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eVOC < gap 

ISC-VOC trade-off 

Intermediate band solar cell ! 

A 

B 

A 

B 

gap 



Photocurrent gain 

A. Luque y A. Martí, Phys. Rev. Lett. 78(26) 5014–5017 (1997). 

A. Luque and A. Martí, Prog. in Photov, Res. and Appl. 9(2) 73–86 (2001).  

Partially 
filled 



V 

Voltage preservation 

A. Luque y A. Martí, Phys. Rev. Lett. 78(26) 5014–5017 (1997). 

A. Luque and A. Martí, Prog. in Photov, Res. and Appl. 9(2) 73–86 (2001).  



63.2 % 

0,71 eV 

1,24 eV 1,95 eV 

Optimum gaps 

W Shockley & HJ Queisser, 
J. Appl. Phys. 32 510 (1961) 

A. Luque & A. Martí, Phys. 

Rev. Lett. 78 5014 (1997) 

Partially 
filled 



IBSC & Tandems 

E. Antolín, A. Martí, and A. Luque, in Proc. of the 21st European Photovoltaic Energy Conference, 2006, pp. 412--415. 

E. Antolín, , A. Martí, P. G. Linares, I. Ramiro, E. Hernández, and A. Luque. In Proc. 5 PV World Conf. in press.  

tandem of 2 IBSC: 
6 gaps only one 
tunnel junction 

conventional 6 
gaps tandem 
5 tunnel junctions Series-interconnected 2J-IBSC 

Absolute limit:  72.7 % 



Two-photon mechanism necessary 

A. Luque, A. Martí, and L. Cuadra, Physica E 14, 107 (2002). 
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VB; 

trap 
empty 

CB; 

trap 
empty 

full 

IL 

With a low density of impurities, 

the wavefuntion is localised 

A. Luque, A. Martí, E. Antolín, and C.Tablero, Physica B, vol. 382, pp. 320-327, 2006. 

Beyond the density given by the Mott 

transition the wavefunction becomes 
delocalised 

VB; 

trap 
empty 

CB; 

trap 
empty full 

IB 

Deep levels induce SRH recombination. 
Why is the IBC going to be different? 



Lifetime increase in heavy Ti implanted Si 

Ti concentration profile. Ti concentration 
vs. depth in the implanted layer, from ToF-
SIMS measurements. The blue line as-
implanted; red line: sample annealed with 2 
laser pulses of 0.6 J/cm2. Both samples 
implanted with 1016 cm-2 Ti.  

Effective lifetime of wafers with different Ti 

implantation doses. Carrier lifetime 
measurement of PLM annealed Si samples 
implanted with Ti doses of 1015, 5 1015 and 
1016 cm-2. Samples measured by back 

E. Antolín  a, et al. Lifetime Recovery in Ultrahighly Titanium-

doped Silicon for the Implementation of an IB Material; submitted 

2008 

Samples prepared by: J. Olea, M. Toledano-Luque, D. Pastor et al., "Titanium doped silicon layers with 

very high concentration," Journal of Applied Physics 104 (1), 016105 (2008). 

Collaboration with Universidad  

Complutense de Madrid 
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Some proven IB bulk materials and cells 

• Zn0.88Mn0.12Te0.987O0.013 detected by photo-reflectance 
–  K. M. Yu et al., Physical Review Letters 91, 246403 (2003) 

• GaNxAs1 x yPy alloys with y>0.3 detected by photo-
reflectance 
– K. M. Yu et al., Applied Physics Letters 88, 092110 (2006) 

• V0.25In1.75S3  detected by absorption coefficient 
(intrisically half filled) 

– P. Palacios et al., Phys. Rev. Lett. 101, 046403 (2008) 
– R. Lucena et al., Chem. Mat. 20, 5125 (2008) 

• Si:Ti ( 5%) detected by Hall experiments 
– G. Gonzalez-Dıaz et al., Solar Energy Materials & Solar Cells, doi:

10.1016/j.solmat.2009.05.014 (2009). 

