
2269-31

Workshop on New Materials for Renewable Energy 

Jun-Ho YUM

17 - 21 October 2011

Swiss Federal Institute of Technology, EPFL, Lausanne 
Switzerland

 
 

 

Recent progress in dye-sensitized solar cells - Part II



Workshop on New Materials for Renewable Energy,	  October	  20,	  2011

Recent Progress in Dye-Sensitized Solar Cells
Part II

Jun-‐Ho	  Yum
junho.yum@epfl.ch

Swiss	  Federal	  InsDtute	  of	  Technology	  Lausanne



h!f

h!

kisc

kic

kf

Ref: S. Wenger

Summary of the key processes involved in 
the regenerative cycle taking place in a dye-
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Ongoing	  and	  Future	  Research

• 	  Advanced	  	  meso-‐structures
• 	  New	  sensiDzers
• 	  New	  redox	  mediators
• 	  New	  counter	  electrodes





σ is the absorption cross section (cm2/mol) = ε (the molar 
extinction coefficient M-1cm-1) x 1000 (cm3/L), 
Γ is the dye loading per projected surface area of the film, 

High ε and/or Γ is needed for high LHE.

IPCE (EQE) = ηabsΦcgηcoll"
"
ηab:  light&harves,ng&efficiency#
#
Φcg:  quantum&yield&of&charge&carrier&genera,on"
"
Φcg = Φinjec,on Φdye&regenera,on&
&
ηcoll = efficiency&of&charge&carrier&collec,on"

ηab (LHE) = 1−10
−A = 1−10−σΓ



ηab (LHE) = 1−10
−A = 1−10−σΓ

Surface coverage of 10−10 mol/cm2 
ε = 104

A = 0.001, 
LHE = 0.23%

ε = 105

A = 0.01, 
LHE = 2.3%

Γ = 10−7 mol/cm2

ε = 104

A = 1, 
LHE = 90%



Conduc've	  Substrate

Dye	  monolayer	  on	  flat	  surface

Dye	  sensi'zed	  nanocrystalline	  TiO2	  film

Single	  crystal	  TiO2	  
(	  <101>	  anatase)	  

Mesoscopic	  structure	  improves	  photocurrent	  output	  >	  1000	  'mes

Incident	  	  photon	  to	  current	  conversion	  efficiency	  (IPCE)	  increases	  from	  0.12	  to	  90	  %

B.O’Regan	  and	  	  M.Grätzel	  “A	  Low	  Cost,	  High	  Efficiency	  Solar	  Cell	  based	  on	  the	  SensiDzaDon	  
of	  	  Colloidal	  Titanium	  Dioxide	  ”	  Nature,	  1991,	  353,	  	  7377-‐7380.	  Cited	  6500	  Dmes.	  



ηcoll = 1/(1+ τtrans/τrec)

electron	  transport	  must	  be	  at	  least	  100	  x	  faster	  than	  recombina'on	  to	  
collect	  >	  99	  %	  of	  the	  photo-‐generated	  charge	  carriers

electron transport

loss mechanism:
interfacial

 recombination

electron
 injection

electron
 transport

interfacial
recombination

time [s]

Dye regeneration



P. Tiwana et al. ACS Nano, 2011, 4, 5158

Semiconductor

IPCE	  (%) CollecDon	  
efficiency	  (%)

InjecDon	  
efficiency	  (%)

Device	  mobility	  
(cm2/V.s)

bulk	  mobility	  
(cm2/V.s)

ZnO 38 96 47 0.004 200

TiO2 83 98 100 0.017 1

SnO2 63 95 79 0.003 250
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N.-G. Park, et. al, J. Phys. Chem. B, 104, 8989 (2000)

Effect	  of	  TiO2	  phase



S. Ito et al. Thin Solid Films, 2008, 516, 4613. 

TiO2	  paste	  prepara'on



ScaUering	  layer



S.H. Han et al., 
Adv. Energy 
Mater. (2011)

N.-G. Park et al, 
Inorg. Chim. Acta, 
(2007) 
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July, 2010

surface area: 89 m2/g



Mesoscopic	  structure

IPCE (EQE) = ηabsΦcgηcoll"
"
ηab:  light&harves,ng&efficiency#
#
Φcg:  quantum&yield&of&charge&carrier&genera,on"
"
Φcg = Φinjec,on Φdye&regenera,on&
&
ηcoll = efficiency&of&charge&carrier&collec,on"

