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: . Modelocked lasers for short-pulse generation
Motivation

V>0 V<0
Electronic bottlenecks in optical communication systems

— high-speed photonic components

I

gain  absorption

Optical processing at high bitrates

| aser diodes with large modulation bandwidth input output

(3 optical amplification
0 de-multiplexing
7 frequency conversion

™ synchronization/clock recovery
0

Response

Modulation Frequency

Bandwidth limitation due to nonlinear gain

g=g,(N)I-€eS§)

—> Study of carrier dynamics on ultra-short time scales
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Density Matrix Equations

F;cv,k = (-—io‘)k —Y 2)p('\‘.k - ;-Idk(pr,k + p\-'k - I)E(Z,f)

a=cV

Pox =~ ;(d;p(.\._k —c.c)E(z )
pu,k - fa'k(r) _ pa.k -

th

e—1.0

f0)_Pas = Jal

JaLk
tS
—

recomb.



Simplified model

1) Eliminate polarization adiabatically; T, <<T

2

o+ -1
p(,k pv,l; 2\A(Z,t)
(Wp~W )" +Y3

2 ‘2

pcv,k

2) Consider "moments" of the distribution
N = %pu,k ; carrier density, o =c,v
U, = ‘:.'.Ea,kpa'k ; energy density

My = X po ; local carrier density

ima109d- 4
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Rate equations
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I eV g, VeSS
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Comparison of experiment and theory
(InGaAsP bulk amplifier, I = 10 mA)
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Experiment
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Theory
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Delay time [ps]

Tic =TIV =70 fs

e = 0.7 ps, Ty = 0.23 ps

SHB .|

TPA .
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E , Strong pump results
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Two-photon absorption EXPERIMENT THEORY
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CW gain suppression (155 HmM INnGaAsP)
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Nonlinear gain in laser diodes = 1/ l \
E 0 ,// ‘\\
dS dN dU dn b \
dt’ dt’ dt’ dt = -2 A \\
g=gm NU) ? \
_4 - \\
U Adiabatical elimination of n,U \
for time scales >> T, T, -8 —r— \ |
as dN
dt dt
g = g,N)(1-£5) —
€= £Cl| + £‘SIIB IE
)
Typical example (1.55 um bulk InGaAsP): =
Qi
£, 20810%m’ (t, =05 ps) <
€45 =0.7-10%m’ (1, =50 f5)
g =1510"m’ -6 ——r——————————
0.75 0.85 0.95 1.05

Photon energy [eV]
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Refractive index dynamics
(Bulk InGaAsP amplifier)

Short pulse gain saturation

0.00 |

Gain (dB)

107 107wt w10 10! 10°

Input energy (pJ) g
2
(o
CJ\ . . St
& linear gain =
30.4- z
5 SHB H
c =}
® £
C 0.2~ SHB+CH
= CH f‘é
é """""""""""""""""""""" o
A ]
0.0 T : ]
0.1 1.0 10.0 100.0 _ A
Pulsewidth (ps) s % ;
T,>>1, = Ag, =-€,gS I © 4
0.00 | N M A |
Speak = Ep/ TP -2 0 2 4 e ]
' Delay (ps)
1,<<T, = Ag, = —gxIS(r)dr

a2 Photon. Technol. lett.,vol. 4, 443 (1992). K. L. Hall. MIT, 1993



Spectral effects in pump-and-probe
measurements

~30 nm (100 fs)

-——p

/X-\ >
~100 pm \ hw,

An(t) = Aw(r) — Ag(t) = %Aw(r)

. : . \
Gain and index dynamics mix up in measurements!

"Unified" treatment: Perturbation analysis of DME

and propagation equations.

J. Marh, A Mew2l
AL, 65 | 1736
( (9941
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Pump-probe response function
AV, (1) +iAV, (1) = KjH(z')G“’(r—r')dz'
e

gain index
Waveguide response function:

L — egnL

2“
H(ny=¢" . {Hié(L)gf);}/y(;)

Material response functjon:

(1) = hN(’)"‘hr(’)"‘hsua(’)“"hrm(f)

Example:
hT(f)OC . Er(l_iar)[e—r/n,__ e—f/‘tl ]{(f(t)

b,
T t
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Relation between gain and refractive
index changes

Ex: Usual linewidth enhancement factor

_ Axg/AN
Y Ay, /AN
__4n dnldN _3_4
A 0g/ldN ~—
Similarly
or =1-4
Osyp = 0.1

Orps = ? (-3 for bulk InGaAsP)

