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ORGANIC MATERIALS for lasers

> high photo- and electro- luminescence efficiency

» tunable emission all over the visible, by chemical
synthesis

» ease of processing (solution) - low cost technology

» appealing mechanical properties (flexibility)

> large active areas

> large optical absorption cross section (~10-15 cm?)




ORGANIC LASERS

Oraganic lasers have been shown with:
> various materials

> various optical cavities
> optical pumping

advantages:
> small devices

» compatible for integrated optics
(intfegration to planar waveguides)

> connection to plastic optical fibers
(POF) ('last mile' applications)

> by soft lithography technique
» compact cheap flexible sources




the LASER

‘Light Amplification by Stimulated Emission of Radiation”

» OBTAINED with:
1) active material
2) resonator
3) pump / external excitation source

v'PROPERTIES of laser beams :
edirectionality
ebrightness
e monochromaticity
e coherence



INTRODUCTION

OUTLINE

The LASER

« active material
e optical resonator

O- LASERS EXAMPLES
e external resonator

e compact micro-cavity
e« DFB resonator

Further developments
e electrical injections
e diode pumping
e LED pumping
e photonic applications

CONCLUSIONS
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4-LEVEL SYSTEM

3 T

pump

hvabs

Gabs

........ ﬁas’r T, Og

.,
b
)

hvIas

.
.
.
PRy
.
.
.
.
"

ry
.
..

0

* o, @bsorption cross section = big

* o, stimulated emission cross section = big

* 1, lifetime laser upper state = long
«1/x= I/Tspon‘raneous + 1/Tnon radiative

o population inversion (N,-N;)>0

e gain > losses
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LASER
SE and gain
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ACTIVE MATERIAL REQUIREMENTS

>large -t product = low threshold ( « loss / 61 | ctive material )

— high efficiency (slope eff « loss / 6-1-Py, )
c-1= 1026 - 10?7 cm?*s (o~ 106cm? - 1~1010s) ©

»long laser level lifetime t ©® (pump with fs-ns pulses, short cavities)

»good quality — small scattering losses ©
>no absorption of SE - from ground state ©

- from triplet states ©
- from charge excited states ®

»broad gain bandwidth — tunability ©
»stability under high excitation = long device lifetime ©

»good charge injection and transport — electrical pumping ®



ORGANIC ACTIVE MATERIALS

Two approaches:

» Polymers (amorphous, ease of processing, soluble, good solid state
emission, low inter-chain interactions)

( PPV, m-LPPP, PFO, .. )

oo,

»Small molecules (crystalline, high mobility, larger inter-chain interactions,
good control on morphology)
( thiophenes, Alg;+dye . )
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Intensity
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ORGANIC ACTIVE MATERIALS
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* singlet-singlet
annihilation

* exciton dissociation

° ground state self-
absorption

* absorption from triplet
states

° absorption from
charge states

J. Clark and Guglielmo Lanzani,
Nature Photonics 4, 438 (2010)



LOW SELF-ABSORPTION

guest-host systems
> blends

> host fluorescence @ guest absorption
> non-radiative energy transfer
> increase the separation between optical absorption and laser emission
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LOW CHARGE-ABSORPTION

> low charge generation

» low chain-chain (inter-chain) interactions
> suitably design the sidechains of the polymer backbone
> introduce "spacers”

poly-rotaxane:

conjugated polymer (polyfluorene-a/tbiphenylene) (PFBP - Li) threaded through suga
macrocycles (p-cyclodextrin)

> insulated molecular wires

M. M. Mroz, et al., Appl. Phys. Lett. 95, 031108 (2009). 12
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The LASER

o optical resonator
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LASER OPTICAL RESONATOR

mirror active
material

em wave L

= phase condition k2L = 2n/L 2L = 2nm
= constructive interference

= em mode

-feedback
-threshold condition : gain = losses

mirro
par‘rual‘;f reflecting)

NRAAYA

laser emission
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LASER ACTION

To unambiguously identify laser action:
P out

1) clear threshold in in-out characteristic
Thr'CShOId oC IOSS / (ORM IGC'HVC ma-l-er.ial

2) linear in-out characteristic

T Pth Pin
3) directionality - diffraction limited divergence

4) significant spectral narrowing

below threshold

/

above threshold

5) existence of laser modes

6) coherence

Norm. Intensity

500 550 600 650
Wavelength (nm)
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RESONATORS

EMISSION
»external resonator/cavity )

LASER

EMISSION
> microcavity — >
LASER

? EMISSION

> Distributed FeedBack (DFB) resonatol —

> others
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O- LASERS EXAMPLES
« external resonator
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THE CAVITY

spin coated
/'FILM
'~~. I - / LASER
e —Y EMISSION
PUMP
395nm, 180 fs V' ___.e-=""77" SN T — 4
~80 um spot size ~

HR \ R = 98%

ROC:8m
Cavity length: ~6 tm
laser mode: ~ 40 um spot size

plane-concave resonator
- stable resonator
- good pump-mode overlap

single longitudinal mode

tunability (by changing the cavity length k2L = 2nn)

spincoated organic film
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Intensity (a.u.)

