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Explore photonic density of states control
for
solar energy applications
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PV cell paradigms

» Holy grail of photovoltaic cell is high performance and low cost
[Third generation photovoltaics by Martin Green, Springer 2003]

Energetic | pn
solar
photon

One photon, one e-h pair

1 e-h

Low efficiency

» Tandem cells

(multi-energy-threshold)

» >40% efficiency

» high performance and high cost

tsluk@sandia.gov

» 1photon produces 1e-h pair
» Efficiency tops at 32% for single junction
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» Hot carriers harvesting
» Use quantum mechanical

n T P
resonant tunneling structures %ehe”
ety

Martin Green

electron contact

» Quantum dot based solar cell
» Low cost potential

Aluminum

Klimov
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hole contact

hot electron and hole
energy distributions
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Laboratories extraction problem from quantum dots

One photon, one e-h pair

Energetic pn
solar
photon 1 e-h
Low efficiency
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Multi-exciton generation (MEG)

charge
separation.

Optical stepdown transformer approach

)
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QD in PC

Extract energy
by
photoemission!
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» Mechanism
Impact ionization, inverse Auger
effect, quantum confinement effect
of multi-e-h interaction..?

> Impact to solar cell efficiency:
36-42% for MEG threshold from 3E, to
2E,.

[V. 1. Klimov, "Detailed-balance power conversion limits of nanocrystal-

quantum-dot solar cells in the presence of carrier multiplication,"
Applied Physics Letters 89 (12) (2006).]
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» Harvest IR part of solar spectrum
Low exciton energy (0.8eV), size tunable to 0.6eV.

P3HT
-3.2 e N (LUMO) » T excitons generation reported

-4.9 P3HT . .
52 —’_%\T(HOMO) » Good photonic crystals can be fabricated

» Good potential solar cell candidate

tsluk@sandia.gov
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Transient ground
state absorption
technique
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R. D. Schaller and V. I. Klimov, "High Efficiency
Carrier Multiplication in PbSe Nanocrystals:
Implications for Solar Energy Conversion," Physical
Review Letters 92 (18), 186601 (2004).
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normalized PL intensity

Is MEG real or not?

Transient
photoluminescence
technique
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G. Nair, S. M. Geyer, L. Y. Chang et al., "Carrier

multiplication yields in PbS and PbSe nanocrystals
measured by transient photoluminescence," Physical
Review B 78 (12) (2008).

Transient excited
state absorption
technique
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Minbiao Ji, Sungnam Park, Stephen T. Connor et al.,
"Efficient Multiple Exciton Generation Observed in
Colloidal PbSe Quantum Dots with Temporally and
Spectrally Resolved Intraband Excitation," Nano Lett. 9
(3) (2009). 8
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Planck distribution: Mean energy density within k and k+dk is
87rhc

u(w,T)do = 2hof (k)d’k = ho

hc/ AKT

no. of modes per unit frequency Mean photon number

per unit volume

[Free space density of states —

Non-free-space
density of states

In photonic crystal,
size of voids are less than the ||~
characteristic wavelength

dimension

Bandedge of
photonic crystal

Free-space Cavity

Free-space

D

Frequency

Density of states

-

Density of states

tsluk@sandia.gov Freq uency
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Photonic crystal: In this context: a~\

» A periodic array of electromagnetic scattering
centers with period comparable to wavelength
results in the creation of regions of forbidden
propagation commonly termed “spectral gaps”
or “band-gaps”

» Bragg condition alone is insufficient to create
an omni-directional bandgap.

» Threshold value of ¢(r) is also needed.

Principle of PBG Operation:
An electromagnetic wave passing throughout an array of periodic scatterers will undergo
destructive interference for certain combinations of wave-vectors at certain frequencies, thus
forbidding propagation for such wave-vectors at these frequencies.

{V x( Ly xﬂ ) =) 5 (7))
C

e(r)

Metamaterial:

A metamaterial (or meta-material) is a material which gains its properties from its structure rather
than directly from its composition. To distinguish metamaterials from other composite materials,
the metamaterial label is usually used for a material which has unusual properties.

