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Outline

* Applications of semiconductor lasers. ‘Revolution’ of light.
* Basic principles of laser operation (only to remind).

» Absorption and gain in semiconductors, inversion of
population and conditions for it's achievement.

» Rate equations. Lasing threshold. Laser efficiency.
* Modulation of the laser signal. Gain clamping.

* Fiber-optical applications. DFB and DBR lasers.
VCSELs and VECSELS

* Waveguide in LD structure. Modes of the waveguide.

* Beam-propagation (‘beam-quality’) parameter M? and how to
measure it. Achieving maximum power density with LDs.

* Interference focusing of LD beams.

* What’s next? New applications and problems to solve.

Applications of LDs

Laser Diodes & Direct Diode Lasers: Global Market Forecast
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= Material Processing (DDL & HPDDL) ~ ® Optical Sensing Healthcare
& Optical Pumping Display & lllumination u Data Storage & Communication

® Defence https://compoundsemiconductor.net/article/106837
* Telecoms ]
 Data reading/recording B o i
L Laser printing Excimer Lasers 6%

* Pumping of the solid-state i ... o
« ‘Direct’ applications: cutting ™™™
* Biology and medicine T

Diode Lasers 58%



Applications of LDs

1 mm

orn R Y -
* Telecoms " = in

*Data reading/recording Closeup of Typical Laser Diode
s Laser printing
* Pumping of the solid state and fiber lasers
« ‘Direct’ applications: drilling/cutting etc

* Biomedicine

Types of LDs

1. Surface and edge-emitting
(e.g. VCSELs, VECSELSs,

GCSELs, etc and ‘striped’ LDs) P

2. Broad and narrow area ‘}
Broad: high power, poor beam quality; e )
Narrow: low power, better beam quality e




LDs for Mid-IR (1600-5000 nm)

In Mid Infrared spectral range 1600-5000 nm
lies strong absorption bands of such
important gases and liquids as:

CH,, H,0, CO, CO, C,H, C,H, C,H CH,Cl,
NCe WOl 1NCl, HBr, HyS, HCN, NH; , NO, |
glucose and many others.
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Optical tweezers

Waveguide: light in matter

‘Inverse’ waveguide: matter in light — optical tweezers




Laser projectors

MacWorld 2010
Best of Show award

no focus adjustment!

Basic principles of laser operation

Gain + Feedback
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Basic principles of laser operation

Lasing threshold

o
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AP EVE AV A
S(x)=8,* SQL)=R*S,e’* =8,

1
24 = Z ln R athreshold N aout + ain
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Basic principles of laser operation (3 f

Spontaneous and stimulated emission
E2 _()_ Ez 4)_ Ez _(‘?_

O Y o7 = Ompiep
Spontaneous Stimulated Absorption
dsS ds ds
= An — = BSn — =—-BSn

dr dt dt



Basic principles of laser operation

Gain: inversion of population
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‘Negative’ temperature

3- & 4-level systems
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Laser diodes: Some basics

E3 7'y ) / EC
E, N

._/\/\y _/\/\_'
E, v E,
E4 " /G_\EV
Vibronic laser Diode laser

E. — conduction band
E, — valence band
E, — energy gap

Laser diodes: Some basics

Electrons Conduction band
< Current Q Q Q@
Quantum Dot or
TR ‘—ﬁ Quantum Well

v N-type

P-type

-  ©®© ©
Valence band Holes < Current

QWs and QDs are the ‘artificial atoms’ :)




Light generation and absorption
in semiconductors

‘Golden’ rule of Quantum mechanics: W = 27” < f |H |i>‘2 Py

Absorption probability: W, porsion = BIM|” Sp(E) f,(1- £.)

a

Radiation probability: W, s = BIM[ (S +Dp(EY1- £) .

The total radiation probability:

W = W;adiation = I/Vabsorptian =B ‘M‘z p(E)f; (1 5 ﬂ;) + SB‘M‘Z p(E)(]{c — .f;)

r, (E)=B|M[ p(E)f.(1- 1)

(E)=r,, (E)+5r, (E) r,(E)=BM[ p(E)(f.~ f,)

Light generation and absorption
in semiconductors

What is the condition for stimulated emission? r,(E)>0
r(E)=B[M[ p(EX/. - £)>0
1 1
I = — >0

ExE B=F
l+exp( CkT "j 1+exp( va Vj

F-F>E-E>E,

Inversion of population:

F,-F,>E,




Inversion of population

(a) Equilibrium bandstructure

AE¢ Ec
N-(GaAl)As p-GaAs P-(AiGa)As
- Ev
Er
(b) Forward biased
Efe - e
B AE
™
L
P-(AlGa)As

N-(GaAlAs | p-GaAs M'

Forward-biased
p-n-junction is both the
source for the inversion
of population and for the
name of the “laser
diodes”

http://britneyspears.ac/physics/fplasers/fplasers.htm

Stimulated and spontaneous
emission rate: 3D

rp(E)~ p(E)f.(1=1,)
r(E)~ p(E)([. = 1,)

pP(E)~JE-E,

1 g
fes E —Fj
l1+exp| ——*
( kT

1
%3
=y
l+exp| ——
kT
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Density of states:
Low-Dimensional vs 3D