1me109d- 10

Calculated pump-probe responses;
gain

hwy = 0.79 eV, .., 082eV; N =1- m Y 7, = 100 fs

o
e
I

Absorption

o
T

Transparency

-0.1-

Relative probe gain change

| I I I
-0.5 0.0 0.5 1.0 1.5 2.0

Delay time [ps]
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Contributions to probe transmission
at transparency

hwy = 0.800 eV; N =1.10%m3, T, = 100 fs
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Calculated pump-probe responses;

phase

hwy =0.79eV, ., 0.82eV: N =1. 0% BT = 100 fs

Transparency

Absorption
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Transparency switch

Signal De-muliplexed signal

APNJN L A__A
Control m A A AN
/ N

Waveguide Electrode

Bias at transparency:

AT #0 = index change
AN =0 = fast recovery

First results (Davies et al., BT Labs, 1993)
Nonlinear transmission characteristics;

15 ps pulses, 10 W peak power

~ 10 pJ for | ps pulses
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Wave mixing
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e- e scattering time
Ti=30fs - 100 fs

e-phonon scattering time
Th_c 0 5 - l pS

carrier lifetime
=200ps- I ns

Ts
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Conjugate Signal
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Amplitude of "

10°

- CDP aNZS, (XT¢=3,
10°— 0ty =3

, 7] hw,=0.80eV

107

+__CH_____
104“ -----------------------
10°-
10° T l

10 10 100 10* 10° 10*

Detuning, QT,

. L =800 MHz

T =200 ps
s P 2nt,
. l
T, =650 1s ; — =245 GHz
' 2nt,
T,=1,=501s, ey =32 THz
2nT,
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Applications of four-wave mixing

Experiment and theory in laser amplifiers

CDP+CH+SHB

High Freq. Signals

Ratio (Signal/Pump), dB
4
i !

> X0
i Low Freq. Signals Olltpllt pump iI]pU t
50—
7 U — O Frequency conversion
10 50 100 500 1000 5000
Frequency Difference, GHz 18 Gb/s over 15 nm (2 THz)
[Schnabel, HHI, 1993]
% Gain
3 Dispersion compensation
7 Mid-span spectral inversion by FWM
\ l | Transmission of 10 Gb/s over 200 km
U \Frequenc; [Tatham, BT Labs, ECOC '94]

P,=0.25 mW (tunable ECL) 1 Allostical de-multiplex
P, =0.10 mW (fixed DFB) optical de-multiplexing

| Error-free de-multiplexing of 100 Gb/s signal
i A Uskor, 3.Mach, 3 Hoc, (16x6.3 Gb/s). '
M. Torkhor, G.Shariock, [Kawanishi, NTT, 1994]
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. . Pump-probe on MQW amplifier
Transport and capture in QW devices

‘ 1000 A s0A
' ~‘ r—too.&
N P INGaASP |

nP InGaAs
-
PV
T
[} ]
1 1
.
E Fy
ANANANS
| | 10T T T T T T i T T

= N Zi

Z

(J Quantum mechanical capture

O Classical transport

[ [] ' 12
TIME (ps)

G. Eisenstein et al. . APL. Jan. '91
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Modulation response of QW lasers

A A Transport model for P-1-N heterostructure
b SCH Width = 760 A -
s |
- 1
" - QM po0
) N
-6 ﬂ‘ e
: E
o b hadead Ny P N
.ﬂ—. 0 4 s 12 1¢ 1

Frequency {GHz)
] U [ (a) : — !
10—

1
]
Ty Y rrrryt T

1
tmpury S—
14 mW Sample 4
SCH Width = 3000 A ]

Y

X

Response (dB)

Classical transport:

Drift-diffusion, Poisson's eq.

° 4 8 12 16 :ﬁ
Frequency (GHz .
:lb) ’ ). Boundary conditions at contacts

Nagarajan et al., JQE, Oct. '92
B Rate egs. for carrter capture
[ Short SCH = enhanced damping of RO Quantum mechanical capture:

3 Long SCH = capacitive-like roll-off Boltzmann equation for carrier scattering processes

Tessler et al., JQE, Oct. '92

fentn Aamsatinan analoeic) m
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Summary

1 Study of ultrafast carrier dynamics for
- laser modulation
- modelocking

- photonic switching

™) Dynamics of bulk devices explained by simple models for time-
scales > 50 fs (Aw < 3 THz)
- Nonlinear gain
- Small-signal response function

- Strong pump excitation

J Further work needed to understand relative roles of intraband

dynamics and capture/transport effects in QW devices
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