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NanoPhotonics Centre move

* lab building and commissioning: opening April'08
 microcavity GaN and ITI-V experiments running




Strong coupling Microcavities

New directions:

- understanding non-equilibrium coherent polariton states

- properties of coherent polariton states

\/
- strong coupling at room temperature (devices) \V
spatio- 300K organic 300K
d\x\zr?iis temporal  exciton-  polariton large Rabi
dynamics p;girg:ns -laser splitting:
50um .
- plasmonics
- organics
N - GaN, ZnSe




CW unOPO : Coherent Polariton State

- strong polariton interactions

dipole-dipole exciton mechanism: polaritons ~ 3 excitons
£,k matching: dispersion engineered by microcavn‘ry
- stimulated scattering

polaritons are bosons: scattering in oc ]+ N  (ultrafast gain)
- polariton OPO, OPA, lasing: plasers

CW pump polaritons PRL 85, 3680 (2000)
\/ resonant at ultralow threshold PR 62 R16247 (2000)
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* polariton condensation

analogue of GP equation: atomic BECs
superfluid fransport & interferometers




Polariton lasers (plasers)

one particle stimulated emission | - two particle stimulated scattering
pump — ¥
) thermal
lock
VAV, \(//%‘ v
ho
A/
gl N
o VNS : N
re-absorption| vyes (ho) o
inversion| essential separates
matter | e-Aplasma STc'ijIqT'qn v
low threshold | small volume and emission
issues: - initiate pair scattering (eg. phonons, electron doping)

- need kT~Q: deep enough trap for 300K operation
- wide bandgap strong coupling: GaN, J-aggregate, ...
- thermalisation, localisation



Phase diagram: GaN
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» models quasiclassical kinetics: fast formation



Encouraging Cooling

- scattering with electron reservoir  k;T,> (m/m,) /2
PRL 90,206401 (2003)

- cooling from an exciton reservoir
at low 7, cooling bottleneck:
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acoustic phonons have too little energy |
only hot excitons can pair scatter I
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PRB 65,73309 (2001)



Encouraging Cooling

- scattering with electron reservoir  k;T,> (m/m,) /2
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- cooling from an exciton reservoir
at low 7, cooling bottleneck:
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PRB 65,73309 (2001)
- .....but.... cooling in GaN is ultrafast,....



GaN Microcavities

* bulk GaN, for now since QW broadening, interfacial E-fields, ...
- different approaches for mirrors

G. Christmann 28 pair AlinN/AlGaN DBR
R. Butté 3A/2 GaN cavity

E. Feltin e.g. full GaN microcavity 23 pair AllnN/AIGaN DBR
J.-F. Carlin

N. Grandjean hybrid GaN ucav
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ECOLE POLYTECHNIQUE

key:

FEDERALE DELAUSANNE - gtpain-relaxing template

quantum p
Ip otonics

lattice-matched
AlInN/AlGaN

Carlin et al., APL 86, 031107 (2005)



Strong coupling at room temperature

previous work: 10K-300K CRHEA/LASMEA: PRB 68, 153313 ('03)
observed h() = 31meV at 5K for A/2 cavity
here: hybrid bulk 6aN pcav angle-resolved PL
/\\ = 300K
Si0,/Si,N, 39 pair DBR, crack free
DBR Q ~ 350, can be > 2000 %

/

high quality GaN
300K linewidths ~ 30meV
NAER N 3M/2 cavity: 210nm thick

DBR

PL intensity (arb. units)
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° 244nm Pump Energy (eV)
* 50W/cm? Butté, PRB 73, 33315 ('06)

*LP and UP visible
- separation ~ 60meV

mom YA

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



3 optically active free excitons (X, Xz;and X))

