated
€Mission are mel. ¢ is also a loss term and is replaced by o of Eqg. (3.8-1).
The condition for oscillation given by Eq. (3.8-5 represents a wave
making a round trip of 2L inside the cavity (o the starting plane with the
same amplitude and phase, within a multiple of 2. The amplitude require-
ment for oscillation is
' rirexplly ~ x)L] = 1. {3.8-6)
or

9= % + (/L) In(lr,r,). (3.8-7)

The phase condition is

ArnlfAy = 2mn (3.8-8)
withm=1,2,3,.... and becomes
m(ig/i) = 2L. (3.8-9)

The longitudinal mode spacing mity be obtained by rewriting Eq. (3.8-9)
us mig = 2iil and differentiating to obtain

Adodm + mdig = 2L dm, (3.8-10)

For adjacent modes, dm =~ — 1, and Eq. (3.8-9) can be substituted for m

to give

T 2L[H ~ (hg/mNdijdig)]

for the spacing between adjacent longitudinal modes.
Equation (3.8-7) is generally given with the power reflectances as

(3.8-11)

dry

g = a;+ (1/2L}In(1/R | R,), (3.8-12)
or for Ry = R, = R, the gain requirement for laser oscillation becomes
g =a; + (I/L}In(1/R). (3.8-13)



Laser Operating Characteristics
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A GaAs-AlLGa, _.As Double Heterostructure
Planar Stripe Laser
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Rate Equations of Injection Lasers

3 The vperation of injection lasers can st casily be de.
-3 scribed in tenns of e dependent rate vyuations tor the
7 1!1 electron and phaton densities. In their simplest form, the rate
-~ £ !_j equations do nul contain the spatial variations of the electron
- . r - r . ;; [ and photon density distributions in the laser carily, but teat
..: R Li6® g{} them a5 suitable averages. However, phutons belunging to dir.
] 5 558 ° 2 -! 3 H ferent Jaser modes are treated as differen variables,
! E ;;; '33 _'_'gii The luser rate equations are nonlinear and do not have
: ase g; } simple, exact analytical solutions,
EE 1 i g
J : ! 43q i!'!!
LI N
3 ¥ k' § H i E: Il Lasen Rate EQuaniaons The parameter ¥ accounts for te Fact that only a small por-
1 : ! !‘;'!' : The intcrchange of energy between electrons and photons tion of the 10tal spuntancuus emission cmitted intg 3l direg-
7 . 3 R § 3 2% in a laser is guverned by spomtaneous and stimulated emission tions in spave contributes tu the energy increase of any given
1 . H . -5;.(__\ oy 3£ si processes. The rale of energy transfer between ehectrons and laser mwde, Thus. ¥ is the ratio of an cilective elenent of
L s ; L L bt b 3 5, 3 phutons is described by rate cquations of the form [7) sold angle atiributable 10 3 kiser mude relative W 1he otz
; g g § g ] ° Ei i P s ' v solid angle 4=,
% Cywbrw) ALISWI0 ANINNND (HsSTuNY -WE ik -55 = i . ";;— oS (1 ﬂl:,
it T -
é 1 X ve-NI2 T m {4}
§ The stimulated emission factor is defined 33
45y 3 Dyn, + — (g,- )5, - T
dr 1, Py A= m DI, din. (5)
whh ”
" The line shape factor D, is assumed to have Lorentzian shape.
il - 3
- R @ o A J(xakp) ,
. T AT C
Since cleciron dilfusion effects have been ignured., their effect P+, A Ak, )
vn damping of refaxation vsciflations is absent from this I this formutas X, is the wavelength at the peok of the distri-
theory. ) bution (1.3 gm), X, = the wavelength of 1he #h laser mode,
The symbels appearing in (1) through (3) are defined as 8Ap is the effective gain spectral linewidih parameter (1yp.
follows. cally 6 X 107% gm) |7] and
1= ratio of laser vu;mm: to mode volume (mude conline- AXc =M (2n, 1), 7
factor w0, . . .
‘= :"::l -:;r:irmle ! (AN aypically 8.45 X 10°* pm) is the spacing between adja-
e c'kﬂ:‘u“ density in the conduction band cent laser wodes in a cavity of lengi £, (250 gns).
&
3 - -—-_I r?,, =a constamt delermining  luser theeshold (2.2 X 10°
-3
\ ) 8, Jsz:;sil, of dsive current The ?lcady-stulc sulutivns are obtained From (1) through (1)
. o ¥ harge (1.6 X 1071° €} by setving the time derivatives equat to zeru. Indicating seady.
# = electron charge (). ) slate quantitics by an uverbar we find
y L o = tliickness ol actve laser region (0.3 pm)
t | 8, D = widih of baser suripe {5 um) . . . J e M1 _
Typ = spuntancous electron lifetime (typically 3 X 1077 5) e ™ Tsp a - ;" &S, 8)
¢ = velocity of light in vacuum (3X 10'* pnfs) ¥ w=-N2
u, = eelractive index of laser medium (3.4) = merd,  _
" . B o—
iy = group index of Taser medium (4) S, cla- g,) Tar Mg {9)

