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Laser diodes structures

Edge emitting laser diode

Stripe contact
(defines active area)

Active area

Light-guiding layers Metalization (for

/ electric contact)

s Si0, isolation layer

Double-heterojunction
layers

Substrate

Metalization (for
electric contact)

Heat sink 7/ ///M‘\

Incoherent optical
output beam

The optical cavity

Vertical cavity surface emitting laser (VCSEL)
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The electronic oscillator

. e Reference
Amplifier ceation
Noise L~ Jd A j R Signal out R
vy rE
195
Feedback _
Ring laser
Condition for stationary solutions
A(s +rE )= FE
E = E—(S; : G = rA = Loop gain
Oscillation condition: Numerator: noise term

G = 1 Denominator: loop gain characteristics



Edge emitting or VCSEL laser cavity

|
Stripe contact |
(defines active area)
. e Active area >
Light-guiding layers Metalization (for < 1
electric contact) |
Substrate §$i0, isolation layer ; E_ FR
‘/ - v
| .
Metalization (for Double-heterojunction Reference section
electric contact) layers ) I I L
r |
Heat sink 7/ /// R '
Field reflectivities

Incoherent optical
output beam

E- =r1, E* + F,

Field equation

:>E+=rLFR+FL

E* =1, E- +F, 1 -y ry,
Numerator: noise term

Denominator: active cavity
characteristics

Oscillation condition:

rprg =1 =06 r_ g can be >/< 1 depending on the
structure



Power spectrum

Power spectrum:
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Laser ingredients

Stripe contact
(defines active area)

Active area ™

Metalization (for

&
/clcctric contact) /
AP r

§i0, isolation layer
’/— 2 Y ///

e Double-heterojunction
SRR layers

Light-guiding layers

Substrate

Metalization (for
electric contact)

/////M

\g ]
Incoherent optical ”
output beam

- The longitudinal optical cavity

- The semiconductor optical waveguide to confine
the field in the transversal direction (avoid
diffraction) and to confine the carriers

+ Active semiconductor material: photon

amplification and noise by e-h recombination
process




The semiconductor materials

The semiconductor laser structure is realized by epitaxial growth of material
typically with the same lattice constant and with different energy gap
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Radiative transitions in direct Eg semiconductors

A E, —e— Absorption
— E] - phOtOdiOde
—
E, “~~~—  Spontaneous
—_— E, R — emission Direct
- LED Energy
. gap
AV VS A Stimulated | e
OO E, — emission
- amplifier
Photon energy: nw = E, - E, -laseI:)r

Gain -> stimulated emission > absorption



Band structure for GaAs and InP

404 REVIEW OF CLEMENTARY SOLID-STATE PHYSICS
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Carrier distributions under injection
fA(E)

/

electrons

ECO = " _
Charge neutrality
£ _\Efv N - N=P
v0
holes

>

Density of states Fermi functions  Carrier distribut.

Density of cb-electrons: N(E;) = ; p.(E)(E,E;)dE

' p, (E)(1-(E,E, ))dE

Density of vb-holes: PE,) =



Optical gain in semiconductors

Optical gain requires stimulated emission > stimulated absorption

Can be fulfilled for quasi-thermal equilibrium

We have gain when E; —E

t Gain T=0K
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- Efv

fv

- B quasi-Fermi level
fc for electrons

- E quasi-Fermi level
fv for holes

> E Bernard-Duraffour inversion condition
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Bulk gain function

Measured gain
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Same considerations applies for the others semiconductor materials



Density of States semiconductor materials
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Carriers filling — bulk vs. QW

Bulk — 3D: _p

- Carrier distribution at 7=0 K

0~ ~L
N = [ p(E)f(E:E,)dE
QW“— 2D:
P Let compare 3D and 2D
c material at the same E;
0 f : > E

E L,

Easier to invert population

Fixed E, :N,, <N, = 9By > 9By Less current
ON|,p, ON|3p
: .0 0 : : .. . .
Diff. gain :% > % Higher gain sensitivity to carrier variation ->
2D 3D higher modulation bandwidth with QW!
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The semiconductor waveguide: 1D

- Should be able to maximize the interaction by carriers (e&h) and
photons by confining them in the same as small as possible region

- This is obtained by the realization of a double heterostructure diode

_|_ —
| 1
P 1
Carr.ierS We” AlGaAs (GaAs Al1GaAs
confined in the
IOW Eg reglon 51 i electron flow .
L Potential well
L
Refractive index Fole flow o\
increases if E .
9 Optical
decreases P .
waveguide
- - Photons and carriers confined in the same region
o 5 Total reflection

-



Semiconductor waveguides : 2D
confinement of current, carriers and photons

Important to realize in the lateral direction structures able to control not
only the carrier and photon confinement but also the current flow.