3D 2D 1D oD
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Evolution of the threshold current
density: from 3D to Low-Dimensional

b
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[D.Bimberg, IEEE Phot. Soc. Newsletter 6, 3 (2013)]
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Density of states:
Low-Dimensional vs 3D

3D 2D 1D oD

P £ g J gl L
d e

L L [ L

E E E E
Bulk Quantum Quantum Quantum
semiconductor Well Wire Dot
~1 kA/cm? ~100 A/cm? 27? ~10 A/cm?
QDs vs 3D
r St A
Lower threshold QD

But: at low QD density threshold ;:::;:::::.:?:;I'},. =
may NOT be reached PR R

E
Lower temperature dependence
of the laser parameters

Pop (B)= 2”Q05(E -E,)

Narrow spectrum for IDENTICAL QDs

But: broad spectrum for inhomogeneously
broadened QDs
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Laser diodes: The waveguide
7l

n
¢ Electrons i
e O Conduction band
@ ——— Quantum Dot or :
Quantum Well
nf
N N-type Photon P-type
[ y R— r —-—-—,,a
n
) Valence band Holes
kj+k22:k02n; 2k f+o, +@. =2xm

£ Mk (k) =k, N,

n,n, <N, <n,

Modes of the waveguide

\Wan
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Composing Rate Equations

The simplest model

J 1is the average pump current density
n 1is the average carrier concentration in the active region
S is the average photon concentration (average intensity)

Carriers, steady-state:

Pump rate = Recombination rate id =r el
X 4
Carriers, time-dependent: \ ) -
dn _J dn_J T %
—=—-r —=—-r,8", )
dt  ed dt ed n 1
2
}/:S‘p = Bn = -, 'Z'S = —
dn J n c 2(n) S T ” Bn
e D r,~gain r,= n
dt ed 1, N, w8 "N g(n)

Composing Rate Equations

Photons, steady-state:

Total radiation probability = Recombination rate —

Photons, time-dependent:

& _ ﬁﬂ(nﬁ%)—i
dt v, dt 7,
ds S

“T-S o) S+TpL -2
dt Ny % T T -confinement factor
das _T4 (n —”t) S+Tp S [ - spontaneous emission fgctor
/ z n, - transparency concentration

" "1 4 -linear gain coefficient
dn - J o n_ A(n —n, ) S 7, - spontaneous recomb. time

dt ed 7, 7, - photon lifetime




Lifetimes

Spontaneous: Photon lifetime:
T e 7, ~1ns if n ~n,, then: §=—£:>S=Soe%p
Bn J\r/ dt T,
—AVR> —AVA—>
N AN RGN IS
“AN— LAVRS «AVAR—
2270 AV ASREA VAR Vi
2LN
2LN “r
i eff B CT R -2La;, 2
t, = . S(t)=S,e =S,e R Lt— 71
1 ( 11111) G T =7, |
— —— g r—liie= ~
t, NyU" L R %S RT=71

Rate Equations for QD LD

on, J ng n,, n
e T A =
o ed "r,7" 27F ¥ |
on n n n n n
aE =7_ngE'__EfW'__§‘fG'+_GfE'__§' TWE
t To Tg To T Ts ES SO A
—C = fet A, —n, 0 =C 1,3 Twg  “a'E
o T T T
0 G s GS e -
oS n, S
—=T4(n, —ntr)S+Fﬂ—g——p
ot G T,

...where " is the filling factor

Y. Wu, L.V. Asryan, JAP 115, 103105 (2014)
https://doi.org/10.1063/1.4868472




Steady-state solution of the Rate Eqs

ﬁzl“A(n—nt)S+F,B£—£:O FA(n—nt)Szi—F L
dt Ts ’Z'p Tp
@:i —E—A(n—nt)S=0 A(n—nt)Szi e d
dt ed ed
R
n= -
e
S=I'r, il 1
ed T, n=n, +
J 7 I'dz,
n n 3
FA —3 T7|— ——|=— —— =
(n=n) p(ed TSJ ed 7T, §=0
r
S:i J—ﬁ n,+ 1
ed T, 4z,

Steady-state solution of the Rate Eqs

Jr

i N

 ed

n=n,+
T'4 7,

[S=0

r
S=i J—ﬁ n,+ ;
ed T, T4z,

nﬂ o0
l’llh """"""" >, //
T (1 . I<I3Tf
Ei
S“ Jth '
M
%
v
1
T =T ¥ TAr
)4



Lasing Threshold
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http://britneyspears.ac/physics/fplasers/fplasers.htm
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Threshold vs Temperature

T~ D)

Threshold, J
Threshold, J

1 1 0.1 1 1
100 200 300

100 200 300

Temperature, T Temperature, T

Laser efficiency

1w
J—>J7777i = S:ﬁnir_;(‘]_‘]th)

e
- = , ,
e Pumping efficiency
Jtotal
Z photons

n, =<&~———— Internal quantum efficiency
Z electrons

B’ Ec () —
77’4=An+an+Cn3 i\
EC _Q\\_ EC B U EV 2
free-carriers "‘. e AVA. - Auger
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Laser efficiency

