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Photonic crystals and quantum dots

Cavity spectrum

Photonic crystal cavity (resonator)

Exp'erimelnt:
ot Q=25300,
V~0.5(A/n)3

SEM image
or - of a cavity
-——-———r'_'_'.‘-’j// e
gE? GSII" 1 95;‘.2 QSI?'.S G578
AFM image of quantum dots Quantum dot spectrum

1.00

INAs quantum do

Photonic crystals localize light into

extremely small volumes V<(A/n)? with
high quality factors Q (long photon storage |
times) Pierre Petroff, UCSB A [nm]

J. Vuckovic, Stanford University
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QD-Photonic crystal cavity in the strong

coupling regime
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T=36.00K

" wwwwwOoOoOoeoseeoee | _ Te35E0K
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T=35.20K

1=34, 40K

Anti-Crossing Dat:
935.4 T v

| (C)

T=34.70K

o34 65 * coupling strength:
Tos4 0K 9/2n=8-25GHz =>
T2k 0.05-0.2nm splitting
e e y/271=0.1GHz

T=33.40K °

s /27=8-16GHz =>

1
‘33 EELS 34 345 35 5 36 E 3?9%4.5 835 935.5 936

“‘“' " 0.05-0.1nm linewidth
Also demonstrated in PL by:Gibbs-Khithrova-Scherer;  (Q>10000)

Imamoglu-Hu;Forchel-Yamamoto; Gerard-Bloch
J. Vuckovic, Stanford University
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Solid-state cavity QED platform

/ Atomic physics \

‘,.. 1(F Cesium Aloms

| Mirror b
e ; plechor
Surface s

J l"-.

Probe

n.‘ll “ \ .
[aser LN

Mirror
Subsirate

Caltech Chuantum Optics

. Macroscopic scale
o MHz speed

. Complex

. Atom trapping
J. Kimble group, http://www.its.caltech.edu/~qoptics/

J. Vuckovic, Stanford University

/ Solid State \

Nano - scale
GHz speed

On chip

k No atom trapping




1. Local tuning techniques for PCs and QDs

2. QD-PC cavity based quantum information processing &
single photon nonlinear optics

1. Controlling cavity reflectivity with a single quantum dot
2. Controlled amplitude and phase shifts with a single quantum dot
3. Fast electro-optical switching with a quantum dot with sub-fJ energies

4. Coherent generation of nonclassical light on a chip via photon-induced
tunneling and blockade

3. Conclusions & present/future work

J. Vuckovic, Stanford University




Local quantum dot and cavity tuning on
photonic crystal chips

.

Andrei Faraon, Dirk Englund, llya Fushman, Nick Stoltz, Pierre Petroff, Jelena
Vuckovic, Applied Physics Letters 90, 213110 (2008)

Andrei Faraon, Dirk Englund, Douglas Bulla, Barry Luther-Davies,
Benjamin Eggleton, Nick Stoltz, Pierre Petroff, Jelena Vuckovic,
Applied Physics Letters 92, 043123 (2008)

Andrei Faraon and Jelena Vuckovic, Applied Physics Letters 95, 043102 (2009)

J. Vuckovic, Stanford University




QD-Photonic Crystal Quantum Networks

QD off-resonance

- Problem: inhomogeneous broadening \ J/L
of QD spectrum

Local tuning

QD on-resonance
QD on-resonance

]

¢ &

.........

Heated area

Laser beam =—>

. 0
s0 0.7 1.00

 How to independently tune QDs ir;to resonance with
PC cavities?

