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Outline of presentation

� Brief (re-)introduction to the Intermediate Band 
Solar Cell (IBSC)
– Joint research with the Instituto de Energía Solar, 

Universidad Politécnica de Madrid (UPM).

– Funded by EU Contract 211640 (IBPOWER)

� IBSC based on InAs quantum dots
– Growth
– Characterisation
– Fabrication

� Design improvements

� Conclusions
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Triple junction III-V solar cell

� PV cells in series
– increased output voltage but at 

reduced current density.

� Cells must generate the same 
current.

� Tunnel junctions needed to 
interconnect cells
– J ~15-20A cm-2 under x1000 

suns with minimal VF.

� Higher efficiencies under 
concentration.

� Validated efficiency; ~41% @ 
x360-450 suns concentration.

Lattice-matched (LM) or near LM combination of InGaP/GaAs/Ge
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Intermediate band solar cell (IBSC)

� Optimum gaps; EG=1.95eV, EH=1.24eV, EL=0.71eV

� Under AM1.5 LOAD irradiance (900 W/m2), � max~45% at 1 sun; ~60% at 
x1000 suns (A. Martí, UPM).

� � max for a GaAs solar cell; 32.4 % at one sun, 37.9 % at x1000 suns

� Single junction; IB region 
between n- and p-emitters

� Voc determined by host 
semiconductor bandgap

� Isc increased by absorption of 
sub-bandgap photons

� Processing is similar to existing 
process flows for III-V PVs
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Circuit Models

� Triple junction: Vout~V1+V2+V3, 
IL= lower of IL1, IL2, IL3

Single junction 
(2-diode model)

Triple junction Simplified IBSC

� IBSC: Vout~V1, IL= IL1 + lower 
of IL2, IL3



16/06/2010 HWU Workshop, May 2010

InAs quantum dot wish list

� High areal density of QDs, with tight size distribution.

� Big QDs for large energy separation between IB and 
conduction band continuum (EL)
– Avoids thermal coupling.

– Degraded PV performance due to multiple confined levels?

� Multiple layers of QD for large optical absorption.

� QDs coupled electronically both laterally and vertically 
to form an intermediate energy band.
– A recent paper suggests that coupled QDs may not be 

necessary – APL Vol 96 203507 (2010)
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Energy levels of single & coupled QDs
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(100)-InAs on GaAs - RHEED patterns

Formation of self-assembled InAs QDs on GaAs by Stranski-Krastanow growth.
Transition from 2D to 3D growth; QDs form on thin In(Ga)As wetting layer (WL).

ao(InAs) > ao(GaAs); 7% mismatch

RHEED detail (chevrons)
AFM image 1x1 � m2 area
QD dens. ~2x1010 cm-2
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Overgrowth of QDs with GaAs

� ~15 nm GaAs; QDs buried

� c(4x4)-GaAs reconstruction at ~500°C
� Recovers fully to (2x4) at ~580°C

� QDs partially buried
– intermixing of InAs and GaAs likely

Residual strain

Impacts in growth of QD stacks
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Vertical alignment of QDs

� Vertical alignment of QDs and size uniformity between layers 
is lost if the cap/spacer layer is too thick

� Little or no residual strain to initiate QD nucleation

BF STEM images

x10 2.5ML with 10nm 
spacers - annealed

x10 2.5ML with 15nm 
spacers - annealed
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PL from single and stacked QD layers

� Conclusions from PL and 
TEM data:
– Vertically aligned QDs are 

coupled (thin spacer)
– QDs within a layer are 

uncoupled

– Thick spacer results in QD 
layers which are vertically 
decouple 

� Implications for QD-IBSC
– Small number of “closely”

spaced, coupled layers

– Large number of widely 
spaced but uncoupled layers

20 QD layers
(vertically coupled)
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n+-GaAs sub.
n+-GaAs emitter

n+-Al0.2Ga0.8As BSF
n-GaAs base

p+p+-GaAs emiiter

n-contact metal

Modified (Al,Ga)As heterojunction solar cell

“Model” IBSC epitaxial structure

� Si d-doping to give one electron 
per QD (modulation doping)

Metal contact on p+-GaAs layer

SiNx ARC, Al0.85Ga0.15As window layer

IBSC - InAs QD layers incorporated 
into n-GaAs “base”

p+p+-GaAs emiiter

� QD density ~3-4x1010 cm-2

� 10-50 layers of QDs

� Rs<3m� /� for x1000 suns
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Fabrication of die

~5� m high x 5� m wide 
Au-plated grid/bus

Die mounted on 
AlN heat-sink
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PCS and QE measurements (UPM)

GaAs
WL

VB� IB

Very large QDS?

Elisa Antolín

IES UPMIES UPM

� Photocurrent generated by sub-band gap photons
– In absolute terms, relatively weak due to low absorptance
– Need to increase volumetric density of QDs
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2-photon photocurrent via IB

� This is a key result which validates 
the “physics” of the IB concept.

3

Photons from IR source (hf3 < 0.72eV) 
cannot initiate VB-IB transitions



16/06/2010 HWU Workshop, May 2010

Impact of multiple QD layers in stack

TEM image of x50 
layer QD stack
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QD-IBSC with wider spacers

� Thin spacers, ~11nm thick
� x10 layer stack is ~0.11� m thick
� n-GaAs base ~3.0� m thick

� Thick spacers, ~86nm thick
� x50 layer stack is ~4.3� m thick
� Stack fills base section
� +24 hours to grow!
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300K FTIR PL spectra of QD-IBSCs

� GaAs signature probably from p-contact/emitter

� Layers within stack are uncoupled
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Optimizing the IBSC - AlGaAs barriers

� 300K bandgap of Al0.25Ga0.75As is ~1.74eV, >300meV larger than GaAs

� 300K PL shows signal from AlGaAs, wetting layer (?) and QDs

� n=1 transition wavelength same as that for QDs with GaAs barriers

� PL output weaker with AlGaAs barriers, reflecting its shorter carrier 

diffusion length, even for growth at 630°C
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GaP strain-compensating caps

S. M. Hubbard et al., Proc. 33th IEEE PVSC (2008).
Appl. Phys. Lett., Vol. 92, pp. 123512-3, 2008.

•R. B. Laghumavarapu, et al. Appl. 
Phys. Lett., 91, 243115, 2007
•S. M. Hubbard et al (RIT and 
NASA), Appl. Phys. Lett., 92, 
123512, 2008
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GaNAs strain-compensating caps

R. Oshima, et al., J. of Crystal Growth, Vol. 310, pp. 2234-2238, 2008;
Appl. Phys. Lett., Vol. 93, pp. 083111-3, 2008.

� Photocurrent due to sub-bandgap photons, increasing 
with number of QD layers

� Preservation of Voc??
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Summary

� IBSC: conceived as a way of increasing the efficiency 
of a single gap solar cell by decoupling ISC and VOC

� Alternative to multi-junction approaches

� Many intermediate band materials have been predicted
– some have been shown experimentally

� Main principles of IBSC operation demonstrated
– not yet sufficient to boost efficiency

� Subject of research in ~30 labs worldwide

� To achieve high efficiencies, light confinement + 
concentrated sunlight will be required