T
S=inr2(/-J,) P _Lgp, c V11
e 2 N,T'L R
B T 1 e 1
plal Ly, o Y RERRR L) —:L(am+—m—J
2 N,I'L R ed T, L R
y P
I=JWL=J—
d
I R1
y) 1. ho [ R
P(A):Ennz_ - IR 1 (I—Ith) d >
Gt - e, 1
L th
1,1
. . . . P(%) 1~ LIHE _1 ﬁniaout
differential efficiency: 7, = ) —27777i .1 5
7(1_1[}1) all’l-l_ilr1 ain-l-aou[
e L R
Laser efficiency
Measuring IQE:
I - a;,L
= = |y
ny Am| pl

R

Lasing efficiency:

Tserial T

7 serial T

19



Turn-on delay

1
0
X
N
in
T

dt ed t J
ot
- p Sy
T L0
nty=—={1-e’"
= ( j ?
n(At)=n,, /
At "t
At=z‘sln( J zfsﬁ
Y J
Turn-on delay
A RZ modulation
J A
At=rsln( ] RT, i
“Vu J
e [rRr ISR EESRRES: EE
If J=2J,,t,=1ns: At=0.7ns >
A
Non-return-to-zero (NRZ) modulation /
J 3 SH At "t
IR IR
1 1 1 1
1 1 1 1
A i
R s _ = l_——J Lol |
ot ot
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Turn-on delay of QD LDs

Non-QD laser diode:

At=7 In 4 zz'sﬁ
JyJp Z

QD LD: / O

J
AterT”’+Crp

"I

Small-signal moduation

n _J_n__¢ ok J(t)=J, + (), J,>>I(t)
dt ed 7, Ny S(t)=8,+385(1), S,>> ()
ds E g ; n(t)=n, +on(t), ny,>>nJ(t)
7= FN—g(n)S— —3 +Pﬂ—
t off tp g IS PR
N o T,
J n @ —
a —a—N»effg(l’l)S—O
o] om ¢
sn="2 "L __° (g, 85+g'S,on
n ed <. Neff (g g S,0n)
o o S Y R
Ne/f Tp Ts
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Small-signal moduation

o om ¢ '
Sn=— —————(g, 8 +g'S,0n) aJ(t) = jexp(iot)

ed 1. N .
5 on(t) = a(w)exp(iot)

s eff
5S=T—(g,8+g S, - = +TBL  55(¢) = b(w) expliar)
Ne/f Tp T

[iw+i+ig’S0]a + NLg0 e

T, Ny of ed
—(FLg'SO +F£J a+(z’a)+L—FLgoj b=0
Ne.ff T Tp Ne?lf
y=i+ASO, A=—"g' P W g @)= A5,
Ts off 7, Ny Ty

Amplitude-freq. response of photons

g c J
[za)+—+—gSoJa+N—gob=—

T, o o ed
1
—{FLg'SO+F£Ja+(iw+——FLgo]b=O
Neﬂ i, 7, off
Ijr ®? ] )
b@)x—"2 3= L B(w)explig,(w))
ed wy—o +yio ed
] Y
e e by () = arcig(—L2—)
(a)o_a)) ty7 o Wy~ @
1
A el NN WD o
T off [ Ny [
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Amplitude-freq. response of photons

Phase-frequency response of photons

i \

()]
8, () =arctg(-——L2—)
wy— @
1
y=—+A4S§,
TS
AS,
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Amplitude-freq. response of carriers

¢ J
b=—
8o od

eff

1
(z‘a)+—+ ¢ g'So]a +
T, off

S

1
—(F < g’S0+F£}a+(ia)+——F < gojb:O
ef Ty Neff

Jj 1) J ;
0)~—— =—— A(w)exp(ig,(w
a(w) e oL (@)exp(ig,(w))

@ Y@ V4

¢A (Cl)) = arctg(— a)g_ a)2 ) _E

Alw) =
O - e

Amplitude-freq. response of carriers

A(w)
N
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Phase-frequency response of carriers

()

(), d,()

. o
14 \ 1

Yy T
¢A(a)) :aFCtg(_ 0)2_ 0)2 ) _E

y=—+ 485,
T

Phase-frequency response

— d5(0)

- P EES  e
14 Wy— @ 2

/2 ¢y (@) =arctg(— 2

2
Wy — @

(O

/2 shift in the phase-frequency responses means the
energy flow between the photons and carriers (similar
to the kinetic and potential energy in pendulum) which
is called ‘relaxation oscillations’.
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Relaxation oscillations

NB: no relaxation oscillations in QD lasers!