Gain guided

T

Y T
FF T AN

H

Index guided
‘ |
+— Metallization +— Metallization
=— [nsulation <+— [nsulation
p
. ! L— Active layer
— Active layer ] .._1—--—"‘"‘—""-
P n p
v v
=— Metallization

I - Metallization

0

Current spreading: no control
Lateral carrier diffusion in the
active layer

Lateral guiding only due to
carriers -> gain non uniformity

Current laterally localized by multi-junctions
No lateral carrier diffusion in the active layer:
higher carrier density N

Lateral guiding due to refractive index
change: higher photon density



Verbool Waveguide Postion [m)

Examples of advanced semiconductor waveguides

(UGlasgow)

P-CoNTACT (P-GAAS OR P-INGAAS
( ) P-CLADDING (P-ALGAAS OR P-INP)

/ SN,
P-METAL |

—_— =
N-CLADDING (N-ALGAAS OR N-INP)

MQW ACTIVE REGION

SUBSTRATE (N-GAAS OR N-INP)

N-FETAL
28 T
,| . Ridge waveguide
15 - :
1
asf .
1]
N | IR, SRS S v:_:f-i'ir', - —
s~ Field computed with FEM -
Y E : oL I i i o ;
Y3 2 4 08 1t 2 3 4

Latenal Waveguide Fosiion um]

The heterostructure

P -Ting =sCoing g=A %, 2 00-xe1nn)

p-Ing 3 Gaisy +~F(S0 nin)

P-InEy{ 1.6 paem)

P-Ing a=CGag 3 =A% AaF (£0 TR )

P-InP{S0 nm)

P-Alg 423G g o Tg s ASG0 nam )

- BRI AlCGalmdA {60 e}

IOV OW: & mane: OE: 10 maan)

Fres =5 B AdCealmn A s 0 oeam)

m- Aly g=3T=mg pg-Ing <35 50 GO o b

m-Cet " AlGealmA si 140 mazmm)

n-Ink spacer
(0.7S pran )

n-passive wave g ade

Ing g=Csmp ) = 5g 33 F
{160 mom )

m-TmE
DualfTer( 1.5 puamy

I

FRIL




MQW waveguide with vertical field optimized
for optical waveguide coupling (UGlasgow)
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Semiconductor waveguide analysis

- The semiconductor waveguide can be analyzed as lossless
dielectric waveguide with a perturbation due to the presence
of losses (scattering, doping,..) and of the carriers in the
active region

* The electromagnetic waveguide modes of the lossless
structure are computed than the other effects are added
perturbatively assuming that the field distribution remain
unchanged and the perturbations only affect the modes
propagation constant

- The two steps of the analysis consist in:
— evaluate the modal fields and their propagation constants

— estimate the contribution of the perturbation (losses, gain, etc.) to
the propagation constant variation



Lossless Wave guides: approximate analysis

Wave equation: V2E + k2e(x,y)B = 0
For weakly guiding optical waveguides )
X 2
Quasi-TE modes: E =e U (x,y)Z(z) y’
-TM modes H =h U(x,y)Z(z)
Applying the separation of variables
Transverse mode equation:
VIUX y) +kge(x,y)Ux, y = 7 Ux, Yy
_ 22— where P 1s the mode propagation constant
= B2 =k?2 @ propag

and n— 1s the mode effective index

2

o : 9
Longitudinal mode equation: P Z(z)+ B*Z(z)=0

Z(z) < expl +j(P z)]



Propagation constant perturbation correction

2 _ .
For ¢ of the form T=n? + A% nZ,, -. Lossless waveguide

w

. N 2 s A% kZIAEIUIdedy
rom perturbation theory BAB =k, jIU 1> dxdy

B =B+AB=k,n +k,[ AF® _jlg,

[ 10U 1” dxay _ _ _
[ active region is the waveguide confinement
where N [ 1U 17dxay factor when assuming y ““*"’
constant in the active region
[ (@ (x,y))Ux, ) | dxdy .
and a,; = are the internal losses