£, ® gain Gictur of gl lsser mode
5, = photun deasity ol pth laser nrode
Schemalic representalion of far-tield emission ol a stripe-geomeiry double- o = effective covity luss coellicien = a, + (L/LEIn(1/R)

heterastiuciure taser. The full angles at hatl power, perpendicular lo and along the R = reflecivity of cavity mirrors {typicalty 0.3)
fnchon plane, ate also sndicaled. (Attor Casey and Painsh, 0, = loss coefficient {20 X 1! iy

¥ = spontaneous emission tactor (typically 3.9 X 107)
D, = line shape tacror .
A = stimulated emission Factor (uypically 1.9 X 107 gm™fs)

fe 0



LASER MODULATION RESPONSE
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Longitudinal-Mode Spectrum
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DISTRIBUTED FEEDBACK BURIED
HETEROSTRUCTURE LASER
DFB-BH

¢ -
& = &
(-]
|.°|.. S
S — o i ]
i’ |
:lg _s < | ?\“
3 - "
¥ "o
3 - g 8 ¢ ®
3 b -] o o =]
] es o L
r “ N
[a]
w
= o
= o
E L d
[+ 4
-
24 .
Q o w P

-

{132vd/Mw) LNdLNO LHON

GalnAsP {ACTIVE)
N-InP (SUBSTRATE)

(b

WAVELENGTH (um)

CURRENT (mA)

* Formation of grating

* Match grating and gain peak

¢ Three steps of crystal growth

* M4 - phase shifted grating

pr-InGaAsP~__

1.5 um DFB-PBH L ASER

DOUBLE-CHANNEL PLANAR
BURIED HETEROSTRUCTURE
DFB LASER

Ma Shifted 1st
[ Order Grating
n-InGaAsP
Guiding
Region

Characteristics Of An AR-Coated

Light Qutpul {mW)

10

)
LI B B S m

AN 40 50 gpC

100

100
OC Bias ima)

DFB Laser
e o e v
BC OMERATION S
wtl eno? 2 MODULATION
&0 mam Mooy o
LGHT b o A WOOE

NTENSITY
{ARE. UMITS)

0L WOt n | soe e
I DU EEPUIL
1o - e
Rt I Al N
T 10 4w ® &8 E) 40 50
CUARENT (mA} BIAS CURAENT (maA}



Minimum Linewidth Of Various

Types Of Semiconductor Lasers
100 MHz
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Optical Detectors
PiN Photodiode

@ Basic Requirements
— Sensitive at Desired Wavelength

— High Quantum Efficiency (Photon to Electron INCIDENT
Conversion Efficiency) PHOTONS
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Photodiode Detection Efficiency

Ry
—V\Vv—o
® Quantum Efficlency %
- Number of Photosiecirons
T = Number of Incident Photons Ts * tnashvl By Ttud g"i <
2 (1 -0 * (679 o (1 - e-0W) T
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Loss Loss Efficlency