Typical explanations: 1) QD LDs are too fast; 2) QD LDs are too slow

Eye-diagram

26



Py

Eye-diagram

;Pm;x;,,u
N[E=])

{ T

pulsed

i
4 pulsed
cw
1y E £/
/“ cw
Iy, R
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Gain clamping

30— T T T T T

AN _ T qN-N)S(- gS)——
dt ed L p
25 >
Ve
B ra-n,)sa-es)+ TS I ST
dt N g 20 >
= /
i ~
. . a‘é 15 > s 4
Quasi-analytical: g //
= Y
Q 10 <
N:N'h+; = > rh:Nrr**l 1 N
T4z, 1-&§ T4z, . |
&e=0
7 d &S N,ed A e |
55 e;p(J_Jth_Fjﬂplfé‘S} ¥ ’;e § = 4 6 8 10 12 14
(I'Ith)/lth
Asymptotical:
T € I'dzr & 2
N_N'h+gAr+a(J Tu)+ Ar+g[edAr+g(J_J'h)}
Gain clamping
dn J n c
—= —————g(n) S(1-&5)
dt ed 1, o
as S
=TS o) S(1-&5)- = +r/3—
dt = 7, z,
S
AS,
®, z\/ % (1-es,)
p
¥
Jin
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Gain clamping

Response, dB

£=2-1023 m?,
p=1.10+

5 10 15 20 25 30

Frequency, GHz

o, \/Aé%p (l—aSo)

Application

to the fiber optical communications

— OKHa npo3pavyHOCTU ONTOBONOKHA

PeansHoe
3aTyxaHue

Kpusasa
pacceMBaHmna nornowexna

m

bow

ab/km
3,0
20L 2
=
]
>
P
o
™
1,0 -
0,0 1
0,8

0,9 1,0 11 1,2 1,3 14 15 1,6 MKM
[nuHa BonHb!
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Application
to the fiber optical communications

Double power: Double distance?

P S — OKHa npo3pa4YHOCTH ONTOBOJNIOKHa 20dB

aI,ttenuation: -20dB = m =100km

W #03)B _ 1

1

0.2dB/km | 0.24B/km

08 09 1,0 11 12 13 14 15 1,6 MKM
AOnuna sonHsl

L(100P) = 200km

Wavelength / Time Division Multiplexing

=q TDM Multiplexer Demultiplexer Channel 1 ]

Optical Fiber
Multiplexed
TDM Signal

Channel 2

Time

Multiplexed ~ Timing
TDM Signal  Extraction
Circuit

Channel 4

o5

Time

(a) Time Division Multiplexing (TDM) Transmission

Channel 1 WDM Coupler WDM Coupler Channel 1
J_I_ll_»(W velength dependent)

Channel 2 Channel 2
—_— —_—
Channel 3 Channel 3

! ! ! ! Optical Fiber
Channel 4 Channel 4
v |
Time RN el Time
<
Before Multiplexing Role of Prism After Multiplexing

(b) Wavelength Division Multiplexing (WDM) Transmission
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Wavelength Selection

0
Gain 10
£
Chlp D %]
,-f‘ 30
. . ] 2 w0l
Diffraction £
Grating s
60
Lens Lens 1100 1125 1150 1175 1200 1225 1250 1275 13‘00 13'25 1350
Wavelength, nm
Gain Chip:

* 4mm length, 5um wide waveguide T

» 10 layers InAs QDs, grown on GaAs substrate

4 mm

* waveguide angled at 5°
- facets AR coated: Rangled < 105
Rfront ~ 2 =103

3mm

Distributed feedback (DFB) laser diodes

= 0+ ASE suppression:
n-InP & >55d8

=
p-InP § 7

I
é

n-InP WMWM

1540 1650
Wavelength [nm]
p-InP
p-InP
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Distributed Bragg reflector (DBR) LLDs

| _Grating Along DFB
Laser __ POOAAAAANALR] Active Medilm (Distributed
E&diaﬂon Alibatanimt Active Medium Feedback)
Laser Diode  Light
Tapered Fibre i Output
|
Fibre Bragg Grating Lens \

100% mirror Cleaved Facet

at resonant wavelength (partial mirror)

Diffraction grating in a waveguide

X AX
0 B = k22 — k™ = kN,

/ kons kon kOnL

>
z

71

S
& N
a7 \ f/ //,,,f
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Diffraction grating in a waveguide

1st order 2nd order

AX X
KOS =k, ROk, ==k,

Distributed feedback

A2 O*E

+x’E=0

S| o @ @| w PE

BBIXO] e (l(Z) = 0o+ a,; COS(ZBOZ)

] ] B D = n(z) = n + n; cos(2B,z)

By = nw, /¢ =no/c

K’ = B +2iaf + 4k cos(23,2)
B=nw/c k=mnn/\,+ia, /2

E(2) = R(z)e™ + S(2)e™”
dR

Amruryna

| | | anr e .
PaccrosiHue - iz + (OL 18)R =ikS
BZ _B(Z) . =n((o—u)0) ds .
5=t % i 4 — Hla—id)S=ik'R
4

P.®.Kazapunos, P.A.Cypuc, ®TII, 1972, 1.6(7), c. 1359-1365.
H.Kogelnik, C.V.Shank, Journal of Appl. Phys, 1972, v.43(5), pp.2327-2335.
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Distributed feedback

dR
——+(a—i8)R = ikS 2 _g2 e
ds -
d—+(a—i8)S=ik R k=mn /A, +ia, /2
Z

MODE SPECTRUM FOR INDEX COUPLING

+3LuABL —»

Distributed feedback

%NL

bperrosckas paceTpofika

MODE SPECTRUM FOR INDEX COUPLING

k=mn /N, W

MOPOroBOE Y CHIICHHE, O.€.
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Distributed feedback