J. |U(X, y) |2 dxdy



Propagation constant, group velocity and LEF

B is usually expressed as:
o n 1
p=kn+j;I, ¢g-a)

Expanding the propagation constant around a reference point (®,, N,)

we obtain:
0 0
/J’z/f(wr,Nr)+—/)’(w—a)r)+—/j(N—Nr).
0w oN
J f 1
where =
Jd w L
and 9b kT, —9— A7 ) o ji(l+ ja)r, 28
o N Y 9N ? Y 9N
adn
0 Re n 0 Im #n
where| @ = - Ty / Y %Z
o N

Where a is the active material linewidth enhancement factor -> LEF -> ay



The optical cavities

DBR-A _

Fabry-Perot
3S-DBR rhase
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Transmission matrix - ~ .
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#it 2 | i .
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The Fabry Perot cavity
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FP- Field power spectrum below threshold

Field power spectrum:

S, (w) \Ef (L)

B= kn+ jiM(1+jo,) g—a)
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The difference in the peaks is
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gain function
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Peaks shift -> LEF # 0 -> refractive index decrease
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The DBR cavit
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DBR resonance condition and gain margin

mlA)

" ot (Ad
[g~a,

+ A

by; . = i. .
T -~ Ag
f;"’ "'k\
wisdell  wisdsA 4 Coldren&Corzine

In FP &DBR cavities Ag is the same
In FP cavity Aa=0 (constant mirror loss) Weak mode selectivity

In DBR cavity Aa>> Ag strong mode selectivity -> Stronger peaks difference
SLM-> Single Longitudinal Mode



How to correlate previous results with the
current injection: the rate equations (RE)

The variables are:

— The average photon density in the active region: Np
— The average carrier density in the active region: N
— The injected current: |

The RE can be written:

— In each sections of the cavity after its longitudinal discretization
— Averaging the variables in all the cavity

The first case is more accurate (DFB) and the other
more simple numerically and reasonably accurate

We consider now the second case



Carrier balance in the active region

dN S
—_— T -
dr oern rec
G = — X 7] pLe S
— mternal per
electrons q-etficiency | olume

per second
RF'E?C — R.sp T Rm* T RSF

R(N)=R, +R,, = AN+ BN> +CN*> = rﬂ

Rate equation for carrier density

dN .4 N
— Rsr
dr gl T

A




Rate of stimulated emission: Ry

For a homogeneous gain material the gain g 1s
dN

P

dz

:gNP

v.N, A =number of photons injected into the
volume per second

Total number of generated photons

Vg(Npout —Npin)A = ng de = ngng dz = veN'V

g depends on (N, A); the value to
RSI = vg g Np be used is that at the A of operation
of the laser ->g(N, A,):




Semiconductor gain approximations

For bulk material 8 = 8 peak = a(N-N,)
For QW material
SN, = B o[ N*N
1+eN, (N, +N;

gN,N,) = lg"ln( A ]

+ ;{p N,

The Rate Equation for the carriers density is:

dN I
o — —R(N)-v.eN
at VgV (N)-v,eN,

Gain saturation



Rate equation for the lasing mode average
photon density in the active region

The effects to be considered are:

-The stimulated emission

-The spontaneous emission coupled into the lasing mode
-The losses in the cavity: intrinsic and mirrors

For what concern the Stimulated emission we can write the relation between
the total rate of stimulated emission (R,V), the variation of the total number of
carriers (NV) and the variation of the total number of photons Ng,,

d(NV) d(N,,,.,) Been relevant for the carrier rate
R,V =- d = d equation the Photon density Np
! ! we can define:
N — N Ptotal
P where Vp, is the “volume” occupied
V P
P by the photons
d(N,) % b %4 N v (rg )N I g is the cavity
=Ry — =V, 8 —— |IVp = P  average modal gain
dt v, 2o, ; ° °



Losses and Spontaneous emission

Average Cavity Losses:

characterized by photon decay rate (1,=1/(v, a;)) where (ay) are the cavity modal
losses: intrinsic (a;) and mirror (a=-In(Ir1 r2[)/L)

Average Spontaneous Emission density coupled to the cavity mode.