LASER EMISSION

input-output characteristics

spectra
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* Below threshold

— modulated fluorescence Laser threshold:
* Above threshold 2 nJ pump energy (10 nJ/cm?)
— single laser mode efficiency 1.7 %

* AL~ 2 nm (FWHM)

G. Barbarella et al., Adv. Mater. 10, 551 (1998)
M. Anni, et al. , Appl. Phys. Lett. 78, 2679 (2001)
M. Zavelani-Rossi, et al. Appl. Phys. Lett. 79, 4082 (2001) | 19



LASER EMISSION TUNABILITY

g » Tunable wavelength
S (by changing cavity length)
% > Tunability on 37 nm
g [~ — (from 575 to 612 nm)
5 > AL <1.2 nm (FWHM)
£
2
LT

560 570 580 590 600 610 620 630
Wavelength (nm)

M. Zavelani-Rossi et al, Synt. Met. 139 (2003) 20
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O- LASERS EXAMPLES

e compact micro-cavity
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THE PLANAR MICRO-CAVITY

mirror

mirror
Transmission

> Fabry-Perot resonator :
mA/2=nd (eigen solution)

> cavity modes selected by d

»form=1orm=2 Aisinthe
visible spectral region
(d~200nm)

»the active material fills the
cavity
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FIRST PLANAR MICRO-CAVITY

TEmission » Commercial DBR
eo o [N Siver + spincoated PPV (100 nm)
W + deposited silver
~100 nm Aﬂi? (W- ‘ { PPV
— OBR > threshold 200 pJ/cm?
(100 nJ)
T Excitation
355 nm

n
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. DU CETTTITR
PETTIL ﬁf....?%:::::::: e pelow threshold
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N. Tessler, G. J. Denton, and R. H. Friend, Nature 382, 695 (1996) 23



MULTILAYERED MICRO-CAVITY

> multilayer (n-bilayers)

el
= :z E—— > low-T electron-beam evaporation
S 60l provretg > TiO, / SiO, films
g s’ — + spincast polymer (155-nm thick)
E 40\ R B e
g 304 =iy
} S S
E 20] ————— »threshold 84 HJ/CmZ
10 - N R
0 v ———er SRR ; -
400 450 500 550 600 ' M N
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= 10fFl &
E;é 4y 57 5 160 —————
£ osf 1t 2 a8 micro-cavity
- Vo Z120f
06} L E . E
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L. Persano, et al., Appl. Phys. Lett. 88, 121110 (2006)
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MULTILAYERED INFILTRATED
MICRO-CAVITY

> multilayer by spin coating
(11 bilayers)

» polymer (PPV) infiltrated PPV —_S2E
TiO, np—, 5
Sio, np —,
800
. L 1.0 pump
600 |- .} y

e
=

0.2 4

Nomalized Emission

63 nm

= =
L.

0.0 T T T T
300 400 500 &0O0 VOO BOM

Wavelength (nm)

arb. units
B
b

200 -

0 200 400 600 800 1000 1200 1400

Excitation Energy (nJ) SEM (scale bar 1 “m)

~2 gm

D.P. Puzzo, et al., NanolLetters 9, 4273 (2009) 25
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O- LASERS EXAMPLES

e DFB resonator
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PLANAR WAVEGUIDE

air

film
substrate

o guided modes require

o condition on the index of refraction n
(internal reflection)

NN

, d

&
Cd

film

substrate

o cutoff thickness of the film d = wavelength discrimination

(phase condition)

small d, short A

air




DISTRIBUTED FEEDBACK

m=0

m=2

Periodic modulation of the refractive index, gain and/or film thickness

(=> Bragg reflection)
diffraction grating

m=1 first order diffraction => coupled out

1 emission

m=2 second order diffraction => fed into the counter-propagating wave

=> optical feedback

m 7‘“Br'agg =2 neff A

28



FIRST FLEXIBLE DFB LASER

[ (c) E,=5nJ z
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Poly(ethylene terphthalate) (PET) with acrylic coating substrate
UV embossing = modulation pitch 300nm, depth 10 nm
LPPP by spincoating (440-nm thick)
laser emission (single mode, polarized)