MODE SPECTRUM FOR

GAIN COUPLING

GAIN, dB —=

CBs13b 10 K03().
MIPETIOMIICHUS

k=mn /N, +i

CBsI3b IO YCUJIEHUIO

k=npdh,+ia, /2

N=3
———wnL/Ae25

—40

=30
g 1 K T

+8LeABL —

Vertical-cavity surface-emitting lasers
VCSELs

p-contact
GaAs/AlGaAs Sio,
p-DBR : |‘
SMLInGaAsQDs_ |/ \ (AIGa)0,
\bg/ aperture =
GaAs/AlGaAs S
n-DBR { e
1 &
@ 1,0y 7]
n-contact = g
2 ' £
2 08 =
354 SML InGaAs QD VCSEL ah = : E
CW RT, single-mode . 2 06 ' E'Lr, e
3.0 aperture 3.5 um 2 7 1 2
25 r N =%
S 25- g 1 8
E 3 £ 044 1 <
= { 205 5§ v 5
5 2.0 o RO \ E
H o 0,2 1 b
[ 415 & | £
S 1.5 = vJ N =
-] [ N N R F4
£ 1o O e Em W0 4w
= )l
o
054 dos Radial distance [nm]
-80
0.0 . . . . 960 ) 964 968 0.0
0 1 2 3 4 5
current [mA]
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Vertical-extended-cavity
surface-emitting lasers (VECSELS)

n-mirror output
mirror
0,6
R=90%
p-contact nipsact = 05
=
O 0,4
2
o
Q 03]
=
3
S 024
O R=98%
AR coating 0,1
y \ R=99%
f Gain region, GalnAs/GaAsP oo Sy U0 12 A1’s 22
p-mirror Strain compensated wells Injected current [A]

A .Mooradian, “High brightness cavity-controlled surface emitting GalnAs lasers
operating at 980 nm”, Proceedings of the Optical Fiber Communications Conference,
17-22 March 2001

Problems of LLDs

* Power Power density
» Beam quality | &intensity gradient

==Speetralquality——

Broad-stripe LD

400 MKM__»
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Optical confinement

Double confined

D H

Separately confined

[ |EQ dx
=
[ B ax

Modes of the waveguide

\X (my _ [p2 2 (m) _ AX
k: —1/k0nf—kx =k,N,

mkw kong / mkon KoNg

z

\Wany

q
y

e

<
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Optical confinement

—

o

Normalized waveguide depth b

/ a: oo / _

e o\e o o = o o ©
S 2 55

o =

Managing mode structure
with optical confinement




Power density and LD power

‘Not impossible’ near-field
distribution of the broad-stripe LD

Y T 1

I |

I |

l [

2 | [
Higher power: £l b
+ Higher modes § | i !

+ Spots (ﬁljclments) 2 : |
 Astigmatism |

| |

Higher power does not mean [ mjo Lk

higher power density... :( 200
Distance, pm
Multimode LDs

. - I e
— Sy, " ) e \

Multi-moded and ‘spotted’ (filamented) radiation
1s difficult (and sometimes impossible) to focus!
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Gaussian beams

Gaussian exp(-r?/w?) is the most dense
distribution. Therefore, Gaussian beams
are the beams of the highest ‘quality’.

Propagation of the Gaussian beam

exp(-r2/w?)

Even the ‘ideal’ power density is limited due to the
quantum mechanical uncertainty principle ApAx=h

Gaussian beams

Beam waist size on the level of 1/e%(13.5%)

2
w(z)=w, 1+[ Az j Propagating beam size (beam diameter)

m? f
R(z)= 2[1 ‘{ 7 . Wavefront curvature

Rayleigh range (distance of V2-fold
. A increase of diameter of the beam)

—
—>
¥ o -
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LD beams:
From multi-mode to quasi-Gaussian

M? — beam propagation parameter

[o1 020 [2] [E]
I J

Intensity. a.u.

0 100 zoo

Distance, jim

Second moment properties

o 2
Definition of the second . LO (=, )" 1 (x, y)dxdy
moment (or variance): i J‘°° e,

X

o0

Applied to a zero-order g J:oo X exp (_xz/ W )dx o ﬁ

Gaussian beam yields: i J‘ o exp (_ 2 / W ) e 2

This leads to a parabolic propagation rule:

0.(2) =0 +0,(z—2)

wz(z)=wg+[ 4 j (z—zo)2=w§[1+(Z_Z°J]
W, V4.

A.E.Siegman / Proc. SPIE 1868, 2 (1993)
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Second-moment-based
beam width definition

Therefore for arbitrary real beams similar beam width definitions
can be adopted:
wx o \/Eo-x

These second-moment-based beam widths will propagate exactly
quadratically with distance in free space. For any arbitrary beam
(coherent or incoherent), one can then write using the second-moment

width definition 3
2 2 4 2
Wx,y(Z)ZWOX,y+Mx,y( ] (Z_ZO)

With M?>1 being ‘times diffraction-limited’ factor for an arbitrary
real beam compared to the zeroth-order Gaussian beam

Ox,y

2 TIW W\ Z
M = 0 ( )
A.E.Siegman / Proc. SPIE 1868, 2 (1993) Zﬂ'

Basic properties of the M? parameter

M? is a ‘times-diffraction-limited” parameter based on measured near
and far field second-moment beam widths

w )
M? = measured M?=1 for a zero-mode Gaussian beams

Wo

Arbitrary real beam width can then be fully described by 6 parameters:

2 2
Wor s Woy s Zox > Zoy s M s M,

Requires time-averaged intensity measurements only.
NO phase or wavefront measurements!

