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ShowShow--andand--TellTell

TiOTiO22 PhotoPhoto--anode on a Glass Slide anode on a Glass Slide (White Background)(White Background)

TiOTiO22 PhotoPhoto--anode on a TCO (Fanode on a TCO (F--doped SnOdoped SnO22))

Dyed FilmsDyed Films
Ru(bpy)Ru(bpy)33

2+2+--likelike

Z907Z907

DSSCsDSSCs
Ours Ours –– not sealednot sealed

OO’’ReganRegan’’ss –– Can I measure a voltage ???Can I measure a voltage ???

TiOTiO22 Sol + Doctor Blading Sol + Doctor Blading (= Painting)(= Painting)
Time to make a photoTime to make a photo--anode for a DSSC !!!anode for a DSSC !!!

http://www.gcfs.eu/datapool/page/66/cz01.jpg

LetLet’’s Make a ps Make a p––n Junction for Comparisonn Junction for Comparison

Sources: Mainly Department of Energy, Basic Research Needs for Solar Energy Utilization (2005) & NREL, EERE Website

Czochralski Process

Acc. Chem. Res. (ASAP) – Durrant & O’Regan

DSSC ComponentsDSSC Components

Per 20nm Nanocrystallite:Per 20nm Nanocrystallite:
~500 Dyes~500 Dyes
~1 ~1 –– 20 TiO20 TiO22(e(e--)s)s
~250 Li~250 Li++

Roughness factor = ~500Roughness factor = ~500

anatase

c/o Wikipedia

Absorption/Charge Separation at a p–n Junction at at jjscsc



c/o Robert Carpentier’s website

NatureNature’’ss PhotoPhoto--induced Charge Separationinduced Charge Separation

Inorg. Chem. (2005) 44, 6802-6827 – Meyer, TJ

NatureNature’’ss PhotoPhoto--induced Charge Separationinduced Charge Separation

http://www.life.illinois.edu/govindjee/paper/

PhotosystemPhotosystem II in PlantsII in Plants

distance

D – C – A

http://www4.nau.edu/meteorite/Meteorite/Images/EnergyDiagram.jpg

PhotosystemPhotosystem II in PlantsII in Plants
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c/o Wikipedia
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Recombination in a p–n Junction at Voc

(1) Light Absorption
(2) Charge separation, before recombination
(3) Steady-state concentration of charges as a

balance of generation and recombination

p

n

Recombination in a p–n Junction at Voc

(1) Light Absorption
(2) Charge separation, before recombination
(3) Steady-state concentration of charges as a

balance of generation and recombination

D – C – A

p

n

Acc. Chem. Res. (ASAP) – Gratzel

Regenerative DSSC SchemeRegenerative DSSC Scheme

A – C   D

(Draw Scheme on Board)

p

n

(battery-like)



Chem. Soc. Rev. (2008) 38, 115-164 – Meyer & Ardo

Anatomy of an Anatomy of an iViV Curve Curve (on board)(on board)
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Why not 100% ?

DSSC

“Ohmic”

DefinitionsDefinitions
ηη, Light, Light--toto--Electrical Power Conversion EfficiencyElectrical Power Conversion Efficiency

Percentage of power converted (< ~31% for a singlePercentage of power converted (< ~31% for a single--junction cell)junction cell)

(Power Output) / (Power Input)(Power Output) / (Power Input)

ΦΦ, Quantum Yield, Quantum Yield
Percentage (Probability) of the occurrence of an event (Percentage (Probability) of the occurrence of an event (≤≤ 100%)100%)

(Rate of Productive Event) / (Sum of the Rates of All Loss Event(Rate of Productive Event) / (Sum of the Rates of All Loss Events)s)

US DOE, Report of the Basic Energy Sciences Workshop on Solar Energy Utilization. In Basic 
Research Needs for Solar Energy Utilization, Department of Energy: Washington, DC, 2005 (April 18-
21), pg. 15.