Surface Area
Light scattering

             

Electron percolation

             



Ongoing	  and	  Future	  Research

• 	  Advanced	  	  meso-‐structures
• 	  New	  sensiDzers
• 	  New	  redox	  mediators
• 	  New	  counter	  electrodes





1. Distribution on the surface of semiconductor oxide
2. Absorption range (standard global AM 1.5 sunlight to electricity below a 

threshold wavelength, about 920 nm)
3. Firmly graft to the surface of semiconductor (carboxylate or phosphonate)
4. Quantum yield (injection of electrons into the solid) = 1
5. The energy level 
     Excitation state (LUMO) > Conduction band of the oxide 
     Ground state (HOMO) < redox potential 
6.  Stability enough to sustain above 100 millions turnover cycles (= about 
20 years of exposure to natural light) 

Requirements





SensiDzer	  Engineering	  

M.K. Nazeeruddin et al., J. Am. Chem. Soc. 123, 1613, (2001) 



“Black'dye”'BD'N719'

DX'1'data'presented'by'Prof.'S'Uchida,Tokyo'University;'at'NTU'Singapore'Symposium'July'26'2011'

Voc	  (V) Jsc	  (mA/cm2)

GaAs 0.994 23.2

nc-‐Si 0.539 24.4

CdTe 0.845 26.1

Dye	  X 0.550 26.6

Si	  module 0.492 29.7

SensiDzer	  Engineering	  



IPCE (EQE) = ηabsΦcgηcoll"
"
ηab:  light&harves,ng&efficiency#
#
Φcg:  quantum&yield&of&charge&carrier&genera,on"
"
Φcg = Φinjec,on Φdye&regenera,on&
&
ηcoll = efficiency&of&charge&carrier&collec,on"

ηab (LHE) = 1−10
−A = 1−10−σΓ

A (the absorption optical density of sensitizer-stained film) > 2 
= LHE > 99%

High ε and/or Γ is needed for high LHE.



Z907%

12200%M)1cm)1%
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18700%M)1cm)1%

C101%

17500%M)1cm)1%

High	  extinction	  coefficient	  Ru	  dyes	  



Cao,Y.;(Bai,(Y.;(Qingjiang;(C.,(Y.;(Liu,(S.(Shi,(D.;(Gao,(F;(Wang,(
P.."J."Phys"Chem."C!!(2009),((113(15),((6290A6297.!
 
 

Published*PCE:*11.5*%*

High	  extinction	  coefficient	  Ru	  dyes	  
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Maximum Molar extinction coefficient of C219  = 5.75 x 104 M-1 cm-1at 493 nm 
Maximum Molar extinction coefficient of Z907  = 1.20 x 104 M-1 cm-1at 520 nm 

W.#Zeng,#Y.#Cao,#Y.#Bai,#Y.#Wang,#Y.#Shi,#M.#Zhang,#F.Wang,#C.#Pan,#and#P.#Wang#
#Chem.&Mater.#2010,#22,#1915–1925#

	  Absorp'on	  and	  emission	  spectrum	  of	  C219	  versus	  absorp'on	  spectrum
	  of	  Z907	  ruthenium	  dye

To get >90% LHE,
C219: 2 um
Z907: >10 um



7.7 % 
 

2003 

7.6 % 
6 % (IL) 

 
2007 K. Hara et al.,  

7.7 % 
 

2006 

O

S

CN
HOOC

S

N

O

S

CN
HOOC

S

O

N

O
NC

S

CN

HOOC

S

S

N

S

S. Uchida et al., and EPFL  

8 %  9% 
 

2004  2006 

> 9% 
 

2008 

N

N

S

O COOH

S

N
O

S

N

N

S

O COOH

S

N
O

S

S

S

CNHOOC

N

8 % 
 

2006 

J. Ko et al.,  and EPFL 

6.7 % with IL 
 

2008 

P. Wang et al.,  and EPFL 

CN
HOOC

N

S

S

S

9 % 
 

2007 

N.-G. Park et al.,   
and C. Kim et al., 

N

COOH

NC

7.2 % Liquid 
 

2007 

N

S

COOH
NC

OO

KTH and EPFL 



28

Organic	  dyes	  are	  catching	  up	  in	  conversion	  efficiency
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J. Bisquert et. al., J. Phys. Chem. B, 108, 8106 (2004) L. M. Peter, J. Phys. Chem. C 111, 6601 (2007) 
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Techniques for characterization 