* Can develop such a universial propagation rule only for the
second-moment beam width definition

* Actually holds true for propagation through arbitrary paraxial
optical systems as well

A.E.Siegman / Proc. SPIE 1868, 2 (1993)
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Focusing of the quasi-Gaussian beams

100 (R . I T Z
=~ s
- ~
Wy (.01, 1) N -
s . PR
wp(z,0.1,3) 5o 1 \\\ B g
_____ .
wy;(,0.1,10) - T 2 e
0 | i L
~1000 =500 0 500 1000

How to measure M? parameter?

Measurable: beam diameter as a function of propagation length:
w(z) = Wi,z +NA? (Z =i, )2 = lez +2)NA®> =22z NA> + 2°NA* = A+ Bz + B,z°

A=w,, +22NA NA=+B,

: M2 B
B =-2z,NA®> with W, = o follows: Zy=-— %Bz

3 T

B, = N4 2
2

M == 4B,-"1/,
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How to measure M? parameter?

Cylindrical lens No.2
(Slow axis corrector)

Measuring lens

D
Cylindrical lens No.1
(Fast axis corrector)
~ - T T T 3
N
@ o
0. o, ®
o o " n o 0
- M2 is different at fast
( el
and slow axis!
L |

How to measure M? in your lab?

1. Use house-built setup with any CAL or CAD software
(e.g. MicroCal Origin)

Approx. time for one laser: 3 hrs (when you’ve got some experience)

2. Use specialist hard- and soft-ware (e.g. DataRay)

Approx. time for one laser: 15 mins

Standard:
ISO 11146
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Power, W

Measuring M? parameter

Slow axis

N
°
I

"

o
%))
1
N

150
{40
—n

4160

<430

420

N
o
=

Current, A

For broad-stripe laser diodes,
M? at slow axis is an order of
magnitude higher comparing

to that at slow axis...

Power, W

o
3}

-
o
!

100 um high-power LD, 1.06 um

o)
2 M? varies with current!
o
@
S M2 can be NOT measurable!
s
51 15
Fast axis i3 8
g
[}
4 g E
o
@
16 <
s
......... 13
T 0
0 1 2

Current, A

Don’t call it ‘Gaussian’
before you are sure...

Light emitting diode Lumiled, 0.63 um 350 mA, M?=500
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Don’t overestimate the M? parameter
of the ‘nasty’ LD beams...

Narrow stripe LD, 1.06 um, 100 mA, M?>=4

Interference focusing
(Generation of Bessel beams)

Prism: interference of plane waves

——

J. Durnin // J. Opt. Soc. Am. 1987, A 4, P. 651-654
B.Ya.Zel dovich, N.F.Pilipetskii // 1zvestia VUZov, Radiophysics, 1966, 9(1), P.95-101
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Bessel beams vs Gaussian beams

Axicon Lense
— —_—
—» —s
—_— —_—

(O} ® ® .
2 2
iz 7
=] (=]
[} [}
o o
o) B
2 2
o o
o o

distance distance

Bessel beams are ideal for optical tweezers,
micromanipulation and lab-on-a-chip applications

Bessel beams are typically generated with vibronic lasers

Interference focusing
with Laser Diodes

1000

ow coherence???

|
a7S000 T s

wavelength, nm

VCSEL DO-701d, Innolume GmbH, axicon 170°, I=1 mA
G.S.Sokolovskii et al. // Tech Phys Lett, 2008, 34(24) 75-82
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Interference focuing
with High-power Laser Diodes

Main problem: Poor beam quality

Multimode Filamented Oblique

(©)

Radiation wavelength A = 1.06 pm. Axicon apex angle 170°. Central lobe size d, = 10 pm.

Bessel beams from the broad-stripe LD

Axicon apex angle 170°

G.S.Sokolovskii et al. // Tech Phys Lett, 2010, 36(1) 22-30
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Propagation length of Bessel beams
generated from Laser Diodes

A—>>M?*2

2
A:Ml
7 NA

M2, ;=10-50
M2, ;,=200-500

Achieving ‘non-achievable’ intensity
gradients with broad-stripe LDs

Broad-stripe LD 1.06 um, M?>=22, LED 0.63 um, M2=200,
interference focal spot dia=4 um interference focal spot dia = 6 um
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Fiber axicons
(Fiber axicons manufactured by Maria Farsari and colleagues, FORTH)

)

18kV

15kV X750  20pum

Laser Diodes & Direct Diode Lasers: Global Market Forecast

Full details in the IDTechEx market report $14B
Laser Diodes & Direct Diode Lasers 2019-2029 I
IDTechEx [ I

Revenue [USD billion)

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
Year

W Material Processing (DDL & HPDDL) Optical Sensing
 Optical Pumping
m Defence

Healthcare
Display & lllumination ® Data Storage & Communication
https://compoundsemiconductor.net/article/106837

* Telecoms i

*Data readlng/record|ng Solid-state Lasers

Pumped by Diode Lasers 6%

*Laser printing
* Pumping of the solid-state :

Sal

« ‘Direct’ applications: cutting ™" =™

* Biology and medicine

;_-_-_-_-_I_I_LI_LIJ_

Excimar Lasars 6%

id-Stale Lasars

€O, Lasers 16%

Diode Lasaers 58%
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Laser projectors: Green Light?