Faraon et al, Applied Physics Letters 90, 213110 (2008)

J. Vuckovic, Stanford University




Local temperature tuning

300 Quantum dgt tuning

960nm Laser Power
—0.0 mW
— 0.6 mW |
—1.2mwW
200! —1.8 mW
——24 mW
3.0 mW
1501, =10k

chip

250¢

w =320 nm

J. Vuckovic, Stanford University

Cavity/QD emission

Heating Pad Photonic Crystal

PC cavity tuning

Heating (960 nm) Tl:hip =10K 4
Laser Power [mW] w =320 nm

| 4.80 -
420 e

| 3.60 _.._.————fk!
3.00

L 2.40 __—_—/k_.
e A~

L 1.20 e’ ——————
0.60 A

0.00 .—A

914.5 915 915.5

A
Selective cavity tuning lggq]chalcogenides:
Applied Physics Letters 92, 043123 (2008




QD tuning into strong coupling with cavity

(a)
Heating
Laser Power [u W]

112

96

80

64

50

32

16

R

’

0

t |
9262 9264 9266 9268 927 927.2
7 [nm]

Photonic Crystal

scan (cnt)

J. Vuckovic, Stanford University

20

=N
=1

4 ' | QD can be selectively
o Quaniigs tuned both into
dot
% the weak or strong
coupling with PC cavity
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Ohmic heaters

EHT =10.00 kv
WD= Smm

Signal A = InLens
User Name = FARAON

Date :10 Aug 2008
Time :15:33:41

Cavit
Quantu&@ot | a\y

o.s |- A

| 10kHz
— tuning
speed

3um EHT =10.00 kv Signal A = InLens Date 110 Aug 2008
| | WD= Smm User Name = FARAON Time :15:35:20

' '
="-Ts] [= T N | = W =]
A lrmerv]

J. Vuckovic, Stanford University APL 95, 043102 (2009)




Coherent probing of the strongly coupled QD-PC cavity:
controlling cavity reflectivity with a single quantum dot

Metal Pad
I\

=

1
2um PC cavity

Dirk Englund, Andrei Faraon, llya Fushman, Nick Stoltz, Pierre Petroff,
Jelena Vuckovic
Nature 450, 857-861 (6 December 2007)

J. Vuckovic, Stanford University




Coherent probing of a strongly coupled QD-cavity

Cross-polarized reflectivity

PCC s

Input

V-polarized

PBS _J H-polarized

Spectrometer,
HBT setup,
streak camera

Output

J. Vuckovic, Stanford University

Transmission

V2SS
NV

\

00,9996 0,999%

/
" No coupled

s QD
1]_1'1.

04|

0.2

(L9996 09998 LOD02 LO004

R

' With coupled
0.8 QD

0.6

0.4

| J—

10002 1.ooog4

Nature 450, 857-861 (2007)



Single QD controlled cavity reflectivity

o
o]

e
~

Reflected Signal (a.u.)

o
[=2]
T

o
(4]
T

0.4r

Empty cavity

® Reflected signal
Lorentzian fit, Q=10000 -

937.2 19273 927.4 927.5 927.6 927.7 927.8

1-

a)C

a,

Cavity resonance [nm]

2
t|2 o« R(w) o< K 5
(0, — o)+ K+- &
(w, —o)+y
= cavity resonance; k = cavity loss;
= dipole resonance; g = coupling strength

y = dipole decay rate

J. Vuckovic, Stanford University

Cavity with a strongly coupled QD

Lorentzian caQ/ity shape Quantum dot - induced dip

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Intensity (normalized)

— R (theory,convolved)

X R (experiment)

Heating laser power [a.u. — linear
scale]

Nature 450, 857-861 (2007)




Integrated structures

Heating laser

Transmission
#@‘ X% . x Experimlent
09t F % - - -~ Theory fit

X
osf =
j %

07F f ‘:;:

Probe laser in

Probe laser out

05F "

04 I

Transmission [a.u.]

03F !

Faraon et. al., Optics Express, Vol. 16, No. 16, pp 12154, 2008
J. Vuckovic, Stanford University