Reasons for Poor Maximum EfficienciesReasons for Poor Maximum Efficiencies

(1) Transmission of Light with Energy Less than EBG (Φ ≈ 74 %)

(2) Thermalization of Electrons with Energy Greater than EBG (Φ ≈ 67 %)

(3) Current–Voltage Trade-off (iV curve behavior) (Φ ≈ 89 %)

(4) Entropy (Φ ≈ 64 %) ΦTOTAL ≈ 74% x 67% x 89% x 64% ≈ 28%

Si = 1.12 eV
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DefinitionsDefinitions
ηη, Light, Light--toto--Electrical Power Conversion EfficiencyElectrical Power Conversion Efficiency

Percentage of power converted (< Percentage of power converted (< ~31~31% for a single% for a single--junction cell)junction cell)

(Power Output) / (Power Input)(Power Output) / (Power Input)

ΦΦ, Quantum Yield, Quantum Yield
Percentage (Probability) of the occurrence of an event (Percentage (Probability) of the occurrence of an event (≤≤ 100%)100%)

(Rate of Productive Event) / (Sum of the Rates of All Loss Event(Rate of Productive Event) / (Sum of the Rates of All Loss Events)s)

εε,, Extinction Coefficient Extinction Coefficient (Absorption Cross Section; Oscillator Strength)(Absorption Cross Section; Oscillator Strength)

Ability to absorb light on a per molar (concentration), per Ability to absorb light on a per molar (concentration), per pathlengthpathlength
basis (A = basis (A = εεccll))

FF, Faraday, Faraday’’s Constants Constant
Electronic Charge (Electronic Charge (ee or or qq) times Avogadro) times Avogadro’’s numbers number

PPsunsun, 1 sun, Air mass 1.5 Solar Irradiance Spectrum, 1 sun, Air mass 1.5 Solar Irradiance Spectrum
100 mW/cm100 mW/cm22 (1000 W/m(1000 W/m22) as sunlight in US under typical conditions) as sunlight in US under typical conditions
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Inorg. Chem. (2005) 44, 6841-6851 – Gratzel

Timescales for Competing Reactions Timescales for Competing Reactions at at jjscsc

2 3 4

1

What experiments do I perform
on DSSCs on a regular basis ?

Chem. Eur. J. (2008) 14, 4458-4467 – Hupp & Hamann

Timescales for Competing Reactions Timescales for Competing Reactions at MPPat MPP

ps ns
µs

ms sec

1

2 3 4

Current DensityCurrent Density



Energy Environ. Sci. (2008) 1, 66-78 – Hupp & Hamann

UltravioletUltraviolet––Visible Absorption SpectraVisible Absorption Spectra
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Energy Environ. Sci. (2008) 1, 66-78 – Hupp & Hamann

UltravioletUltraviolet––Visible Absorption SpectraVisible Absorption Spectra

collinjabs)( φφφλ ⋅⋅=IPCE

lcA ε=

???

UltravioletUltraviolet––Visible Absorption SpectraVisible Absorption Spectra

collinjabs)( φφφλ ⋅⋅=IPCE

lcA ε=

photonsincident number 
absorbednumber )()( abs == λφλα

Absorbance (A) Absorptance (α, %)
0.1 20.6

0.5 68.4

1.0 90

2.0 99

3.0 99.9

lcAbsT ε−− −=−=−= 101101%1

[ ]TA %log−=

Acc. Chem. Res. (ASAP) – Gratzel

N3/N719

Black Dye (N749)

Photocurrent Action SpectraPhotocurrent Action Spectra



The Photocurrent Action SpectrumThe Photocurrent Action Spectrum
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The Photocurrent Action SpectrumThe Photocurrent Action Spectrum
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Acc. Chem. Res. (ASAP) – Gratzel

Initial Charge Separation (Initial Charge Separation (ΦΦinjinj)) The Photocurrent Action SpectrumThe Photocurrent Action Spectrum
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The Photocurrent Action SpectrumThe Photocurrent Action Spectrum
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NearNear--Ideal ShortIdeal Short--Circuit Current DensityCircuit Current Density

collinjabs)( φφφλ ⋅⋅=IPCE
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Absorbance (A) Absorptance (α, %)
0.1 20.6
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1.0 90

2.0 99

3.0 99.9

J. Phys. Chem. B (2004) 108, 8016-8022 – Bisquert, Zaban, Hodes, Cahen, Ruhle  and  Phys. Chem. 
Chem. Phys. (2007) 9, 2630-2642 – Peter

pp––n Junctions n Junctions vs.vs. other cellsother cells

Φ < 50 meV unless
ND > 1018 cm-3

kBT ≈ 26 meV at RT

ND ~ 1016 cm-3
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εo ~ 12

(Draw Potential Drop Scenario on Board) Phys. Chem. Chem. Phys. (2007) 9, 2630-2642 – Peter

DSSC Small Internal Electric FieldDSSC Small Internal Electric Field
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Integration of Gauss’s Law for Electricity Electric Field distribution

