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Noontime spectrum on
cloudless days Is always
extremely close to the
standard AM 1.5G
spectrum when compared
to any solar simulator

Solar spectrum in Sede Boker
(in the Negev Desert, Israel,
lat. 30.8N, lon. 34.8E, alt. 475 m)
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New concept of ultra-efficient PV:
concentration vs angular restriction of emission
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Efficiency, %

Shockley—Queisser limits:

(1) external radiative recombination efficiency Q. = I, .,4/1,=1;
(2) #e.n, =0 for hv <E,
(3) #., =1 for hv > E,
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Shockley—Queisser limits on the efficiency of single-junction cells as well as
limits for cells of Q, = 1%, 0.01%, 0.0001% and 0.000001%.
The best confirmed experimental results are also shown.
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2. Concentrated photovoltaics: lessons with real sunlight

Motivation for high concentration:
1) Economics
1 football field of ~ 17% solar cells at 1-sun ~ 500 kW.

* By using MJ cells (35%) at concentration of 500 suns, same power is

produced from smaller semiconductor area (or the football field
produce 500 MW).

Combination of high efficiency & 500X
concentration boosts output per

semiconductor area by a factor of
1000.

MJ cells are replaced by less expensive
optics and common materials.

‘ Leads to reduced cost of energy despite

paying extra for tracking & cooling.

|

Courtesy of Spectrolab, Inc.



Motivation for high concentration:
(1) Economic;

(2) Achievable increase in efficiency with flux
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“3J cells: high efficiency at high concentrations
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Fig. 1. Schematic of an InGaP/InGaAs/Ge triple-junction solar cell.
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Our solar fiber-optic mini-dish concentrator indoor test facility for
ultra-high flux PV characterization
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fiber/cell contact is used for localized irradiation probe (c, d).
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efficiency, n (%)

Cell efficiency as a function of local
optical concentration
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Local flux values < 3200 suns
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Local flux values > 3200 suns
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A conseqguence of the impact of a tunnel diode on photovoltaic

performance
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When the cell's current density exceeds the lowest J  value of the cell’s

tunnel diodes, an instability is triggered: the electron tunneling that allows
efficient low-resistance photovoltaic performance switches to the thermal-
diffusion (high-resistance) regime.



Application:
non-destructive in situ determination of the
tunnel diode’'s valley and peak (threshold)
current densities;
mapping J, and J, values over the cell area.



Other applications of our method:

1) examination how PV current-voltage (| -V ) curves
change with localized irradiation

2) Mapping of PV performance
of concentrated solar cells
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Fig. 1. Schematic of an InGaP/InGaAs/Ge triple-junction solar cell.
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Exploit the options of solar thermal for dispatchability via:

(a) gas backup heating, and/or (b) multi-hour thermal storage

concentrator PV (CPV).

But how?
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High-temperature hybrid photovoltaic-solar thermal plants for
dispatchable and high-efficiency electricity generation

3 principal hybrid strategies
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concentration and elevated temperatures for hybrid solar
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High-efficiency perovskite nCPV prototype
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Unit cell of metal halide perovskite.
Here, A is an organic or inorganic cation, M is a divalent
metal cation, and X is a halide anion.
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Record laboratory efficiencies of solar cells
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X-ray diffraction analysis of the
MAPb(I, ,Br,),. (a) XRD
patterns of MAPb(I, ,Br,); (x =
0, 0.06, 0.13, 0.20, 0.29, 0.38,
0.47,0.58,0.71, 0.84, 1.0),
magnified in the region of the
tetragonal (004)T and (220)T
and cubic (200)C peaks (20 =
27.5-31.0°). (b) Crystal
structures and unit lattice vectors
on the (00l) plane of the
tetragonal (I4/mcm) (top) and
cubic (Pm3m) (bottom) phases
are represented. The tetragonal
lattice can be taken by the
pseudocubic (pc) lattice. (¢)
Lattice parameters of
pseudocubic or cubic MAPDH(I,
Br,); as a function of Br
composition (X).

J.H. Noh, et al, Nano Letters. 13, 1764-1769.



Photographs and UV-vis
absorption spectra of
x=0 MAPD(l,_,Br,);. (a) UV-vis

Absorbance (a.u.)

"=1°"’.: \ 0\ ) absorption spectra of FTO/bl-
e i TiO,/mp-TiO,/ MAPD(I,_
b SRS AL Br,)s/Au cells measured using

an integral sphere. (b)
Photographs of 3D
T1I0,/MAPD(1_,Br,); bilayer

c nanocomposites on FTO glass

oo E 00 = 1.57 4 0.39x + 0.3322 substrates. (c) A quadratic
21} relationship of the band-gaps
Efg ; of MAPb(l,_,Br,);as a

18} function of Br composition (x).
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J.H. Noh, et al, Nano Letters. 13, 1764-1769.



Sensitized Mesoporous Planar Heterojunction

¢
:I Top Contact - Perovskite :] Transparent Electrode - Compact ETL
|:] HTL E Mesoporous ETL :] Glass Substrate

Three major groups of perovskite solar cells categorized based
on the deposition sequence.



Three intriguing features of metal-halide perovskites

Defect tolerance

due to the softness of the
Self healing perovskite lattice (?)

Resistance to cosmic radiation



Flexible perovskite for space applications

Efficiency stj|| plays a fundamental role,

————

however it is important to consider also the weight of the

e ———

solar cells

100

: NV multi-junction solar cells are most
o commonly used , however:
: e * The thickness of a typical
o @ v GalnP/GaAs/Ge three-junction space
’ \ cell is above 200 pm, which implies high
e ‘ ‘ weight and volume,
» ‘ * The scarcity of material sources and
2 ; “ complex fabrication processes of |iI-V
] T multi-junction solar cells lead o high
AR RC 0 - e W2 W roduction cost
¥ S (’?,T,:ﬂfj,,,*‘(’)(9?'?4&(1@*\\,\:\“5:0%96@‘} . ‘l).ow sustainability of the production
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Stability is also a vital issue to tackle given the harsh environmental conditions that solar cells have to withstand,

M. Kaltenbrunner, Nature Mater 14, 10321039 (2015) a

Francesca Brunetti, University of Rome Tor Vergata

M. Kaltenbrunner, et al, Nature Mater. 14, 1032, 2015.
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Solar radiation b perovskite: ABX, ¢ Solar radiation
il[{éii( U!t“iJLenS
e =

Large-area Small-area

‘flat-plate’ device ‘concentrator’ device

® A site = MA, FA/Cs, FA/MA/Cs © Bsite=Pb o X site = I/Br

Dark Increasing light intensity High irradiance
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Solar concentration (Suns)
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Charge-carrier diffusion length (um)
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Take home messages

Concentrator photovoltaics (CPV) provides
possibilities for:

- ultra-high efficiency;
- high tolerance to the cell heating;

- hybrid technologies: CPV-thermoelectricity, CPV-
thermosolar (CSP) — prospect for thermal storage;

- CPV (microcells) with ultra-high specific power and
high tolerance to cosmic radiation (perovskites)
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