- '___.-:" sung HO3
ed LED Projector

MacWorld 2010
Best of Show award

no focus adjustment!

From laser printers to 3D printing
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Telecoms/Datacoms: Silicon Photonics?

.
Light Qut

n Contact
Ag

2 macplanes
Node Card 1024 nodes

16 compute cards (2048 CPUS) i Bl
(8l 16} .
g T 12w

2 rocesers @acPu) 51208008 wrer 6.1 0m
i roplace (dda2) 1520k i
R 25mmx2mm BO0/180 GFis

2rodes 4CPUS) 16 GE* DOR

> - Fve i (2x1x1)
e 24(2.85.6) GFis
2612 M8* DOR P

On-chip Dataco
What counts? fJ/bit!

n Contact
Ag

olariton Laser

2 14

=
B 147

& 1418

MTEF 6.16 Days

25men
4MAE"eDRAM 3 noes 4 GPUS)

C.Schneider et al. // Nature 497,348 (20% %;:

3
P
5w
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Automotive applications: laser ignition?

US Army first laser weapon

Offers lethality against unmanned aircraft systems (drones)

and rockets, artillery and mortars o X L. .

Citadel Defense has been awarded a sole source contract for $6M from
US DoD to build and deploy an Al-powered counter drone solution.
The system will be deployed at “sensitive government locations” and
operated by non-specialist military personnel and first responders.
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USS Portland tests high-energy laser

ortlana successiully engages a static
surface training target. Portland previously tested the LWSD in May
2020 when it successfully disabled a small unmanned aerial system
while operating in the Pacific Ocean.

Automotive applications:
laser headlights?

www.bmw.com ‘In the laser headlight, the beams of light are bundled together to attain a
luminous intensity that is ten times greater than conventional light sources such as
halogen, xenon or LED. BMW Laserlight has a visual range of up to 600 metres, twice
that of a headlight with conventional light technology.’
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Laser lighting?

Phosphor
module

Laser diode
withsafety detectors

Fiber-Coupled LaserLight

LED Street Lighting with < 30m pole spacing

Future

10000 /O P LaserLight .
s \ 100um spof
& — >380W/mm?
£ Fiber - —
B o Module o Sl - La
3 o N ser
3 270um sp‘oit, — —a «—— Phosphor
£ >60yy/mm
E] .- Current Remote laser
£ N - L diode bank
E]
= 100 High ?g[g;;tn.e §$l’ Cree ngll?m ‘/A
E o XLamp XD16 G
[

Luxeon Altilon

imm x 1mm spot ~
-2W/mm? -
4-2W/mm Lumileds >40\A21/ (
mm
01 1 10 100 1000 3-5X reduction in pole spacing
Excitation Density (W/mm2) with 100X Luminance

Optical tweezers: lab-on-a-chip?
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Lab-on-a-chip

‘Lab’

‘Laboratory’

.+ -
O

.

‘Chip-in-a-lab’ ‘Lab-on-a-chip’

‘Lab-on-a-chip’

Fluorescent microscopy ﬂ

microscope B

Gain Beam A2 Filter
i Splitter

'_1_! - - !Diffrac(ion
fed

Confocal

Pump Power, mW

e e

{if:

Despite the small footprint of only 25 mm x 25 mm, FBH modules achieve optical output
powers of > 8 W cw at 1064 nm as well as 1156 nm with very good beam quality of M?< 2
and a spectral linewidth of <5 MHz. https://optics.org/mews/13/11/3

X
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Lensless microscopy

Sample Object Hologram
/ wave front X

Lens
Beam spliter ~ Condenser

Object
beam

Laser beam

Microscope ~ Reference

Image sensor
objective ~ Wave front

Reference
beam

Pin hole

Mirror

Generation of Heat-Shock Proteins
and Ceramides with Laser Diodes

Extracellular heat shock proteins (Hsp70) and ceramides are known
to possess high adjuvant activity for cancer vaccines and low-
immunogenic vaccines against dangerous infections. Hsp70 and
ceramide can activate receptors of the innate immunity (TLR4) and
boost protective immune response reactions against abiotic stress
factors and biopathogens.

Pulse duration 100 ns

Laser diode Frequency 10 kHz
Wavelength 1060 nm
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Quantum time standards and gyroscopes

CTAHOAPT YACTOTbI TMPOCKON

me=+2
Mme=+1

(11), 671, 2018]

Alkali atom cell
with Xenon

In Mid Infrared spectral range 1600-5000 nm
lies strong absorption bands of such
important gases and liquids as:

CH,, H,0, CO, CO, C,H, C,H, C,H  CH,C],
Qre w01 10Cl, HBr, H,y$, HCN, NH; ,NO, |

glucose and many others.