Rabi oscillation in time domain

i) - -
a f "1 { @ ; Ei:tcpenment _
e | ? [ ‘ — Emply cavity|
'- R AP
Il E . Y ﬂ !
| 06/z8 /% g!%
£ + i '
; 3 E o 41K
i g = H | | T i‘
| 04lEE § ¢ g\ -
I‘ : ! "".,= ]
v polarization ‘ \‘a ]
0 —gs64 o206 9208
A (nm) =
4 250 (10 600 %510
warap b {ata) c {ata)
80t » P =0.1nW 5124 200t Ry=0.23nW 14 2007, P_=1nW
£ 5 £ 400} € 12
o 60} 8 ¢ | 150 8 g
8 3 300
40 | —— experiment 5112 100} ~—— experiment {2 ~—— experiment
§~ 200 11
i o g Gont 100
ps £
0 PP Y. i %1-.«-.%_.— 0 0 i : i .LKA_\'\\.;......-.. 0 0 i i ; h‘\ﬂ\« 0
-100 -50 0 50 100 150 -100 -50 0 50 100 150 -100 -50 0 50 100 150
t{ps) t(ps) t(ps)
Time resolved reflectivity measurement at different probe powers
Rabi oscillation period T=39ps=2r/g (g/ 2 =25GH Englund et al,
abi oscillation period T=39ps=2n/g (g/ 2n = Z) (arXiv:0902.2428)

J. Vuckovic, Stanford University




Giant optical nonlinearity —

single photon switching of cavity reflectivity

(a) ~ Eﬁpe”?er‘“ 707 10" 10° 10
Y pe — R (theory T T T TN
(Neay)=4.8 7§ — - R (emply cavily) (Ncay)
: Ejgn:tmhzzf;re“} 7~ Saturation power
1 : | ’1 inside the cavity =
- - - R/H (theory,ideal) o
20nW (n_,,~0.5)

=
T

Metal Pad

o
L

reflectivity ratio with and without QD

reflected intensity (normalized)
=

it l._,_._._, O . 2 - :

=)

| (Ne) =0.015

| inc. power= £
25 ne\l a2 »
0 i I-F 1 i 0 CCoul Hl L 1 | |
0 20 40 60 w0 10° 10°  10°
scan count power(nW)

J. Vuckovic, Stanford University Nature 450, 857-861 (2007)



Interesting things we can do with this system

Switch the cavity from transparent to opaque with a single QD
=f"=f'%nnrf"=rf"'f"fﬂ:'ﬁ;' l-a---ttfgif...ifi.igooicinio-
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Optical switch controlled at a single photon level
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* Building optical switches, modulators, and logic controlled with ~10nW powers
(aJ energies) and at the speed of 100GHz and beyond (state of the art today:
>10uW, 20GHz)

* Quantum gates (for long distance quantum communication and computing)

J. Vuckovic, Stanford University




Controlled amplitude and phase shifts with a single QD
Fast electro-optical switching with a quantum dot and
with sub-fJ control energies

® ¢(n.) measured
— $(n) fit
-—= (2 n{:} fit

ADprax =0.071C

for ne =0.1

Acc Gpot Magn Det WO |———2p
500KV 30 8519 SE 74 SIS ALTF

llya Fushman, Dirk Englund, Andrei Faraon, Nick Stoltz, Pierre Petroff, Jelena
Vuckovic, Science, vol. 320, number 5877, pp. 769-772 (May 2008)

A. Faraon, A. Majumdar, H. Kim, P. Petroff & J. Vuckovic, Phys. Rev. Letters (2009)

. Vuckovic, Stanford University




Quantum dot-photonic crystal cavity QED:

amplitude and phase of the reflected signal

TR EEEEEEEEE RN NN N
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Blue - no QD or in saturation
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J. Vuckovic, Stanford University




3.5
3.0t
2HF
207t
1.5k

counts x 103

Controlled amplitude shi

80 100

120

R/Ro

0.75

0.7

0.85

nonlinear amplitude |

J. Vuckovic, Stanford University
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Science 320, pp. 769-772 (2008) 21
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Controlled phase shift (Aggna # Aeontrol)
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signal control
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QD saturation
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0.08 -
0.06 -
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"

107 10°
control power (ng) 927.0

J. Vuckovic, Stanford University Science 320, pp. 769-772 (2008) 22




Electro-optic switching with a quantum dot

strongly coupled to a nanocavity

C 10

b 5500

0 il 1 1 1 1
9354 935.8 936.2 9354 935.8 936.2

A [nm] A [nm]

5000 |

« <fJ/operation (0.1aJ possible)
« ~10GHz speed (currently
150MHz because of RC constant)

4500 |

Counts

4000 A. Faraon, A. Majumdar,

| | H. Kim, P. Petroff &
o 10 2 30 J.Vuckovic, PRL (2009)

J. Vuckovic, Stanford University




Solid state cavity QED based quantum info. processing:
Coherent generation of nonclassical light on a chip via
photon-induced tunneling and blockade

| 3 .