Phototransient decay setup 

Electron lifetime, τn

D = (L/2)2/τe                             Capacitance = ΔQ/ΔV                             



Z. Ning et al. Energy & Environmental Science, 2010, 3, 1170
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“Molecular Engineering of Sensitizers for Conversion of Solar Energy into Electricity” in Dye-sensitized
solar cells, Jun-Ho Yum and Md. K. Nazeeruddin, CRC Press, 2010



Alkyl chain length effect on Electron Recombination

Photovoltage and photocurrent transient used for kinetic measurement



Stability with D21L6

90% 80%

Light soaking (1 sun + 60 °C)            Heat stress (dark + 80 °C) 

Drop: 42 mV, 0.8 mA/cm2              Drop: 12 mV, 2.3 mA/cm2 



Accelerated Recombination 

Light soaking (1 sun + 60 °C)            Heat stress (dark + 80 °C) 

Downward shift of CB edge 

Interfacial Dynamics



Red and NIR absorbing dyes 

J. Am. Chem. Soc., 2007, 129, 10320. 
Adv. Funct. Mater., 2009, 19, 2720. 
Angewandt chemie. Int. Ed., 2011, 50, 6619 

4.5% Sq1 in 2007 
5.0% Sq2 in 2010 
6.7% YR6 in 2011 



1.  Panchromatic dye 
2.  Co-sensitization 
3.  Energy transfer: Down or Up conversion 

PanchromaDc	  Response	  

J.-H. Yum et al., Chem. Comm., 2007, 4680. 
A. Ehret et al., J. Phys. Chem. B, 2001, 105, 9960. 
K. Sayama et al., Sol. Energy Mater. Sol. Cells, 2003, 80, 47. 
Y. Chen et al., New J. Chem., 2005, 29, 773. 
V. P. S. Perera et al., Sol. Energy Mater. Sol. Cells, 2005, 85, 91. 

J.H. Yum et al. Energy & Environmental Science, 2011, 4, 842



EPFL and Stanford University, 
Nature Photonics, 2009, 3, 406
Angewandte Chemie International Edition, 2009, 48, 9277-9280
Energy & Environmental Science, 2010, 4, 434-437
Nano Letters, 2010, 10, 3077-3083
Chemphyschem, 2011, 12, 657-661



IPCE (EQE) = ηabsΦcgηcoll"
"
ηab:  light&harves,ng&efficiency#
#
Φcg:  quantum&yield&of&charge&carrier&genera,on"
"
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&
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ηab:  light&harves,ng&efficiency"
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-‐-‐-‐	  Co(bpy)3

Improvement	  by	  matching	  of	  energy	  levels



Absorption spectra of Co(II)/Co(III) and I-/I3- based electrolytes 
as applied in the DSSCs





D35	  Sensi'zer

Co(bipy)3
Redox	  couple
Replacing	  iodide/
triiodide



TC
O

Enlargement	  of	  	  pore	  size	  from	  	  23nm	  
to	  32	  nm	  avoids	  mass	  transfer	  limita'on
of	  	  photo	  current.

Y123

Redox	  shuUle

Y123	  Sensi'zer

nc	  TiO2

Chem.Sus.Chem.	  2011	  ,4,	  597
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New$Record$efficiency$achieved$by$$Y123/YD28o8C8$co8sensi<za<on$

Y123 

YD2-o-C8   
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0.002 Sun: 3.089 µA
0.010 Sun: 28.497 µA

0.096 Sun: 292.325 µA

0.300 Sun: 910.408 µA

0.514 Sun: 1.554 mA

0.641 Sun: 1.918 mA

1.000 Sun: 2.829 mA

Cell Name: 08032011_YA1074_repeat_Mar 9#14

Measurement Date : Wed, Mar 9, 2011 / 12:57:13 AM

Type of cell : AY_Al Back

Cell Active Area : 0.16 cm
2

Light Source : Xe 450W @ AM1.5G

Dye Sensitiser : B11, 0.3mM, tBu/Ac, Dinhop4:1

Additional Remarks : MG8 + Y123

Electrolyte h+ Conductor : 3/4 co2 & 1.5 Co3 + 0.8 M TBP 

Working Temperature : 298 K

SemiConductor Layer : Nok 5/4 + 2.5mL TiCl4

Layer Thickness, Porosity : 5 µm, 68 %

Working Electrode Glass : NSG 10�/cm

Counter Electrode Type : LOF 7�/Pt

Data File Name : 08032011_YA1074_repeat_Mar 9#14

Current Compliance : 2 mA

Settling Time, ΔU, Meas. Delay : 0.04 s,  10 mV, 0s

      9.4% Sun    50.8% Sun    99.5% Sun

Thermopileref  -296.576 µSun  -1.597 mSun  -10.273 µSun 
Currentref  -355.163 µA  -1.923 mA  -3.764 mA 