Spectral density
N W A
i 9

H
<

0,
1300 1500 1700 1900 2100 2300 2500 2700

Wavelength, nm
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Quantum-cascade lasers

e VAK 621.582.3

0 BO3MOKHOCTH YCHJIEHUSA
DIEKTPOMATHUTHBIX BOJIH B HOJTYIIPOBOHNKE
CO CBEPXPEHNIETKON

P. ®. Kasapunos, P. A. Cypue

Przon_antopon
Horo

u , B KoTopix
aoma (amn a0ma) Ha psx moaom (cumn-
30m) Jeiictama

¢ mepuopow, nepmox it pemerx; [1-].
10

KoTOpEIE DIeKTPOH, it BremTHIM moem.
JLan Toro wroGut TaKoii Mexamuaw Mor peamaoBaTICH, HEOSXOIMNO, DTG TLL:
e yenonm

A

T < eaF <l

Bnecn Ty — mpuna mwneli wumu-som, eaF — suoprus, mpmoGperaeman
JAOKTPOION B DIOKTPIIECKOM HOie ' a OPHORe CHOPXPemOTKE a, < - Bpovx
ero_croSoamoro mpoera.

HTePEC X AIGHHMY, MPOTEKAIMIIM B TaKIX cHoTeMAY, celitac 0cofenmo
303p0c B CBAGI ¢ 10N, UTO YKo OIY YO MepBHe IKCHepMONTATSHA® 06 pasmat
oTIX CTPYKTYP 1 0CHOO MONOKPICTAI108 Oy poRomIrOD ATTBY o popmo.
/ULICKIT MCHAIOMIMHCA HA paceTosmuax mopsika 10° A cocranomt 1 cootper-
CTBEHNHO IMPUHOIT 3anpementofi soms [+ 6],

o e
T =ealn (1 — )X
£ 2|2, e
XiFeaFalep s,
nE —eaF —A.

Baecs Q—cFa, e & — MaTpuiHH
DICMHT KOOPTHEATH MEKY BOAHO-
‘Boii pymKieii OCHOBHOTO COCTORHI
P-AMH W UepBOTO BOJGYIVIEHHOTO
cocrommusn (n-+1)-mut. 9ra c::;‘:
moit -
mHA TOPARKA HOCTO
" Gpasene moTel- eeglae
Puc. 1. Cxemaririeckoe 13o e SRR
D o, T0GrS PAEITIOMOro s Gapiepa,
By KOTOpAA B CAydae CHIBHO cgnn
ma ®a BOAGY-
; <) — UacToTa Tepexofa OIeKTPO
. sowbmiont < — BDGMZ CBOGOTEOTO TpOGEra o

[R.F.Kazarinov, R.A.Suris, Semiconductors 5, 797 (1971)]
[J.Faist, F.Capasso et al., Science 264, 553 (1994)]

Quantum cascade lasers:
End of E, slavery

Electron energy

i Electron 3 ﬁJJ

. M~ ‘ -

b) T T T T T 000
I Bl GaSb-based Type-l QW lasers -
! il leoo §
(W) . 3
| b By >
S T 10k * . . .é

| 1 600
[ [}
. o
Hole™ %05— b
£t 8
" @ os} . . 140 3
. b}
[ [<]
-
"I G .
L =
02 ¢ . L =

L
Y i L .
20 24 28 32 38 40

Wavelength (um)

[G. Taubes, ‘A new laser promises to put an end to band gap slavery’ Science 264, 508 (1994)]
[D. Jung et al. / J of Optics 19, 123001 (2017)]
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QCL arrays for spectroscopy

KL~ 11 = (o) —— (b

KL~9

% L/L

11‘0 1120 1100 1080 1060 1200 115ﬂ 1100 1050
Wavenumber (em-) Wavenumber (cm)

KL~46 (0 kL~46 L)
= AR coating —*

1140 1120 1100 1080 1060 1140 1120 1100 1080 1060
Wavenumber (cm™') Wavenumber (cm™')

[P.Rauter, F.Capasso/Laser Phot.Rev. 9, 452 (2015)]

fuid cell MCT detector
QCL source (laser array) Jons.

T T T T
1060 1080 1100 1120 1140
wavenumber (1/cm)

o 285K
254 | o 295K
A 305K
204 | o 315K
—— FTIR

(b)

T T T T T
1060 1080 1100 1120 1140
wavenumber (1/cm)

[B. G. Lee et al/IEEE PTL 21, 914 (2009)]

Thank you for your attention!

» Applications of semiconductor lasers. ‘Revolution’ of light.

» Basic principles of laser operation (only to remind).

» Absorption and gain in semiconductors, inversion of
population and conditions for it's achievement.

» Rate equations. Lasing threshold. Laser efficiency.

* Modulation of the laser signal. Gain clamping.

» Fiber-optical applications. DFB and DBR lasers.

VCSELs and VECSELS

* Waveguide in LD structure. Modes of the waveguide.

* Beam-propagation (‘beam-quality’) parameter M? and how to
measure it. Achieving maximum power density with LDs.

* Interference focusing of LD beams.

* What’s next? New applications and problems to solve.
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Thank you!
Questions?
gs@mail.ioffe.ru

This research is supported by the Russian Science Foundation (project 21-72-30020)
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