E, + f .. depend on biaxial stress and polarization
= half-MC ~ 30 kbar

Bulk GaN optical properties
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Angular dispersion

bulk GaN microcavity: model

l SIN/SiO, DBR | GaN without exciton GaN with exciton
¢ C |
‘ sapphire \
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TAP 89, 2779 (2001) - top DBR stopband tunes strongly
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26 The theoretical ang.disp. of the absorption of our GaN MC has been calculated using a transfer matrix formalism using the full dielectric

constants for both with and without the resonant excitonic component.(emphasizing the effect of the strong coupling)
stalpoc, 16/10/2006

z8 -lower is strongly flattened by the coupling
-upper is broadened and almost completely attenuated by the excitonic continuum at the same energy
-Bragg modes of the lower DBRs are visible and cross the exciton dispersion

-High angles the top DBR becomes essentially transparent allowing the direct interrogation of the exciton distribution
statpoc, 16/10/2006



Emission experiments

* excife short pulse through top DBR 7 Lopwzr

- match pump angle and energy
- UV pulses: doubled 120fs OPA

(L

250kHz, 270-360nm

measure emission
power

spectra
spatially
angularly
time-resolved
polarization

/

GaN DBR

top DBR




Angular dispersion II

1.0- 0=5°
pump
2 0.8 T 101'
Z 0.6- LP 20°
3 04- 150fs
0.2+ tuneable
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| | | |
32 34 36 38 4.0
Energy (eV)

» optimise pump (®,0) for PL

* low power: angular dispersion

- observe:
- lower polariton
- Bragg modes

extra anti-crossings

- exciton at high angles

I
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10Wcm=2

OO

sample not wedged



7=300K Power dependence I
150fs

10° normalised
4.14eV ~ 11
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* many places on wafer, similar threshold ~ 1ImW
- one/several lines: power increases by 10*
» collect emission from entire spot (pump 60um)



Power dependence IT

» from power dependence, extract 3

« ImW -> 3x1018 cm-3

p—
(a)

7000~1/B

.10

—
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Integrated Area

* below Mott density ~ 10° cm=3 @ 300K

(9}

—
-

0.01 PO\Q;E}I (mwi - vs VCSEL.: Song, APL 76, 1662 ('00)
- best expt, InGaN QWSs: ~10¥%cm-3

* below transparency condition

- linewidth narrows at threshold

Linewidth (meV)

0 i >+ further increase due to X-X intos
Power (mW)



Power dependence IIT
* blue shift below threshold

— 3
s X UL hAw=33rE a; N,
£ 107 y L, 28meV  3.5nm Haug & Koch
g . // S pss(b) 82, 531 ('77)
¢ L,
0- : signature of exciton-exciton interactions

T T T T T
0.0 05 1.0 1.5 2.0
Power (mW)

no blue shift for empty microcavity

previous work: always PL red shift
implies N <10'8 cm?3 - bulk GaN

T8 Y W WAl

- thermal expansion
- blue shift not seen for X

multimode emission:

- not regularly spaced . o
- vary with position, power spatial localization

- hot XA,B,C
- not polariton C of M quantization




Spatial imaging

below I, above |,
real space |
i photonic
HPCCD ) dlsr'dr'

O "L
0 10 20 30 40 50

- collapse at threshold Butté et al.

* 5um spatial confinement gives transverse modes of 5meV

100uW from Sum multiple spots can be

~50% ici correlated with
207 efficiency ’ multiple spectra

real
space




k-space imaging

* population drops above
into lowest state below threshold i threshold
stimulated

scattering

* thermalisation ?

kbt o (eV)
effective T~ 360K 21, A 3.5]
8 g 102+
> 7
mw 6 1
..GC_.J 5 10 AA
c
full kinetic model ~ 4 10° I %qge,

in agreement 340 342 3.403.42
(Malpuech et al.) Energy (eV)



Momentum Distribution
at threshold

above threshold

&

* fluctuations: 200ms apart above threshold

%
.

_ P

elliptical pump spot:

* angular patches: 5°

driven by what fluctuations?: incident power? spot position? cooling?