Can be obtained from the total spontaneous emission ( Rg, V) normalized respect
to the volume occupied by the photon (V) and taking into account that only the

small part (B,,) is coupled into the spectral interval of the lasing mode:

Bsp R, V/ V,=T Ry,

The rate equation for the average photon density in the active region is:

dN 1 .
i Fvgg—T— N, +I'R_

p




RE summary:

Rate Equations for the total number of carriers and photons

dN I

TT= LN R(N)V - v, I'eN
dN 1 -
dtp =[Fvgg_‘rijpT+RSPV

Static solution (see Coldren Corzine)

N V
P,=hv F b I'p ,R

o o
<ai>+ o T, o N, =

Multimode Rate Equations

dN I
= . — - (R + R — \ N
dt 1('I i qV ( sp n.r ) Zm: gm g m pm
—dN = { r ! J N ' R
= m \ gm g m pm + m spm
dt T om
N _ FB sp R spm

pm 1/t ., -TIv ,g (N, N )



Mormalized photon dansity SAN o120
Mormalized camier densitey MMy

Marmahzed photom density 8 L"."lhrph"fs,'l

FP lasers P-1 & Spontaneous emission factor effect

2.0 g
i 5 |"i'1hfph.'T5] y i :
L3
L =0, 0001, 00, 0.03 ]
- I ___.-:." B
L | \ _.-'.." L
].ﬂ'- | i ‘:'EEE:___!"'-,-;--- s
: ) ,.;._" il NNy ]
g
b ! o . :
0.5 . 1
- L -
=yt Ny !Ny, = 0.6 .
|'_'|{:| ’ = ot r’r i e boe g b a b g g g o d 4 4 ]
0. 03 1.0 L3 20 2.5 ER

Mormalized injection curent density JU0,

Maormalized injection current density JU,

i
3 \
ot
g
&,
o
3
[
2
EL | 1.3
s
0 — - ey
] Iy Imection current J Wavelength

() Cg = 0.0001

} =4 P

e
N
s\

s
e D g

T‘;';velmgh

Ot puat optical power P

Injection current J

(b) Cg = 0.0003



Measurement of modulation response

I(t)y =1, + 11, 1lcos( ®t)

LD

P(t)=P, + P (t)

P (t)=Re[] P, (w)e’”"']=1P, (w) | cos

PD

,,(t) < K(1)

g

Network analyzer

P, 12/ 11,17

4

A

—\

W

»
»

wt+ 60 )

Usually is measured the so called electrical modulation response

2

‘ H (o)

H(a)=0

)

dB

= 20 Log

P, (w)

P (w

o




Small-signal modulation response

From the RE linearization (see Coldren & Corzine) and
assuming a small harmonic current excitation over the
bias, the system of differential equation can be solved
analytically and the impulse response function is
obtained:

H (o) - P (w) @ O g
Pw=0) A op-0°+joy

whose parameters are:

Relaxation oscillation frequency

2 v.,aN |
O g = YN Voen T YV ow VY opp =

Dampingrate vy = y v + 7, =KFf: +7,

and foupma= 2 V2/ K _ 4n2,cp|:1+ Fap}’

a



Experimental results small signal modulation

Response (dB)

Heloxation Frequency (GHz)
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The DBR laser: tunabillity
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Tuning of a DBR laser

Wavelength of mode m:

mA, =2 n,L,+n, L, +ny,L,)

Relative change AA,, due to changes in refractive index n, n, Nppp
AA, An,L,+An, L +Anp, L,
A’m n, La + np Lp + N ppr Leﬁ‘ Coldren&Corzine

Index change due to current injection:

For active section the carrier density is clamped An, =0

For passive sections

n, 1, .
-R(N,), j=p,DBR

qV .

A on ,

I’lj=—N(Ij), J=p,DBR

oN



Tuning of the DBR grating

ABragg = 2 nDBR A

Relative change of the Bragg wavelength:

A)]’Bragg _ AnDBR _ 1 anDBR AN([ )
- — DBR
A’ Bragg n DBR n DBR a N
In-plane
o 0 (A)
AAIN T'g — o

777777777777777777777777777777777777 7-10 nm

Grating current

Discontinuous line for grating current injection only

Continuous line with proper grating and phase section currents injection:
synchronous shift of modes and Bragg wavelength



DBR with wide tunability:SG DBR

(U CS B) sampled grating 1 Gain sampled grating 2
Sampled Grating 1 | Active Fhasel Sampled Grating 2
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Coldren & Corzine Out 7 7 /7
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DBR with wide tunability:GCSR

