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Summary : Gallium arsenide phosphide nitride shows prorfos@eveloping highefficiency
tandem solar cells on low-cost silicon substrates..

To date, the highest efficiency conversions haventreached by using llI-V (that is, compounds of
elements from groups Ill and V of the periodic gbhonocrystalline multijunction solar cells (MJ$Qader
concentrated sunlight. Soitec and the Fraunhofstitite have pushed the solar cell record to 44{@f6
terrestrial applications.

They achieved this record with a wafer-bonded fmwfion gallium indium phosphide / gallium
arsenide // gallium indium arsenide phosphide ligal indium arsenide (GalnP/GaAs//GalnAsP/GalnAs)
solar cell under concentration of 297 suns (thdtght 297 times as bright as sunlight). Soited &naunhofer
also announced on the Soitec website very recémlyachievement of 46% efficiency under concerunagif
508 suns. Moreover, Solar Junction has demonstratédi-V triple junction coherently grown (lattice-
matched) onto a gallium arsenide (GaAs) substrdtie #4% efficiency under 942 suns (AM1.5D spectra,
representing the direct-radiation— that is, withthe diffuse radiation and albedo—annually averagmdr
spectrum at ground level at mid-latitudéd). contains a highly sought-after 1eV gallium imai arsenide
nitride antimonide (GalnAsNSb) diluted-nitride commd. However, maintaining the GaAs or germanium
substrates to build these high-efficiency Ill-Vasatells is costly.

With the strategic challenge cost of e0.25-0.5wpet of peak power in mind, we have investigated
using silicon, which is the most abundant elementearth and inexpensive. Indeed, true monolithic
integration of 1ll-V compound semiconductor hetémastures with silicon would enable both highlyiefnt
and low-cost PV production and is the subject eagresearch interest.

A tandem solar cell, made of a 1.7eV IlI-V top and.leV crystalline silicon (c-Si) bottom cell,
would theoretically reach an efficiency of 37%, andM1.5G illumination (that is, the global incidesolar
radiation, including the direct, diffuse, and alberddiation)ef However, MJSC efficiency is very sensitive to
structural defects, such as misfit dislocationsicivrappear during metamorphic growth; they dranadljic
reduce the carrier lifetime and thus current efitmacand solar cell performance. A perfect lattivatched
epitaxial PV structure of IlI-V and silicon techogles on silicon substrate would significantly e&se
efficiency, as well as reducing the overall costmoifitijunction PV cells.

We have developed promising building blocks for GBA/silicon-based dual-junction solar cells.
The tandem GaAsPN/silicon double-junction solaft wdll be electrically connected with a tunnel jiion
(TJ), which connects successive p-n junctions mageof a p-type semiconductor and an n-type
semiconductor. One of the main issues in develofiiegdual-junction solar cell is obtaining an aéfict TJ.
We have modeled this and found high theoreticaletiirdensities for both GaP/silicon and silicoigeih TJs
with experimentally attained GaP alloy doping levehd considering an n-doped silicon bottom absdrbe
Modeling the top-PIN-junction GaAsPN absorber wih'tight-binding’ calculation crossed with critical
thickness modeling showed that a GaAsPN alloy (asition 9% arsenide and 4% nitride) is promisintghwi
an expected bandgap energy of 1.81eV and a criiggtness that allows pseudomorphic growth of endp
thick absorber.5 To assess this material indepeiydeh defects potentially generated at the Gaieil
interface, we grew a lattice-matched 100nm-thiclA§RN alloy on the 001 face of a gallium phosphidaR)
substrate. After a post-growth annealing step, #lisy displays strong absorption around 1.8-1.9ah
efficient photoluminescence at room temperatureble for targeted solar cell top junction develepm

Finally, we have developed early stage GaP/GaAsBR/BIN (that is, made up of layers of p-type,
intrinsic, and n-type semiconductors) solar cetitptypes by molecular beam epitaxy (MBE) on a (001)



oriented GaP substrate, which is easier than grdmgittly on a silicon (001) substrdtélext, we will do the
same on a GaP/silicon pseudo-substrate—a silidostraie with a thin (45nm) GaP layer on top—andah the
a silicon solar cell with a GaP layer on top). ™ifficult part is growing a defect-free GaP crytta layer on
top of the silicon substrate. Indeed, the first Gafer of the PIN junction will be the GaP layertbé GaP/Si
pseudo-substrate in the case of a silicon/ silitdnor will be part of the TJ in case of an hyb@dP/siicon
TJ.

The internal quantum efficiency of around 40% sholeat carriers have been successfully extracted
from a lum-thick GaAsPN alloy absorber (see FiglreCurrent-voltage measurements performed on this
sample show a remarkable record open-circuit veltfgl.18V. Our best-performing cell contained rga-
thick absorber with 2.25% efficiency under AM1.5@urmination (see Figure 2). This cell exhibits a
remarkable fill factor (the ratio of the maximumtainable power and the product of the open-circoltage
and short-circuit current) of 71%The short-circuit current is 3.77mA/cm2 but thesoircuit voltage is
relatively low at 0.89V. Assuming that a 1um thiBRAsPN layer is necessary to absorb the main paneo
solar spectrum and, considering the absence ofatiyeflective coating, the sample with a thinf@0nm)
absorber displays a short-circuit current densityse to its theoretical maximum at 1 sun of roughly
5mA/cm2. The theoretical maximum takes into accahet small absorber thickness and assumes perfect
carrier collection, but in practice some carriers st inside the absorber. That carrier extract®obetter
from the thinner than the thicker absorber may tirébated to a small carrier diffusion length, whiis less
than the thickness of the thicker absorber.