C. Kallinger et al. Adv.Mater. 10, 920 (1998) 29



IMPRINTED DFB LASER

master
(Electron Beam Lithography)
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* simple low cost soft-lithographic technique
* modulation directly on the polymer (MEH-PPV)

M. Gaal, et al., Adv. Mater. 15, 1165 (2003) 20
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Normalized Laser Output

TUNABILITY
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R. Xia, et al., Adv. Funct. Mater. 19, 2844 (2009) 31



DFB GEOMETRIES

-standard
(ID) % = .. .#

- square array

. 2D

-concentric
circular - hexagonal lattice

- honeycomb lattice

>

—increasing the feedback
—lowering the threshold

32



MIXED-ORDER DFB LASER

1° order < feedback -
<

° order < coupling

Qutcoupling 0.6

Normalized emission intensity farb.u

_Eeedb ck Fecdback___ d |
............. ) n4 b ;: ! l |
) ' N AT
SR
HHH 0.2 | AR RN !
Si0, Substrate - MJ;"(QJSE_
d 440 450 460 470
A B Y x » A . Wavelangth /nm
< I I b ° improved resonator

‘ | ‘ ‘ ‘ | ‘ ° very low laser threshold (~36 nJ/cm?)
"~ * tunability by film thickness

MeO OMe

C. Karnutsch, et al., Appl. Phys. Lett. 90, 131104 (2007) 33



EXTERNAL CAVITY
)=

© easy setting up EMISSION

© study of the material (tunability, lifetime, gain parameters)
© efficient
@ Not suitable for integration in devices

+ PPV - i =480-510 nm - Fypeqn ~ 10 nJ/cm? - n~10%

N. Deepak Kumar et al. APL 71, 999 (1997)

+ PMMA+Rodhmine - A=660 nm - Fy,..s, ~6 mJ/cm? - n~43%

Hadi Rabbani-Haghighi, et al. Opt.Lett 35, 1968 (2010)

34



MICRO CAVITY W] Emreston
—>

© easy fabrication (evaporation, spin coating)
© no alignment required

© can be integrated ( © in some cases)

© electrical pumping ?

+ PolyThiolohene - 2=655 nm - fs pump - Fyresn ~ 0,170T/cm? -
external mirrors
T. Granlund et al. Chem. Phys. Lett. 288, 879 (1998)

+ green copolymer - 2=509 nm - fs pump - Fy}cqn ~ 84 nJ/cme -
TiO,/SiO, bilayers by evaporation

L. Persano et al. Appl. Phys. Lett. 88, 121110 (2006)
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© large area geometries EMISSION

© low threshold

© no alignment —>»
© easy and low cost (spin coating)

© mechanical flexibility (all plastic device)

© can be integrated

© efficiency

© electrical pumping ?

+ LPPP - A=487 nm - fs pump -  Fipresh ~ 3, 70T /cm?

C. Kallinger et al. Adv.Mat 10, 920 (1998)

+ Truxene-cored 9,9-dialkylfluorene - A=470-510nm - ns pump -
Finresh ~ 160 nJ/cm?

R. Xia et al. Adv. Funct. Mater. 19, 2844 (2009 )

+ F8DO - & = 455 nm- ns pump-mixed grating- Fip..sn ~ 36 nJ/cm?

C. Karnutsch et al. Appl. Phys. Lett. 90, 131104 (2007)
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Further developments

o electrical pumping

.......................................



FROM LED TO LASER ?

resonant microcavity

j — Cathode
B — 5BTF8
+ —ITO
S small area device (50 um)
Si,N,
" (130 nm) SBTFTM— Calcium (300 nm)
(30 NMYEDOT / Pg —_ Silicon nitride300 NmM)
Light out Glass— | | ‘ ‘ ITO
>
) Emissive area
No lasing
No lasing

even with improved design
(eg ITO/ PEDOT /B5BTF8 / CAO / AL)

D.J. Pinner et al. Synth. Met. 111-112, 257 (2000)
C.I.Wilkinson et al. Appl. Phys. Lett. 79, 171 (2001)
R.B.Fletcher et al. Appl. Phys. Lett. 77, 1262 (2000) 38



ELECTRICAL PUMPING ?