® Responsivity R (Amps/Watt)

Detected Photocurrent
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. 411

ideal Case: 7 = 100%

1.046 AFW at A = 1.3 am
1.248 A/W at A = 1.56 um

[ 0.604 A/W at X = 0.85 um
R=

®)
(s) Schematic tion
"P"'":_t of a piw photodiode. (b) Equira-

Typical Photodiode Spectral Response PHOTOD10DE
Photoresponse:
Iph . mkﬁ

Ge InGaAs
l,——-—A / Popt = Optlcal Power

1 ph » Photocurrent
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|

* Quantum Efficiency
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Response Time of PIN Photodiodes

Response Time is Limited by:

1. Carrier Transit Time

® Maintain Adequale Fieid in | Region so thal Carriers Travel at
Saturation Velocily — Very Low Doping Level

# Reduce Width of Depletion Layer for Fast Response

® However, Want Wide Depletion Layer for High Quantum Efficiency
and Low Capacilance

2. RC Time Conslant (Detector Capacitance and Output Load)
® Low Doping of i Region Reduces C
® Minimize Device Area to Reduce C (Also Reduces Dark Current)

3. Diffusion of Carriers Generated Outside of Depietion Region

InGaAs PIN Photodiodes

FRONT CONTACT hy NTACT META
whant e CONTACT METALIZATION
PASSIVATION/
. ro—- ANTIREFLECTION
ANTI-REELECTION iy CAP {f InGaAsP}
ABSORPTION P
COATING } = inGas fe— ABSORPTION
n InP fe— BUFFER
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SuesTRaTE at P o= SUBSTRATE

BACK
ILLUMINATION
hp hyp
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Diift valocily verpus slectic tield in GaAs ang 5i. Note that for a-type GaAs,
thare is a region of negative diflarential mobikity.

Photodiode Dark Current

® Detector Dark Current is a Source of Shot Nolse and Must ba Minimized
for High Receiver Sensitivity, Especially at Low Bit Rales

® Generally Depends in Some Exponential Fashion on Temperature and on

Materlal Bandgap, so is Mosl Serious at High Temperatures and in Long
Wavelength Detectors

® Sources of Dark Current:
1. Generation - Recombinailon Current in Depletion Region
Igraexp [~Egf2kT)

2. Diffuslon of Thermally Generated Minority Carriers Inio Depletion Region
from Surrounding Undepleted Regions

3. Surface Leakage - Reduced by Passlvation
4. p-n Junction Defects

5. Tunnefing - Important for High Fields (e.g., APD's) and in Low Bandgap
Materials. Reduced in InGaAs APD's by having Multiplication Reglon in InP.

(29



NOISE IN OPTICAL RECEIVER

Dark Current Noise
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StonaL — SIGNAL

=" eworo- DARK INTER- OUTPUT
ELECTRIC ACTION | . SIGNAL
EFFECT | _ | circOr ELUS

BACK - BACK- OI15€

GROUND GROUND

ANALOG TRANSMISS[ON
sk = El. Signal Pouer!
« Noise Power
V(n 1“72

f(—?; -g%:)df

n = Modulation Depth

at input of recejver

SNR =

B = Bandwidth = 17 Bitrate (8)
<iw]2> = Amplifier Noise

FET-Ampiifier;

Tampi” 0.7 B
s df = qir 9 - i) LR
A e R T
I = Transconductance of FET

pin ~ Capacitance of Detecter,
Ampllfier -input and Mount
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DIGITAL TRANSMISSION e oo Semit

The probability of mistakenly sdentifying 2 mark as a space [or
101110 10110 wice versa) during the delection inierval is called vhe bil-error raie, given by:

¢

j\—m‘ m BER-—J_-:zlL-::p(—%I) d\'-%trﬁ:(ﬁ).
Her,
RZ NRZ

Q= (12— sg, Yoy,

Signal Level 103
‘ o #
— "One" o
Decision
e
Threshold
()
¥
-— "Zero" :
1079
Amplitude Distribution o
!
1013,
u |
T RL l
Error Rate (Complimentary N C N
) . 50%% 6 8% T Ty
Error Function of Signal °
Hatcrre rale vores (. TRsct: Sagnial cureeni y oMbt ledbg (01 mnarh il 4 e
POWEI‘) WhicHing 1B vananve @ amd shocousn b £ A Gaussean gedubelin il i assned,