In summary, we have developed promising buildingcké for GaAsPN/silicon-based dual-junction
solar cells. Concerning the top subcell developmest have obtained an efficient absorber by growdng
lattice-matched GaAsPN alloy on a GaP substrateng¥e grew early-stage GaP/GaAsPN/GaP PIN solar cell
prototypes by MBE on GaP substrates.We are nowingiio grow a defect-free GaP crystalline layeraon
silicon substrate. These results are promisingvatidate our approach for elaborating a latticeahatl dual
junction solar cell on silicon substrate. We are/m®veloping the tunnel junction and the overaildiam cell
with a purpose-designed bottom silicon subcelll@arc pathway to higher efficiency of the top GaAsél
would require thorough optimization of both the MBfowth and the post-growth annealing steps
accompanied by improvements in PIN junction architee similar to the development of the GalnAsN 1eV
subcell on GaAs substrates.
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Figl. Internal quantum efficiency of a PIN junction mageof V)

a p-doped gallium phosphide (GaP) on top of a lpioktayer
of an intrinsic gallium arsenide phosphide nitri@aAsPN)
absorber on top of an n-doped GaP layer, grown ¢00&)-
oriented GaP substrate, where (001) representsrtecybar
crystal plane

Fig2. Current-voltage measurements under AM1.5G
solar spectrum, of a GaP/GaAsPN 300nm/GaP PIN
junction grown on a (001)-oriented GaP substrate



Author Information

Olivier Durand, Samy Almosni, Charles Cornet, Antone Létoublon, Christophe Levallois, Alain
Rolland, and Jacky Even

Optical Functions for Information Technology (FOTDIMNb

National Institute of Applied Sciences (INSA)

CNRS

Rennes, France

Olivier Durand is a professor at INSA and heads @mtoelectronics, Heteroepitaxy and Materials (OHM)
Department of the FOTON Lab. His principal researdkrests are nanostructures for opto-electroancs
device development (lasers and photovoltaics).

Pierre Rale and Laurent Lombez

Institute of Research and Development on Photoediaergy (IRDEP)
CNRS

Chatou, France

Jean-Francois Guillemoles

NextPV

International Associated Laboratory between CNR&r(€e) and the Research Center for Advanced Science
and Technology

(RCAST, Japan)

Tokyo, Japan

Jean-Francois Guillemoles has been a researclNRSE since 1994. He became director of NextPV 20
and is currently a guest professor at the UniversitTokyo. He is also a project leader at IRDER ahthe
lle-de-France Photovoltaic Institute, France. Hisearch focus is simulation and modeling of phdtaeias,
characterization of materials and devices, andldpugents of high-efficiency conversion concepts.

References:

1- 1. F. Dimroth, M. Grave, P. Beutel, U. Fiedeler,Karcher, T. N. D. Tibbits, E. Oliva, et al., Wafer
bonded four-junction GalnP/GaAs//GalnAsP/GalnAs aaarirator solar cells with 44.7% efficiency,
Prog. Photovolt: Res. Appl. 22, pp. 277-282, 2@b410.1002/pip.2475

2- D. Derkacs, R. Jones-Albertus, F. Suarez, and @arfer, Lattice-matched multijunction solar cells
employing a 1eV GalnNAsSb bottom cell, J. Photonnefgy 2, p. 021805, 2012.
doi:10.1117/1.JPE.2.021805

3- S. R. Kurtz, P. Faine, and J. M. Olson, Modelingveb-junction, series-connected tandem solar cells
using top-cell thickness as an adjustable paramefer Appl. Phys. 68, p. 1890, 1990.
doi:10.1063/1.347177

4- A. Rolland, L. Pedesseau, J. Even, S. Almosni, @dr, C. Cornet, J. M. Jancu, et al., Design of a
lattice-matched IlI-V-N/Si photovoltaic tandem caibnolithically integrated on silicon substrate,tOp
Quant. Electron. 46 (10), pp. 1397-1403, 2014 1601:007/s11082-014-9909-z

5- S. Almosni, C. Robert, T. N. Thanh, C. Cornet, Aetoublon, T. Quinci, C. Levallois, et al., Evaioat
of InGaPN and GaAsPN materials lattice-matched forSmultijunction solar cells, J. Appl. Phys. 113
p. 123509, 2013. d0i:10.1063/1.4798363

6- T. Quinci, J. Kuyyalil, T. N. Thanh, Y. P.Wang, Simosni, A. L etoublon, T. Rohel, et al., Defects
limitation in epitaxial GaP on bistepped Si surfaceng UHVCVD-MBE growth cluster, J. Cryst.
Growth 380, p. 157, 2013. doi:10.1016/j.jcrysgrd.205.02

7- O. Durand, S. Almosni, Y. Ping Wang, C. Cornet, lLAetoublon, C. Robert, C. Levallois, et al.,
Monolithic integration of diluted-nitride 11I-V-N @mpounds on silicon substrates: toward the 1I-V/Si
concentrated photovoltaics, Energy Harvest. Sy$8-4), pp. 147-156, 2014. doi:10.1515/ehs-2014-
0008