Effects of disorder potential

A Ao e T A vir (o~ '\
OuUumo Vo U <€ vo UU

| > localisation starts to dominate

photonic disorder leads to variation in lower polariton energy

hAw=337E,a) N,

: : ~1 at Ny
local model of polariton energy shifts

- disorder annealing by occupation

- as E, increases, and Q decreases, less important
- is there spatially-indirect polariton scattering?

or spatial solitons

“ or quasi-condensate:
diffraction balanced by | (47Z8.N ) 1/2 (Aw)—l/2

effective self-focussing
characteristic size oc 1/,/E,

PRA 66, 55801 (2002)



Thermalization

* many experiments seem to show
Boltzman-like energy distribution

—_—

intensity (arb)

A O OO N ©©
— 1 T T T 1

- does this prove thermalisation?

- scattering ‘'mimic’

- is there multiple scattering
within the trap?

‘trap’

# scattering events/polariton before escape? laser vs. BEC



Dynamics

* time-resolved emission on Streak camera: ~ 3ps resolution

+10°

| il | ).
50 100
Time (ps)

1
- above threshold
< 3ps emission

[(mW)
« 1.4
«0.9
« 0.7

« 0.5

- 30ps decay,

« 0.2

- stimulated
scattering
near threshold

amplitude

* instant rise time

- dynamics not polarisation dependent

* near threshold:
——— extra, fast component: 8ps
exponentially rises in amplitude

trapping by non-radiative defects

| @ fastcpt

O slow cpt

0.0

@;/

I (mW)



Time-resolved measurements

(I) non-resonant pump
* probe coherent emission
above/below threshold

300K, 300nm pump, 363nm probe

laser near threshold lpump mW

—— 0.86

0.30 1 non-resonant pump N — 0.72

S
g0 i
0.20 — //\\v,\p w \/'A\/N 124
. o 045 |

* probe increases emission
e saturation of transient

above threshold

* decay close to 1, 0.00

. ) . . 0 40 80 120
weak evidence of stimulation delay (09)




Time-resolved measurements

signal characteristics dependent on position/degradation

signal sign dependent on overlap oscillatory behaviours

moved probe position -3 _|
4000 — P p 30x10

2000 —

0
-2000 —
-4000 —

dR

dR (%)
> 8
] ]

I | [ [
0 40 80 120 0 100 200 300 400
time delay (pS) lime delay (ps)
pump

time resolution ~ 200fs

0

» decay times vary from 60ps-100ps
« exploring spatial behaviour E
» correlated with multiline emission
* resonant stimulated scattering expts a0 12 s

x10




Temperature dependence 4300

T=77K 5] 0 ~ 36meV 10" N\
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e contribution of Bragg modes much weaker as T decreases
* very sensitive o sample position (disorder)

* now single shot dispersion measurements

* bottleneck sensitive to sample position and temperature



Temperature dependent plasing

* Rabi splitting ~36meV, independent of T
* PL bottleneck stronger at low T P
* linewidths drop to 20meV at 4K |
* but no A,B,C exciton seen in bulk

300K— 4K

1ol [ y
| e 4K =
= || 0"S e e A
z \ = Energy (eV)
£ 3 s« polariton lasing 4K-300K
_ 1 &+ threshold down to 0.1mW
001 2+ good match to theory

2 I4I.Iéléll""é I4I-Iéléll""2l T

1 10 100 (Malpuech/Kavokin)
emperature (K) . . . .
* same polarisation emission



Polariton laser ?

- threshold well below standard 6aN VCSELs
- coherent, directed emission
- blue shifts suggest polariton interactions

* UV mirror degradation unhelpful

* hard to exactly know polariton density

spatial coherence not helpful

- spatial mode very localised => | . imaging

» pulsed excitation only ——=> conventional g(t) not helpful

picks random phase each time to develop coherent state
no phase correlation between successive pulses

clearly aim towards CW operation =mmp hext generation samples
positive detuning
hew pump-probe expts



Polarization Signatures

» integrated coherent emission is UNPOLARIZED !

unlike all previous lasers

» all VCSELs give linear polarization
(but can flip with increasing I)

including InGaN VCSELs made with same mirror DBRs

and GaInAsP bulk VCSELs
[Superl. & Micro. 32, 103 (2002)]



Spontaneous polarisation

spinor order parameter

R
viz) = L (r) ]

-

polarisation degree /2

along different axes, tracks spinor

umpin
effective potential -

U = {[I"T-"rout (f) — Win (ﬂ] |?‘3 T ‘L |2} Kﬁf“i!