Andrei Faraon, llya Fushman, Dirk Englund, Nick Stoltz, Pierre Petroff,
Jelena Vuckovic
Nature Physics, Vol. 4, pp. 859-863 (2008)

J. Vuckovic, Stanford University




Nonlinear Optics at Single Photon Level

Photon Blockade

Cavity

mr( 1 ) ﬂu( L) = *_n( ) S

QD

Proposal: Imamoglu et al, PRL, 1999
Birnbaum et al, Science, 2005

Photon-induced tunneling

Cavity

(@) - 44 (1) - (8)- (o) a

\ oo/ \ / \ /J \ )

QD

J. Vuckovic, Stanford University Nature Physics 4, pp. 859-863 (2008) 25



Photon Blockade

Cavity
_ 4l N (k|- A K~
. I i e
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J. Vuckovic, Stanford University Nature Physics 4, pp. 859-863 (2008) 26



Cavity
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Photon-Induced Tunneling
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J. Vuckovic, Stanford University
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Nature Physics 4, pp. 859-863 (2008) 27



Mapping the g4 spectrum

(0) spectrum

Measured g

Theoretical g@(0) spectrum y
35 T T T T T . T T
Transmission 1 » Measured |
iy FaEs 0.98 Simulation
3r A 1.3¢
) 0.96
0 32101 2
25T Awy/g 0.94 _ 1.2t
’9: 3 12 1.4 16 1.8 2 S
o 2 1 ©1q.4]
1.5 1 L
1= - - 0.9 . ‘
-2 -1 0 1 2 B - 0 1 2
Aw /g Ao /g

-Transition from photon blockade to photon induced tunneling observed

when changing laser detuning

Nature Physics 4, pp. 859-863 (2008) 28

J. Vuckovic, Stanford University



Interesting things we can do with this system

Photon blockade (only one photon at a time can tunnel through the cavity)
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*Generation of nonclassical states of light

*Single photon switches
*Single photon source

J. Vuckovic, Stanford University



Summary

QD-PC cavity QED system (locally tunable)

) 1} [ -i Qo _:= 8 ® ((n.) measured

Metal Pad : ,1 I-ﬁ f 2075 N — 9ln ) fit

7 —mm (2 n) fit
©

. N
AQax =007

for nc =0.1

PC cavity

Reflectivity amplitude and phase control at a single
photon level — cavity QED based quantum info. processing

Optical and electro-optical switching with ad-fJ control
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What's next?

« Coherent mapping between a photon state and a quantum dot spin state in a cavity

» Quantum dot spin initialization without a cavity (Voigt geometry: Press et al, Nature
2007; Xu et al, PRL 2007; Faraday geometry: Atature et al, Science 2006)

(a) (b) 438% odds
" z:::::;:z - v:ﬁ. ‘_fffgﬁ . *Quantum dot spin initialization with
Lokt 54 weak magnetic field (<0.2T);
, ? SY speed up to 1.3GHz; fidelity up to 99.7%
s shell = |g) - ;if‘ ‘-'1:5 ~  (Majumdar, Lin et al, arXiv:0907.3187)

p shell = k)
1 $5® P— 2
(a)
| @
0.542 % a |
= T e
B £ 5
=] t
(i s 9 i
0.2 E
15 S ol =
L - =2 z0 ; : i
. - 5 = 15 ; «—ﬂ“fﬂg
5 10 )
~— Qi2r (GHz) [/2r (GHz) <~—_—= Qs2r (GHz)
['- spontaneous emission rate Q) - effective Rabi frequency for two-photon process

J. Vuckovic, Stanford University
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