• ZnTe:O solar cell 
– W. Wang, et al, Applied Physic Letters 96, 011103 (2009) 



Bulk IB solar cell 

University of Michigan 

W. Wang, A. S. Lin, J. D. Phillips, Applied Physics Letters 2009, 96, 011103. 
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Quantum dots for the IBSC 

A. Martí, L. Cuadra, and A. Luque, in Proc. of the 28th IEEE Photovoltaics Specialists Conference, edited by IEEE 

(New York, 2000). 



A. Martí, L. Cuadra, and A. Luque, in NEXT GENERATION PHOTOVOLTAICS: High Efficiency through Full 

Spectrum Utilization (Institute of Physics Publishing, Bristol, 2003), pp. 140. 

QD-IBSC 



A. Martí, L. Cuadra, and A. Luque, in NEXT GENERATION PHOTOVOLTAICS: High Efficiency through Full 

Spectrum Utilization (Institute of Physics Publishing, Bristol, 2003), pp. 140. 

QD-IBSC 



A. Martí, L. Cuadra, and A. Luque, in NEXT GENERATION PHOTOVOLTAICS: High Efficiency through Full 

Spectrum Utilization (Institute of Physics Publishing, Bristol, 2003), pp. 140. 

QD-IBSC 



First IB solar cell 

Grown in MBE, in 

Stranski-Krastanov 

mode 

A. Luque, A. Martí, C. Stanley, N. López, L. Cuadra, D. Zhou y A. Mc-Kee, J. Appl. Phys. 96(1)  903, 2004. 

In collaboration with: 
University of Glasgow 



QD-IB solar cells worldwide 

A. Luque et al., Journal 
of Applied Physics 96, 
903 (2004). 

InAs/GaAs 

•IES-UPM 
•University of Glasgow 

S. M. Hubbard et al., 
Applied Physics Letters 
92, 123512 (2008). 

•Rochester Institute of 
technology 
•NASA 

InAs/GaAs-GaP InAs/Ga(N)As 

•University of Tokyo 
•Univesity of Tsukuba 

R. Oshima, A. Takata, and 
Y. Okada, Applied Physics 
Letters 93, 083111 (2008). 

V. Popescu et al., 
Phys. Rev. B 78, 
205321 (2008). 

InAs/GaAs-GaP InAs/GaAs-GaP 

. .  et 
al., Physics and 
semiconductors 
technique 43, 537 
(2009). 

•St. Petesrburg 
Tech. Institute 
•IOFFE 
•Innolume 

•NREL 

16.12% 

13.27% 
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Strain destroys the emitter 

A. Marti et al., Applied Physics Letters 90, 233510 (2007) 

In collaboration with: 
University of 
Glasgow 



S. M. Hubbard, C. D. Cress, C. G. Bailey, R. P. Raffaelle, S. G. Bailey, and D. M. Wilt, APL 92 (2008) 

S. M. Hubbard, C. G. Bailey, C. D. Cress, et al. Short circuit current enhancement… 33st IEEE PVSC, 2008 

Better results with strain compensated QD 

Rochester Inst. Tech + Nasa Glen 



Alternative: stress relief by separating the QDs 

E. Antolín, A. Martí, C.D. Farmer et al. to be published in J. Appl. Phys (2010). 

QD-IBSC 2 QD-IBSC 3 



Increase of the IQE by spacer increase 

E. Antolín, A. Martí, C.D. Farmer et al. to be published in J. Appl. Phys (2010). 

thermal escape 

tunnel escape 

QD-IBSC 2 

thermal escape 

QD-IBSC 3 

Calculated absorption for 
full extraction 

A. Luque & 
al. 
Unpublished.
Very recent; 
discussion 
pending 



Envelope wavefuctions of the highest absorption states 

A. Luque & al. Unpublished 

Four 
band 
k p 
method 



Quantum calculation of the sub-bandgap absorption  

A. Luque & al. unpublished; Very recent; discussion pending 

Coresponding 
to a layer 
density of QD 
of 1010 cm-2 
and a 
separation 
between 
layers of 40 
nm  

delta E 25 
meV, F=0.5 

f v(1-fc) 