Coupler Phasa Reflector S-DAR
KTH
a /_}(9
= R
1.00 --m/SeIection of the peak by current
” — injection in the coupler
5 0
£ neo 0.0 'E.
g < Respect to SG-DBR
g oo § Similar tunability
T pap mg More output power
Reduced spectral characteristics

0 31 1]
1530 1535 1840 1545 1550 1555 1560 16685 1570

Wavelangth (nm)

Overlap of the GACC coupler bandwidth with the SG nurror spectrum



The DFB laser
¥

- |'Standard DFB — "_ Lom it "—
> /" B0
The periodic structure (grating of S

period A) produce a distributed

coupling between the forward (A) M _ —j(ﬁ - B, )A(a),z)— ikB(w, z)
and backward (B) propagating 4 dz
waves represented by - dBlw, [~ .
% -+l - A, Blw.2)+ jkA(w.2)
A A k the coupling coefficient and
SN G =211/
-+ T - BO
B, B, For lasing: A,=B,=0
0=T,A

. . Lasing condition T,,=0
Al Tll T12 Az "
el ) BT



The DFB laser - ||

Similarly for more complex cavities ;
cascading the transmission matrix of UL LA LU L MU LU L LU
each element T
A4 Shifted DFB e
R, R,
‘T |
: i
I m 2 | 1
A, As Ay Ag
e — - -
B, T, e B, T, B, T, By
ol |
| |
' |
input | T, | output
A N 0= T11Ao
m 0 _ .
B =T B 5 T_Tm T;E Tl Bm _T21AO



DFB above threshold

The non uniform field QWS-DFB
distribution along the cavity I R B I S T Rl S
significantly changes the f3 : :
parameter of the propagation
equation that depends on the local

power density
(dA(z)

Relative power flow P i)
L

= BIN.N, )-8, ) - jhB(z) "

0.l [ 1 e B | BN [ —— 1

=+j(ﬁ*(N,Np)—/))O)B(Z)+jkA(Z) 105 04 03 02 —01 00 01 02 03 o4 .I'-

Position in the lager z/L

| aB(z)
. dz

A longitudinal segmentation of the cavity is needed both for the static and
dynamic analysis.

For the dynamic analysis the previous equation can be transformed in a
time domain equation using a Fourier transform technique and linearizing
the frequency dependence of the propagation constant (3.

Flo.N)- 1, (0, 0)« LON) ()

a)=a)0



DFB dynamic propagation equations

after Fourier transform

ENR: 'a<z,t>={Fg<§>-“-j°;o 0 ()15 ) - )

_az \ az_

: L2 b(zat)={rg(N)_a+jm0 [neff(N)_neff,o]}b(Zat)"'jka(zat)
|9z Vv, 0z 2 c

ay . Fg(ab,N)-a Boundary conditions
(a() N)= . nﬁ(N)+J[ ) } 0.)= JRob(0.1)

Carrier rate equation

L,t)= /R a(L,t)
d I(t) T

&N Gat) - L[4 )+ BN )+ N )] 22N B0

S(z,t)= ‘a(z,t)2 + ‘b(z,t)2




How to include the physical effects

The gain: The dependence with A can be included in
5(\-“_ _ the time domain using a numerical filter

— / ,.nh{;___" - ~ ~
R P77 fo=(=A)f, +4f
O, / = - _
2 T-20 / / / X(’Fﬂ— ] < o o A
g L AN XN ro=(1-AF  +AF
3 o 7 N L 2 Z,t Zt—At
e 1- A

-514,_/1 52 1.53 ;’/1 54 155 186 1.57 1.58 H(a)) = . —_ {"{F}AI

R (i B 1—Ae™

The refractive index variation with the carriers

dg(N(z,1),t
Mey (Z’t)= Megr 0 _An[N(Z’t)_No] An = a ;;Uz gngt,t; )

& DParte imim.

The spontaneous emission in each section

E,, =+B,BN(z.t) At

with a random phase

Lf‘(zﬂ 'rl ;

Parte reale

-




The dynamic propagation equations

The previous equations are very general and can be used to study the
characteristics not only of a DFB but also of a quite general guided wave
optoelectronic component when assuming:

- the parameters describing the propagation may change in the longitudinal
direction considering both active, passive, with and without grating sections

- different terminal boundary conditions (with reflection or not)

- static or dynamic excitation.