The sharkad aeca on e Gl ol She dednbutsies sseilyyuig 18 anlacas e probainiis lor
ichcling an crim

LIGHTWAVE SYSTEM
PERFORMANCE MEASURES
SIGNAL TO NOISE RATIO

ERRORS

102

103 |
10 |

10}
0¥
107 |

10?
101

PROBABILITY OF ERROR

S!GNAL TO NOISE RATIO - V2 /o) - dB
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AVALANCHE PHOTODIODE

STMUAIUN FROTOMODE - LMER ) - e300 1~

AMPLITUDE OF MULTIPLIED
MOTOCURRENT- [
i
' ] [T

] [] [
voL T (v]

SILICON at-p-77-p*
AVALANCHE PHOTOONOE

. hy ANTIREFLECTION COATING
Mw'
£ J I \N—F N (N

0K 7 £pi, p> 3000 - ¢m

i

P+ SUBSTRATE

I
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multiplication factor given by

expf =S iler = f) v’}
I = fisccexpi=Jitce = ) dx”} dv

Miv) =
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Photodiode Equivalent Circuit

-0
(l) Laignal Taark ;F Ca
Q
I:ignal = RGP
laak  =lgu + Glgm

where R = Responsivity (Amps/Watt)

G
P
ldu
Lam

NOISE_IN AYAIARCHE PHOTORIODES

AVALANCHE CARRIER MULTIPLICATION IS
A STATISTICAL PROCESS WHICH INCREASES

THE FLUCTUATIONS OF THE PHOTODETECTION
PROCESS

- POISSON'S STATISTIC IS ALTERED
= SHOT NOISE INCREASES

-

1° = 2 q 1, FR(M) ar

F{M} = NOISE FACTOR OF AVALANCHE GAIN
PROCESS i

Avalanche Gain (G=1 for PIN)
Incident Optical Power
Unmultiplied Dark Current
Primary Multiplied Dark Current

AVALANCHE PHOTORIODE

{with internal current gain M)

multiplied photocurrent:

I=Iph'H

Noise spectral density:
2

< it > z . 4 .
e Zelph H® - F(M)
F{M) = Excess Noise Factor

After Mc iIntyre;
F() = wM+ (2- s]'r’ {1-x)

{for avalanche initiated with strongly
ionizing carriers)

k = ratio of smallest to largest ionization
coeffizient for holes and electrans

HIGH FIELD REGION

e ] [ "% ]
0 +—- & DISTANCE
| 4
"
ELECTRON IONIZATION

w

T

IMPACT |

1

INJECTION |
|

I

|

TIME

IMPACT [ONtZATION THROUGH
ELECTRONS ONLY

o ST:NCE

ELECT@ IONIZATION

w

T

IMPACT ]

|

INJECTION h
I

1

[}

TIME

IMPACT IONIZATION THROUGH
ELECTRONS AND HOLES

Excess Noise Factor of APD

- L) » 2
{
-
-
- -
[
F] -
1 d T
L] w

FeM)va M F(M) = kM 42 - M - &y,
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Photodiode Equivalent Circuit

&

—l—

€y

— SIGNAL CURRENT
— DARK CURRENT
— NOISE CURRENT

FIG) = kG + {1-k}{2—1/G)

Iy = AGP

Tg * lau * Glym
<Pna>= 2004, 8, 4201, G2F 6) B,,
WHERE F(G} IS AVALANCHE EXCESS NOISE FACTOR

kIS RATIO OF [ONIZATION CONSTANT OF HOLES AND ELECTRONS OF APDS

APD Excess Noise Factor

Excess Noise Factor F(G) Depends Upon the Ralio k of Impact lonization
robabilities for Electrons and Holes in the Semiconductor Materiat

where Avalanche Gain Occurs

g
T 17T

1

T 1T

EXCESS NOISE FACTOR F(G)
a

] | YT | WA

1 H 5 1 2
AVALANCHE GAIN Q

33

100 200

FIO) = &0 s{1-kN2-1G)