[P. Palacios, I. 
Aguilera, K. Sanchez, 
J.C. Conesa, and P. 
Wahnon, Transition-
metal-substituted 
indium thiospinels as 
novel intermediate-
band materials: 
Prediction and 
understanding of their 
electronic properties. 
Physical Review 
Letters 101 (2008) 
046403  



Preliminary discusion 

Delta 
25 mev, 
F=0.5 

Delta 
10 mev, 
F=0.5 

A. Luque, unpublished; K. Akahane et al., Applied Physics Letters 73, 3411 (1998). 



Generalized SRH model and explanation of the low IQE 

A. Luque, A. Martí, N. López, et al., Journal of Applied Physics 99, 094503, (2006)  

Better strain control needed? 



The inhomogeneous strain field 

A 

Small QDs made 
of InGaAs are 

easier to 
compensate 

D. Alonso-Álvarez, J. M. Ripalda, B. Alén, A. G. Taboada, J. M. Llorens, Y. González, L. González, F. 
Briones,  Instituto de Microelectrónica de Madrid  & Genesis FV Project meeting   2010/09/21 
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Bandgap spectroscopy and shrinkage 

E. Cánovas, A. Martí, N. López, et al, Thin Solid Films 516, 6943 (2008). 

V. Popescu, G. Bester, M. C. Hanna, A. G. Norman, and A. Zunger, Physical Review B 78, 205321 (2008). 

A. Luque et al,  Solar Energy 

Materials & Solar Cells 94 
(2010) 2032–2035. 

A. Luque & al. 
unpublished 

A. Marti et al., Thin Solid 

Films 516, 6716 (2008). 



DB multilevel IB solar cell 

A. Luque, P. G. Linares, E. Antolín, E. Cánovas, C. D. Farmer, C. R. Stanley, and A. Martí, Applied 
Physics Letters 96, 013501 (2010). 



IB-CB strong thermal contact 

=28.2

% 

=34.2% 

A. Luque and A. Martí, IEEE (2010) 

Disconnected: 

e ~ 10-18 [cm2] 

Connected: 

e ~ 10-13 [cm2] 

Capture cross section 
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A. Marti, E. Antolin, C. R. Stanley, C. D. Farmer, N. Lopez, P. Diaz, E. Canovas, P. G. Linares, and A. Luque, Physical Review Letters 97, 247701-4 

(2006). 

E. Antolín, A. Martí, C. R. Stanley, C. D. Farmer, E. Cánovas, N. López, P. G. Linares, and A. Luque, Thin Solid Films 516, 6919–6923 (2008). 

Evidence of two-photon photocurrent 

Solid: 2 photon, dashed, primary 

2 photon: blue, reference; green, reduced IR; purple, reduced primary 



 EFI 

EFV 

EFC 

(1) (2) 

(1) (2) 

A. Luque, A. Martí, N. López, E. Antolín, E. Cánovas, C. Stanley, C. Farmer, L. J. Caballero, L. Cuadra y J. 

L. Balenzategui, Appl. Phys. Lett, 87(8):083505–7, 2005. 

Quasi-Fermi level split 

Wavelength (nm) 

P
h

o
to

n
s 

s-1
 (

a
.u

.) 

In collaboration with: 

University of Glasgow 
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A. Luque, A. Martí, N. López, E. Antolín, E. Cánovas, C. Stanley, C. Farmer, L. J. Caballero, L. Cuadra y J. 

L. Balenzategui, Appl. Phys. Lett, 87(8):083505–7, 2005. 

In collaboration with: 

University of Glasgow 



Test of voltage preservation 

Quantum Efficiency 

monochromator 

J-V Characteristic 

He-Ne laser 

E. Antolín, A. Martí, P. G. Linares, I. Ramiro, E. Hernández, C. D. Farmer, C. R. Stanley, and A. Luque, in Proc.25 

Photovoltaic Specialists Conference (IEEE, Honolulu, 2010). 