Integration of Electric Field Electrostatic Potential (Φ) distribution



J. Phys. Chem. B (2004) 108, 8016-8022 – Bisquert, Zaban, Hodes, Cahen, Ruhle

DSSC Large DSSC Large EnergeticEnergetic Distribution of StatesDistribution of States
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Integration of Gauss’s Law for Electricity Electric Field distribution

Integration of Electric Field Electrostatic Potential (Φ) distribution

Chem. Soc. Rev. (2008) 38, 115-164 – Meyer & Ardo

Evidence by SpectroelectrochemistryEvidence by Spectroelectrochemistry

(Show-and-Tell, again: p-type NiO)

VoltageVoltage

DSSC Density of Acceptor StatesDSSC Density of Acceptor States
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Chem. Soc. Rev. (2008) 38, 115-164 – Meyer & Ardo

DSSC Density of Acceptor StatesDSSC Density of Acceptor States
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I3- + e- I2·- + I-
I- + I2 + e- I2·- + I-

+ I2·- I3- + I-

Kinetic Models of Electron TransportKinetic Models of Electron Transport

In fluid solutionIn fluid solution
SecondSecond--Order Reaction MechanismOrder Reaction Mechanism

RateRate--Limiting, FirstLimiting, First--Order Reaction MechanismOrder Reaction Mechanism

Electron Transport in semiconductors with many trapsElectron Transport in semiconductors with many traps
InterfaceInterface--Limited, SecondLimited, Second--Order Reaction MechanismOrder Reaction Mechanism

Multiple Trapping (time distribution)Multiple Trapping (time distribution)

CTRW Model (time & location distribution)CTRW Model (time & location distribution)
•• KohlrauschKohlrausch––WilliamsWilliams––Watts (KWW) stretchedWatts (KWW) stretched--exponential functionexponential function

Serially Linked ReactionsSerially Linked Reactions

Hopping Model (tunneling between states)Hopping Model (tunneling between states)

MT, Random Flight + Coulomb Trap Model (long hops + attraction)MT, Random Flight + Coulomb Trap Model (long hops + attraction)

SecondSecond--Order Reaction Mechanism + Transient Electric FieldOrder Reaction Mechanism + Transient Electric Field

Coord. Chem. Rev. (2004) 248, 1181-1194 – Nelson & Chandler

MTMT––CTRW Model from TA SpectroscopyCTRW Model from TA Spectroscopy



AmbipolarAmbipolar DiffusionDiffusion

J. Phys. Chem. B (2004) 108, 8016-8022 – Bisquert, Zaban, Hodes, Cahen, Ruhle

DSSC Method of Action (DSSC Method of Action (““NoNo”” Field)Field)

Φβ

µγµα

∆Φβ ∆µα

Acc. Chem. Res. (2000) 33, 269-277 – Gratzel & Hagfeldt

What is Wrong with a DSSC What is Wrong with a DSSC iViV Curve ?Curve ?

Black Dye (N749)

%31Q)max(S ≈−η
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P
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FFVi

==η

Why not 100% ?
Energy Environ. Sci. (2008) 1, 66-78 – Hupp & Hamann

Specifically, Why are Specifically, Why are DSSCsDSSCs Imperfect ?Imperfect ?
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P
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==η



Chem. Soc. Rev. (2008) 38, 115-164 – Meyer & Ardo 

Specifically, Why are Specifically, Why are DSSCsDSSCs Imperfect ?Imperfect ?

= 0.04 V
I2/I2·- = 0.21 V
I2·-/2I- = 1.03 V
I·/I- = 1.33 V

(Draw Iodide Lattimer Diagram on Board)
sun

ocsc

cellsun

ocsc

P
FFVj

AP
FFVi

==η

How can we fix them ?How can we fix them ?

I2/I2·-

I2·-/2I-
I·/I-

Dyes &
Mediators

(or Catalysts)

Mediators

sun

ocsc

cellsun

ocsc

P
FFVj

AP
FFVi

==η

Energy Environ. Sci. (2008) 1, 66-78 – Hupp & Hamann

How can we fix them ?How can we fix them ?