In general: a<< A

tsluk@sandia.gov
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. Backwards slope means
Bandgap region >Negative refraction M.S. Wheeler et.al.

» Inhibit spontaneous emission

PHYSICAL REVIEW

»Subwavelength imaging
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Linear dispersion region
»Optical waveguide and circuits

> High photon density of states
» Enhance spontaneous emission
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= Enabling fabrication technologies - Low temperature, low stress CMOS compatible and
large volume fabrication.

RDB72882A—-82 CENTER 2568nm

NIR silicon photonic crystal

a=400nm
~ Visible photonic
crystal, 2006

Toward UV photonic crystal

NONE SEI 3.0kV X90,000 100nm WD 16.0mm

= Other fabrication techniques:

proximity field lithography, DXRL, EBL. "

tsluk@sandia.gov



@ sanda  Radiative properties control by photonic crystals:
Lahoratories Band edge effect
Band edge effect High density of ™
states regions A —— G -
Slower group velocity means high 5 %ﬁ%
density of states which increases 7 i N =_ &\7§=§/
absorption coefficient. O NI = |
1S, — ——— 5 ey
= 04 Lincoln Log PhC
0.8eV for . e =119
Out-compete non-radiative process PbSe@d .
w= 015
1S, o dd o M B e
X U L r X W K
. - Noririniallzeclrrequency o
Radiative transition rate , = = = T 8 8 s = =
277: -7 " [ TungstenPC I | I | | 1=
g = <g ., |d-E(x,) e vac> 5(0),(’”—0)0) | | E
ko g N S
5 7o, dP . Photonic density . | el
I, = g—hp(«xmm ,@,) of states g = pverainaDos =8
0 . . ? iverging ] 3
engineering & = Enhanced emission |+ &
= | and absorption 1=
wk L2 N I spectral bands
E(xo) Z (Ek,n (x,)ara.+h.c.) g z
- I. EI-Kady t al. E|§5|onfrom an active photonic crysta;=l 13

tsluk@sandia.gov Phys. Rev. B, vol. 72, 195110 (2005)



sada - Radiative properties control by photonic crystals:

Laboratories Purcell effect

Purcell enhancement factor
3
p- (2]
Ar-\n) V

Spontaneous emission enhancement factor

X
|

ANe
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2

[ Tt ) ‘ “ W Enhancement  ,  ° .
0/9/2008 | WD | mag | HY | tit | HFW — i — factor urcell factor Cavity resonance
2:27:26 PM|11.5 mm| 30 000 x| 20.00 kV| 30 *|5.07 um Quanta FEG (interaction strength effect

with vacuum field in
a small confined
volume)

Waveguide > Mode volume is less than (A/n)3.
> Q = 10° demonstrated.

> Q of 10° is possible.

> Purcell factor of 105,

tsluk@sandia.gov
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-3 defect cavity (3 missing holes)

Coupling waveguid

(

(

WD | det
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HFW
7.31 ym Nova
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17 500 x
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10.00 kV

dwell
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[ — V101

Photonic crystal with QD-polymer film

et 20.0kV x1.00k SE 50.0um 200kv 250k SE
tsluk@sandia.gov .
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Spectrometer

780nm laser
source, 800nW

Intensity about

Close packed 25W/cm?2

monolayer of QDs in

polymer film Si membrane,

\ v 0.25um thick
3\a2 nchor

Si handle substrate :
hick
650um thick m thic

Side view

tsluk@sandia.gov
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Enhanced Emission from
laboratories  Quantum dots on photonic crystal waveguide
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Enhancement factor = Emission observed from the cavity at resonant frequency

Reference emission

What is a good reference?

Emission from the pattern surface,
Emission from the cavity but wrong polarization,

What about the contributions from dots that are not in the cavity or at the cavity node?

2
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» We have shown photonic crystal cavity
can enhance spontaneous emission of
quantum dots significantly.

» We hope to use photonic density of states
to control relaxation dynamics of carriers in
semiconducting materials.
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Improvements in solar cell efficiency, by system, from 1976 to 2004
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