* large stimulated emission + high charge carrier mobility ®
* charges absorption ®

a Triplet Singlet

Ground-stat

Charge
absorption

Inte nsity

Stimulated
emission

abo 50 600 700 8o 00

Spontaneous
emission N\ izl (1)

Ground-state
absorption

Possible solutions:

= emitting, recombination and transport zones separated
= CW pumping
= indirect pumping (diode lasers, LEDs)

39
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Further developments

o diode pumping
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DIODE laser PUI\QEED DFRB o-laser
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v’ 2" order DFB laser Wavelength [nm]

100

v threshold <1uJ/cm?

v' same behaviour as with ns laser pump
v’ compact
- expensive pulse generator

Organic laser output [a.u.]
8 & 3

(b)
0 200 400 600 800 1000
Laser diode current [mA]

(=]

T. Riedl, et al., Appl. Phys. Lett. 88, 241116 (2006) a1



DIODE laser PUMPED DBR o-laser

- pump -
emission emission
A A

Air

Polymer
(120nm)

Silica o
eflector Amplification Reflector
region

v’ improved resonator quality

v' guest-host (improved pump (EBL + lateral etching)
light harvesting)

9 =y L)
:zﬁb;:;we;’rr:ﬁ:g 31 —e— laser peak at 625.6 nm

—_ 1 —*— spontanecus emission | .

3 | ,|  atesziom | -GaN diode laser (1 ns)
z | I“' ﬁ | - threshold 0,42 nJ/pulse
=
.'E .fr IILU‘ Hﬂj’“\% 14 //-/f’::__- -

Y ] r".')__:d_d-#"".f---
l%15 820 625 100 200 300 200 500 6h0 700

v.ravelength {nm) Epurrp (pJ)

A. E. Vasdekis, et al., Optics Express 14, 9211 (2006) 42
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Further developments

« LED pumping
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LED PUMPED DFB O- LASER

Pulsed current
source

InGaN LED

CYTOP
AD5233YE

Silica

Pump filter
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By & o & s 4 w3 1 W—
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- LED light: high divergence

v' engineered configuration

v" high power InGaN violet LED
(~50 ns, @450 nm)

v’ compact

A. Y. Yang, G. A. Turnbull, I. D. W. Samuel, Appl. Phys. Lett. 92, 163306 (2008)
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Further developments

« photonic applications
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OPTICAL SWITCHING

pump z :

-DFB resonator
-F8BT polymer

v'charge generation
—=switching

v'high repetition rate

N

| —on

550 600 650

S. Perissinotto et al., Appl. Phys. Lett. 91, 191108 (2007)

500
wavelength (nm)
| —on
— OFF
pump I
gate
A ey
500 550 600 650

wavelength (nm)
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OPTICAL AMPLIFIER

Pump ]
Signal In Signal 207 i
Out = il i
= 3004 || N
P
2 |0 ; X
***** @ 1004} L ;o
d {0 'l R
F8BT 070 20 40 80 80 100 120 140 180
Time(ps)
P, — P,
G(dB) = l()l(}g[ =
9 Pogr
=
2
§ 3 Output
= 20+ _.0-0‘-'
S 5]  see - pulses: 140 ps, 5 kHz
< 0 ® % :
0- ; . :
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D. Amarasinghe, et al., Adv. Mater. 21, 107 (2009) 47



CHEMOSENSING

-dendrimer
-DNT analyte (TNT)

photoluminescence
100 7 T T T T T L]
®  pre-exposure
o post-exposure
0.75 4 post-recovery
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i
H
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0.00 i ! p 1 ; ! . ! -
000 025 050 075 1.00 125 1.50
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S. Richardson et al., Appl. Phys. Lett. 95 (2009)

Normalized Output Energy (A.U.)

laser emission
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-DFB resonator
v high sensitivity
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MECHANICALLY FLEXIBLE

laser emission

F"'IJr‘r'Ip 1|D N T T T T T h
a) L J g . | —-1.7cm
Laser c) 2 i | — 19em
| el 1| Tape % D'B_ | W
Mechanical J Micrometre — 0.6 - ]
stage Emission :I screw E - | | 1 g E$
b) Moving Fixed E 0.4+ ‘ | . 1
, i £ ! |
Rﬂﬁl;llﬂ Blue shift ZD 02l | | |
| |
' Vo T
0.0/ bl bl e
Fositive curvature MNegative curvature W 240 545
A= A= avelength (nm)
v long lifetime
-DFB resonator v (bio)-sensing, medical
-encapsulated diagnostic, spectroscopy
-diode pumped

C. Foucher et al., Opt. Express 22 (2014)



RGB LASER EMISSION

(a) (b) () (d) k - |
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T. Zhai, et al., Nanoscale, accepted (2015) 50



CONCLUSIONS

lasing with organic materials has been achieved

with optical pumping , different materials ,
cavities, geometries, thresholds, efficiencies, ...

Chemical

synthesis

photophysics /

device

engineering

/ma’rerial infrinsic properties
o high ot product

o long lifetime t

~

o low charge-induced absorption

J

" olow threshold
oindirect pumping

0..
- J
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