¥ L)

radiative Interactions

below threshold: |1 — ()
above threshold: 1, > W,,, =) finite [¢/|




Polarisation coherence

spin degeneracy lifted by fluctuations in spin-up/down density

classically, fluctuations wash out as density increases
So zero average spin

but stimulated scattering reinforces populations

Py = In-scattering
Ny +N,, +1
2+N : 1
o ]) = 0 net <spin> {|p,|) = =
:> <I'OCI> 2+2N, ' <'ptt'> 2

pseudo-spin dynamics also affected by
precession on Poincare sphere

Laussy et al., PRB 73, 35315 ('06)



Polarization Dynamics

- single-shot Streak camera

time —,

pump
laser

pulsed
emission

PBS

pump k/2 7»/4

0

5 10 15 20
pulse number

Streak
camera

VCSEL
fixed polarised

microcavity
random polarised

- individual pulses are partially polarised
» spin builds up from noise each time



Full Polarization Measure

* need to measure polarisation of each pulse
Simultaneous full Stokes parameters

PMT4

C

\ full S for each shot
[ L7 ]

< N
T\ III<_\
=

1

[ PMT2 PUMT3 J
/.
=

remove mis-balances etc. using full set of waveplate alignments
subtle to get measurement accurate



Spontaneous Polarisation "%

7 each axis 27% polarised
9 total polarisation 47%
3 0.1 @

theory predicts 50%

| T
0.0 0.5 1.0

e spin
polarisation degree coherence
model
. 40- Oooooo

T 32 o _

0.6+ i < 3()_6%p - 10 5

c . —0.9 S @

'-nc—-_) 0.4+ —1.1 = c§>_

& . 1|mmmp polarises| 2 207 :

1 S 10 3

shell of polarisation 0.0 . o “Fo S

0.0 0.5 1.0 E O0-

polarisation magnitude 0 1 2
input power (I/I,,)

- elliptical polarisation each shot, uncorrelated successively
» extremely unusual coherent emitter



Rob Martin et a/.

(strathehaer crrea) OTher routes to 300K .

PL

GaN + double dielectric DBR

7x Dielectric DBR

Transmission normalized intensity

A2 GaN

Eﬁergy (eV)

Si: wet etch & RIE thinning

- can observe strong coupling in R, T, PL
good at 5K
indicative at 300K

- but currently cavity Q too low

K. Bejtka et al., APL 92 241105 (2008)
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Polariton LED Pavlos Savvidis et al.

Nature (‘08)

InGaAs |
QWs

(A8) ABlaug

1.355

- Designed to operate at >200K
- MQWs enhance Rabi splitting
* now demonstrated stimulated scattering

1.350

1 ] 1 ] 1 | I 1 345
0 10 20 30
Angle (degq)

FORTH  Microelectronics Research Group  Univ. of Crete
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pumpxt threshold GaN > GC(AS
] - 300K
SiO,/SizN,
dlsorder

s GaN cavit spatlally
. g% localised _

G 0.1 1
; 5 AllnN/AlGaN Power (mW) =
<=fF DBR =

2 ‘ 1st order coherence

angle resolved emission

pulsed UV excitation ,‘
- ultralow threshold: 0.1mW k-space collapse

- linewidth narrowing
- coherent emission
- polariton lasing/BEC
- ultrafast dynamics

spontaneous polarization

PRL in press (2008)
PRL 98, 126405 (2007)
Nature N&V, Science