F{G) Is Sometimes
Approximated by

F{G) = Q*

SIGNAL

APD CHARACTERISTICS

: )
AVALANCH
A";:,':, € TEMPERATURE I
VARIATION |
15 F Aanne (]
/ E
ABSORPTION : ]
10| I £
| O
[a]
| »
+———5LOW ——] I
L o 1 I @
" I
t ]
L~ |
1 I sl B | L 11
0 2% 50 75 100

APD BIAS VOLTAGE - VOLTS

Response Time of Avalanche Photodiodes

APD Response Time is Limited by:

1. Carrier Transii Time
® More Layers Required than for PIN Photodiods

2. Avalanche Bulid-up Time {at High Gain)

® Depends Upon Thicknesa of Muitiplication Reglon and on Ralio k of Electron
and Hole fonization Cosfliclents. Low k — Bolh Low Noise and High Speed

3. AC Time Constant
4. Hole Trapping at InGaAs/inP Heterojunction Interface

® Speed Improved by Using InGaAsP Grading Layers Betwaen Absorption and

Multiplication Regians

® At Low Gain, Transit Time and AC Ettect Dominata
— Constant Bandwidih

® At High Gain, Avalanche Bulld-up Time Dominales. Bandwidth Decresses
Proportionately with Increasing Gain

— Censtant Gain-Bandwldih Product

3¢



Silicon and Germanium
Avalanche Photodiodes

INCIDENT
LIGHT

COATING
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SILICON APD
(MELCHIOR AND HARTMAN, 1976)
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Receiver Sensitivity

PIN Detector:

APD Detector {neglecting dark current):

DETECTED POWER - dBm

he
"F=qk°[

Gopt = ( BI,Q

kq

7Papp ~ (

2 -
)nPrm
Gopt

% + qBI, QF(G)]

where Q

Signal/Noise Ratio
6 tor 10-9 BER

Ua Ya

Typical Improvement

Over PIN:
S{ APD 14-17 dB
Ge APD 5.8 dB
InGaAs APD 7-10 dB

LIGHTWAVE SYSTEMS
RECEIVER SENSITIVITY

p--n DIODE

APD
1eg = 20GHz

QUANTUM
LIMIT

|

2 )

MODULATION RATE - Gbrs

EX;

10

DIGITAL TRANSMISSION

159 Error rate
/
L ]

XN

(W8P ] YIMOd 3718Y123130 WNWINIW

Photodiode Characteristics

0.2 05
BIT RATE [Gbit/sec]

005 01

inGaAs Ge InGaAs St
PIN APD APD APD
Guantum Efficlency L] 08 {095 | 08{09) | 0. (095 |08 (>0.9)
Bandwidth (GHz) § {>60) 1 (3) 3 (8 {3
Capaclisnce Cq (pF) 0.5 (0.05} | 05(0.2) 0.5 (0.1) 0.5
Datk Current 1g, (nA) 10 (<0.1) { 100 (50) 10 (2) 10
Dark Current I4m (DA} 100 (%) 10 (2) 0.001
lonizstion Rstlo k 10 (0.7) 0.4 (0.3) 1003 {0.015)
Gain-Bandwidth {GHz)} 10 {20) 20 (79) >200

Product

Notes:
1. Typlcal (Best)

2. Best Paramelers may not be Achlsvable Simultaneousty

In the Samas Device.
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HIGH-SPEED PHOTOCONDUCTIVE
SWITCH

Optical

\ Pulse Photoconductive

Layer
Metal

Insulator

S\ \\

YBroadband Microwave Mount :
Tapered Coplanar Waveguide

0.4 mA/div

Planar Photoconductor

Impulse response, Device biased at 6V DC

Excitation Laser pulse A= B29om, 20aW, .

FWHM S50ps