Dyes &
Mediators

(or Catalysts)

Mediators

Black dye, I3
-/I-

sun
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cellsun

ocsc

P
FFVj

AP
FFVi

==η

Simplicity of General DSSC SchemeSimplicity of General DSSC Scheme



Engineering Better Light AbsorbersEngineering Better Light Absorbers

collinjabs)( φφφλ ⋅⋅=IPCE

λλλ dIIPCEej ∫
∞

⋅⋅=
0 sunsc  )()(

+−−+− ⋅= :hee:he τDl

lcA ε=

Absorbance (A) Absorptance (α, %)
0.1 20.6

0.5 68.4

1.0 90

2.0 99

3.0 99.9

3 1

2

1’

http://omlc.ogi.edu/spectra/PhotochemCAD/html/

2/3) Conjugation = Increased 2/3) Conjugation = Increased εε and and kkrr

http://omlc.ogi.edu/spectra/PhotochemCAD/html/

2/3) Conjugation = Increased 2/3) Conjugation = Increased εε and and kkrr

http://omlc.ogi.edu/spectra/PhotochemCAD/html/

2/3) 2/3) ππ ππ** vs.vs. MLCT MLCT vs.vs. ππ ππ**



The Confusing Extinction CoefficientThe Confusing Extinction Coefficient

( ) ( )ex
o

ifA g
hc

HeN ννν
ε

π
νε −

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ ΨΨ
⎟
⎠
⎞

⎜
⎝
⎛=

3

ˆ2

1000
log)(

2'2

)()()( collinjabs λλαφφφλ APCEIPCE ⋅=⋅⋅=

lcAbsT ελφλα −− −=−=−=== 101101%1
photonsincident number 

absorbednumber )()( abs

Franck-Condon Principle

( )θµµ cos)()()(ˆ ' tEtEtH
vvvv −=⋅−=

FCWDtH iffi ⋅ΨΨ⋅=→

2' )(ˆ2Prob
h

π
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(Show-and-Tell, again: Dyed Slides & Make Catechol Film) Acc. Chem. Res. (ASAP) – Durrant & O’Regan

Are there Are there ANYANY Electric Fields ?Electric Fields ?
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Acc. Chem. Res. (ASAP) – Durrant & O’Regan

Are there Are there ANYANY Electric Fields ?Electric Fields ?

D
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Bson
Debye e N

TkL εε
= ( )−+ +

=
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TkL 2

Bso
Debye e

εε
Gouy–Chapman–Stern Model

Acc. Chem. Res. (ASAP) – Durrant & O’Regan

Similar to Nature with Energy LossesSimilar to Nature with Energy Losses



US DOE, Report of the Basic Energy Sciences Workshop on Solar Energy Utilization. In Basic 
Research Needs for Solar Energy Utilization, Department of Energy: Washington, DC, 2005 (April 18-
21), Figure 2, pg. 14 and Figure 3, pg. 18

Beyond Class I Solar Cells = CHEAPER

Source: Department of Energy, Basic Research Needs for Solar Energy Utilization (2005)

17.5 ¢ kWhr-1

5.0 ¢ kWhr-1

2.5 ¢ kWhr-11.0 ¢ kWhr-10.5 ¢ kWhr-1

US Geological Survey website

Are DSSCs really Class II ?
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Are DSSCs really Class II ?
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Source: Inorg Chem (1999) 38, 6298

η ≈ 10.4 %

 

N719

With Organic Dyes/Mediators, Maybe
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TEMPO
=

TEMPO =

Source: Adv Func Mater (2008) 18, 341

η = 5.4 %

 



Acc. Chem. Res. (ASAP) – Gratzel

Organic Dyes are doing rather wellOrganic Dyes are doing rather well

A – C – D

Organic Dyes are doing rather wellOrganic Dyes are doing rather well

A – C – D
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US DOE, Report of the Basic Energy Sciences Workshop on Solar Energy Utilization. In Basic 
Research Needs for Solar Energy Utilization, Department of Energy: Washington, DC, 2005 (April 18-
21), Figure 35, pg. 119  and  Figure 22, pg. 93

Towards Class III Solar Cells

Source: Department of Energy, Basic Research Needs for Solar Energy Utilization (2005)

17.5 ¢ kWhr-1

5.0 ¢ kWhr-1

2.5 ¢ kWhr-11.0 ¢ kWhr-10.5 ¢ kWhr-1

Source: Nature Phys (2005) 1, 189

 

Cheaper and/or More Efficient Cheaper and/or More Efficient DSSCsDSSCs

Can one make the TiOCan one make the TiO22 film thinner but with a similar LHE?film thinner but with a similar LHE?
Increase concentration by making smaller nanoparticles = larger Increase concentration by making smaller nanoparticles = larger 
surface area = larger roughness factorsurface area = larger roughness factor

Increase Increase εε: MLCT : MLCT vs.vs. MM(P)CT MM(P)CT vs.vs. LM(P)CT LM(P)CT vs.vs. LCLC

Alter the absorption profileAlter the absorption profile

How can one increase the diffusion length ?How can one increase the diffusion length ?
Increase Increase DDee-- (or D(or Dh+h+))