In practice all the structures discussed before and many others as:

- Lasers for pulse generation: Q-and gain switched, mode locked, ..
- SOA : semiconductor optical amplifiers

- SLED: super luminescent LED based on waveguide configuration

- etc...



Integrated semiconductor mode locked (ML)
lasers for short pulse generation

A short pulse is generated when the longitudinal modes of a laser

are locked in phase .

From Fourier analysis the pulse duration depends
on the number of locked modes and the repetition
rate from the mode frequency separation.

Ex. if 3
) MA@y | L
Fla) = T::'r.rr ( ] Ol &) = eog — M Aaw)
i artiin
In the time domain:
: | A HAw, \; ) :
f-_[.w;hl ,Elchp (TJ (1=nT)" | expliwgi)
b i
where the repetition period is
r 2 B 2LN,
M i

Optical intensity | £ ()P

Spectrum intensity | F (s |

*

i

-1 -5
Orptical frequency (o — g/ S

0

ll 2hen,
- —
fi.

5 L

Time 8T



How mode locking take place

The carrier pulsation at a frequency close to the cavity modes
FSR helps the power transfer and the phase locking between
the cavity modes.

How Mode Locking can be obtained:

- by current modulation at the FSR frequency: ACTIVE ML

- by a self induced modulation in a 2 sections lasers: PASSIVE ML

- by a combination of active and passive ML: HYBRID ML

- by self mode locking due to carrier modulation induced by mode
beating



Active ML

'[ G: gain section
P R ](t) P: passive section

R: reflector

The active section allow the lasing

The can be used to set the FSR and to modify it by
current tuning

The if is a grating it allows to define and tune the pulse
wavelength by current injection

The repetition rate is precisely defined by the modulation frequency
when around the FSR



Passive ML

P R Lcmst

The active (G) section allow the cavity to lase and contributes with its
saturation to the ML pulse formation

The saturable absorber (A) reverse biased contribute to the pulse
formation with its fast recovery

The to set the FSR and to modify it by current tuning
The if a grating allow to define and tune the pulse wavelength

The repetition rate is reasonably stable around the cavity FSR

Mode locking take place if the dg dg
cavity operates in the condition: ——| > ——
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Simulation results for passive ML

transient pulse sequence optical spectra: many locked modes
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optical power, 20 dB/Adw
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Hybrid ML

1 It)
ey B

\Y

Has the advantage of:

-repetition rate stability and

accuracy of active ML when it 4.5
operates around the cavity FSR. — 4 1\
o
- it requires a smaller modulation % 3.9 \
current = 3
3 \
S 2.5 \\
o ——q "
2 W

bPss 219 2195 22 2205 22.1
f [GHz]



Ex.1 of Active ML simulation results

Modulazion at
22.03GHz

- Pulse width
FWHM 1.74ps

Potenza [mW]
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Ex.2 of Active ML simulation results

Potenza in uscita a destra

 Modulazion at
21.9 GHz

« Multiple peaks
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Example of a realized device

- Hybrid ML laser with a saturable absorber
modulated at 40GHz

 H. Hertz Institute Berlin

Laser | N

RF source




P-I characteristic (I)

long cavity or

external cavity lasers
with high o, . -> 4-6

Equivalent external length 1n air: 700pum
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Examples of self ML

Easy to be found in

=1, +5mA (CW)

7
X 10

Photon density [A.U.
[ %]

129 1292

1.294 1.296 1298 13
Time [s] x10”

I=],,+300mA(SP)

ol

12925 1293 12935 1294+

Time [s] x10

Equivalent external length m air: 60001m

Photon density in dB [A.U ]

Photon density [A.U.]

b T
80 i J: —
wf T

| | |

| | |

| | |
0} ¥ M~ P-|

] \ S MIN

| | | i
40" o o - o~
2% 107 rrent [mA]

1=, +70mA (SP)

3 |
2 |
-1 L
0!

ML=mode locking®"

12925 1293 12935 1294
x 107

External
3/ grating
x 108
— _——|I=l. +5mA (SP
“:’-"E_:u___'__klil"th :"'('I)
E Ll ! | | | |
2
34t .
c
]
=
§al
3
=
L ) |
01 1232 1284 129 128 13
mm Time [3] x 107
X
~ | =l +300mA (ML)
22
<
z
w0
c
@
T 1
c
o
5
£
o
U125 1292 1294 12% 12% 13
Time [s] x 107