Test of voltage preservation 

GaAs reference cell 

   e VOC < EG 

E. Antolín, A. Martí, P. G. Linares, I. Ramiro, E. Hernández, C. D. Farmer, C. R. Stanley, and A. Luque, in Proc.25 

Photovoltaic Specialists Conference (IEEE, Honolulu, 2010). 



Electric field in IB cell 

A. Luque, and A. Marti, IEEE Transactions on Electron Devices 57, 1201 (2010). 

A. Luque et al., Journal of Applied Physics 99, 094503 (2006). 

I. Tobías et al. Semiconductor 

Science and Technology,issue in 

honor Nobel Laur. Z I Alferov; 

in the press.   



Test of voltage preservation 

QD-IBSC 1 

  e VOC  1.2 eV 

 tunnel escape short-
circuits IB - CB 

tunnel escape 
at the junction 

IB-CB tunnel  
escape 

Fe  FIB 

Fh 

E. Antolín, A. Martí, P. G. Linares, I. Ramiro, E. Hernández, C. D. Farmer, C. R. Stanley, and A. 

Luque, in Proc.25 Photovoltaic Specialists Conference (IEEE, Honolulu, 2010). 



Test of voltage preservation 

QD-IBSC 3 
(with InAlGaAs capping) 

 voltage preservation 

EH  < e VOC < EG 

Fh 

FIB 

Fe 

E. Antolín, A. Martí, P. G. Linares, I. Ramiro, E. Hernández, C. D. Farmer, C. R. Stanley, and A. 

Luque, in Proc.25 Photovoltaic Specialists Conference (IEEE, Honolulu, 2010). 
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IB-CB strong thermal contact 

=28.2

% 

=34.2% 

A. Luque and A. Martí, IEEE (2010) 

Disconnected: 

e ~ 10-18 [cm2] 

Connected: 

e ~ 10-13 [cm2] 

Capture cross section 



Low absorption in IB  

Solution: to change the size form 

present 3.5X16X16 nm2 to 6X7.3X7.3 nm2 

A. Luque, A. Marti, E. Antolin, and P. Garcia-Linares, Intraband Absorption for Normal Illumination in 

Quantum Dot Intermediate Band Solar Cells. Solar Energy Materials & Solar Cells 94 (2010) 2032–2035. 



Light management 

Simulated cell structure and grating 
profile 

55 



Light management (far field) 

Mask designed and ordered. Soon experimental !! 

56 



Light management approaches: Surf. Plasmons 

A. Luque, A. Marti, M. J. Mendes, and I. Tobias, Journal of Applied Physics 104, 113118 (2008). 

M. J. Mendes, A. Luque, I. Tobías and A. Marti, Applied Physics Letters 95, 071105 (2009). 
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DB modeling; the effect of concentration 

30.2
% 

31.0
% 

51.6
% 
36.7
% 

Impossible to exceed 
ordinary cells!!!  
(at one sun with 
GaAs/InAs) 

A. Marti et al., Thin Solid Films 516, 6716 (2008). 



A QD material with better shape & gaps 

VB CB 

VB IB 

IB CV 

[1] J. Wu, D. L. Shao, Z. H. Li, M. O. Manasreh, V. P. Kunets, Z. M. Wang, G. J. Salamo,  Applied Physics Letters 

95 (2009) 071908  

Quantum Ring Infrared Photodetector 



Search for QD-IB material candidates 
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Conclusions 
• IB Alloys for sub bandgap light absorption have been found 

– Theoretical and experimental arguments show that SRH Recombination 
decreases at high impurity concentration by electron delocalization 

– IB solar cells have been produced in ZnTe:O, Efficiency still low 
• Physical principles have been established and experimentally proven 

– Two photon operation 
– Three quasi Fermi level splitting 
– Preservation (increase) of voltage 

• IB solar cells have been made with InAs QD’s in GaAs 
– Efficiency is low mainly because of: 

• Photogeneration not fully collected  
• IB-CB thermally connected 

– But DB modelling tells that no advantage is to be expected with InAs/
GaAs QD unless 

• QD shape is changed and cells operate in concentration 
• Materials are changed 

• First attempts of GaAs QRs in AlGaAs matrix promising 
• Topic highly attractive 