•• Decrease the number of trap statesDecrease the number of trap states
•• Decrease the number of Decrease the number of interparticleinterparticle necking region connectionsnecking region connections

Increase Increase ττee--:h:h++
•• Increase the tunneling distanceIncrease the tunneling distance
•• Increase the activation barrier for reverseIncrease the activation barrier for reverse

electron transferelectron transfer

+−−+− ⋅= :hee:he τDl

lcA ε=
Absorbance (A) Absorptance (α, %)
0.1 20.6

0.5 68.4

1.0 90

2.0 99

3.0 99.9



Langmuir (2002) 18, 3336-3342 – Zaban  and  J. Phys. Chem. B (2005) 109, 15754-15759 – Grimes  
and  Appl. Phys. Lett. (2007) 91, 103110 – Lewis, Atwater  and  Patent(1999) – Hagfeldt & Lindquist

GREAT IDEAS !!!GREAT IDEAS !!!
Increase Increase ττee--:h:h++

Increase Increase DDee--

Increase Increase LHELHE

pp––n Junction Solar Cells n Junction Solar Cells vs.vs. DSSCsDSSCs
p–n Junction Cell (~200 µm) DSSC (~10 µm)

Light absorption Everywhere; < EBG; Indirect At dye layer; Spectrum

Initial Charge Separation Diffusion to + Drift through space-
charge region Immediately at interface

Further Charge Separation Drift + Diffusion
(10 – 40 cm2/sec)

Diffusion by MT–CTRW 
and Brownian Motion
(10-8 – 10-4 cm2/sec)

Charge Recombination At space-charge region via 
tunneling

At interface via thermal 
activation

CIGS (CuIn1-xGaxSe2) light absorbers are ~ 3 µm thick !!!

(Draw Schemes on Board to compare)

ConclusionsConclusions

TakeTake--home messageshome messages
Donor Donor –– ChromophoreChromophore –– Acceptor Schemes workAcceptor Schemes work

•• Activated Unwanted Back Electron Transfer RecombinationActivated Unwanted Back Electron Transfer Recombination
•• A Large Tunneling DistanceA Large Tunneling Distance

Voltage is limiting ideal IodideVoltage is limiting ideal Iodide--based based DSSCsDSSCs
•• Increase current with alternative redox mediators and new Increase current with alternative redox mediators and new black(erblack(er) sensitizers) sensitizers
•• Fix voltage issues by employing novel redox mediatorsFix voltage issues by employing novel redox mediators

Light Absorption & Charge Transport are Key Light Absorption & Charge Transport are Key (Charge Separation is Ideal)(Charge Separation is Ideal)

•• Diffusion length needs to be increased for poorer sensitizersDiffusion length needs to be increased for poorer sensitizers
•• Diffusion length can be decreased by increasing extinction coeffDiffusion length can be decreased by increasing extinction coefficientsicients

ConclusionsConclusions

TakeTake--home messageshome messages
Donor Donor –– ChromophoreChromophore –– Acceptor Schemes workAcceptor Schemes work

•• Activated Unwanted Back Electron Transfer RecombinationActivated Unwanted Back Electron Transfer Recombination
•• A Large Tunneling DistanceA Large Tunneling Distance

Voltage is limiting ideal IodideVoltage is limiting ideal Iodide--based based DSSCsDSSCs
•• Increase current with alternative redox mediators and new Increase current with alternative redox mediators and new black(erblack(er) sensitizers) sensitizers
•• Fix voltage issues by employing novel redox mediatorsFix voltage issues by employing novel redox mediators

Light Absorption & Charge Transport are Key Light Absorption & Charge Transport are Key (Charge Separation is Ideal)(Charge Separation is Ideal)

•• Diffusion length needs to be increased for poorer sensitizersDiffusion length needs to be increased for poorer sensitizers
•• Diffusion length can be decreased by increasing extinction coeffDiffusion length can be decreased by increasing extinction coefficientsicients

Hints for HW QuestionHints for HW Question
If If DSSCsDSSCs do not have internal spacedo not have internal space--charge layers, then how do charge layers, then how do 
they achieve efficient charge separation ?they achieve efficient charge separation ?

What is the expected quantum yield for injection if the rate conWhat is the expected quantum yield for injection if the rate constant stant 
for injection is 10for injection is 101212 while those for excitedwhile those for excited--state decay are 10state decay are 1044 and and 
101066 (for (for radiativeradiative (r) and non(r) and non--radiativeradiative (nr) decay), respectively ?(nr) decay), respectively ?