Powerin  9.391 mW/cm
2
  50.841 mW/cm

2
  99.515 mW/cm

2
 

Norm. Std. Dev.  0.25  0.32  0.37 
Module Uoc  841.56 mV  906.35 mV  933.87 mV 
Cell Uoc  841.56 mV  906.35 mV  933.87 mV 
Isc  -293.243 µA  -1.555 mA  -2.825 mA 

Jsc  -1.833 mA/cm
2
  -9.722 mA/cm

2
  -17.659 mA/cm

2
 

Upmax  702.33 mV  727.91 mV  727.18 mV 

Ipmax  -1.7 mA/cm
2
  -9.2 mA/cm

2
  -16.9 mA/cm

2
 

Powerout  1.22 mW/cm
2
  6.69 mW/cm

2
  12.27 mW/cm

2
 

Total Powerout  195.59 µW  1.07 mW  1.96 mW 
Fill Factor  0.793  0.759  0.744 
Efficiency η  13.02%  13.15%  12.33% 

IPCE @ 550 nm : -0.00048003

Slope ∂Voc/∂log(Io) : 89.706 mV

Ideality Factor @ 1 Sun : 1.82

Series Resistance @ 1 Sun: 25.73 � ± 1.3 %, (160.83 �/cm
2
)

Calibration File: KIDAC: Ref Cell#9, Mon, Jan 14, 2008

Date: Wed, Mar 9, 2011© RAHB: KIDAQX Measured by Takeru

A	  recent	  new	  efficiency	  record	  !	  (Science,	  2011,	  accepted)



New	  Redox	  ShuUle	  resulted	  in	  over	  1000	  mV

0.86 V 

The high oxidation potential compared to [Co(bpy)3]2+/3+ is ascribed 
due to the presence of pyrazoles, which stabilize highest occupied 
molecular orbital’s (HOMO) of the metal more than the bipyridine 
ligand.



[Co(bpy-pz)2]2+/3+ system has absorption maxima in the UV region :  

λmax (ε) = 265 (28,300), 320 nm (24,400) for [Co(bpy-pz)2]2+, 

λmax (ε) = 240 (35,500), 276 nm (20,500) for [Co(bpy-pz)2]2+.  

In the visible region, only the weak absorption remains and thus evidently enh
ances the blue-response of the photocurrent by the sensitizer. 



New	  Redox	  Shuile	  resulted	  in	  over	  1000	  mV

J.H. Yum et al., Nature Communications, accepted

750 mV 1020 mV
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1. High electrical conductivity 

2. Excellent catalysis on the 

reduction of oxidized redox

3. Pt: high price and corrosion 

possibility

Chemphyschem, 2010, 11(13), 2814-2819
Journal of Materials Chemistry, 2010, 20(9), 1654-1658

Counter	  Electrode	  



Andre Geim and Konstantin Novoselov
 Nobel Prize 2010

Graphene/glass:  [4L-G/glass] 
 
T550 = 97.7%       [≈ 90%] 
RCT ≈ >kΩcm2 ?  [ - ] 
R ≈ 2 kΩ/sq        [350 Ω/sq] 
  
intrinsic limit: ≈ 30 Ω/sq  (mobility 200 000 cm V-1 s-1   
scattering by the acoustic phonons, not by the substrate)   
 
Li et al. Nano Lett. 2009, 9, 4359.  Required for DSC cathode: 

 
T550 = 80% 
RCT = 2-3 Ωcm2 
R = 20 Ω/sq 
Trancik et al. Nano Lett. 2008, 8, 982. 
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Optical transmittance of GNP films. Inset shows the 
transmission at a wavelength of 550 nm (T550) as a 
function of film’s mass.
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of 550 nm as a function of 
inverse charge transfer 
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!

Current-voltage characteristics of dye sensitized solar cells. 
Left chart: DSC with Pt-FTO ; Right chart: DSC with GNP (G66).

ff: 0.63 ff: 0.70 

8.1% 9.3% 

L. Kavan and J.H. Yum et al., ACS Nano accepted.
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