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What did Shockley-Queisser say?
Any absorber also has to be an emitter!

At the open-circuit condition the electrons & holes
have no place to go.
They build up, and 1deally they are lost only to luminescence.
outgoing f
luminescence
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In an ideal solar cell, at open-circuit,
the outgoing luminescence will equal the incoming solar radiation
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only 1/4n?=1/50 = 2%
of the light escapes.




What 1f the material 1s not ideal, and the electrons and
holes are lost to heat before they can luminesce?

qVOC — qvoc-ideal - kT‘ln{nextH

]

The external

fluorescence yield M

Only external .
1s what matters!

[Luminescence can balance
the incoming radiation.
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You may need an internal efficiency of n, . =99%
just to get an external efficiency of n.,.=50%
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But this 1s really hard to do:
You may need an internal efficiency of n, =99%
just to get an external efficiency of n.,.=50%
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Efficiency vs. Rear Reflectivity, GaAs 3um
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Efficiency vs. Internal Fluorescence Yield,  GaAs 3um
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Solar Cell Efficiency Limits forn,,. <1
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Latest 1 sun
results from
Alta Devices, Inc.

Expected to reach
29.5% single
junction shortly,
and

34% dual junction,
eventually.
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GaAs, theory & expt.
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Counter-Intuitively, to approach the

Shockley-Queisser Limit, you need to have

good external fluorescence yield n,, !!

Internal Fluorescence Yield n, . >> 90%

Both
— needed for

Rear reflectivity >> 90%

200d My,



What 1s the 1deal voltage V__ to expect, 1.e. the Quasi-Fermi
Level separation, chemical potential, or Free Energy?

exp{ Free Energy} - { excited state population in the /ight}

kT excited state population in the dark
Boltzmann Factor

In molecules and quantum dots:

excited state population in the light
excited state population in the dark

qV,.=Free energy = kT In {

In semiconductors with mobile electrons & holes:

B B electron density in the light
Free energy = EFC_EFV_ZkT In {electron density in the dark}




What 1s the voltage to expect, 1.e. the Quasi-Fermi Level
separation, chemical potential, or Free Energy?

In molecules and quantum dots:

qV. =Free energy = kT ln{ excited state population in the light}
oC

excited state population in the dark

But this can also be written:

qVe. = kT In ——
band — to — band emission in the dark

external Luminescent emission }

The external Luminescence intensity 1s a “Volt-meter”
into the solar cell.




For solar cells at 25%,
good electron-hole transport 1s already a given.

Further improvements of efficiency above 25% are
all about the photon management!

A good solar cell has to be a good LED!

Counter-intuitively, the solar cell performs best
when there 1s
maximum external fluorescence yield n.,,.

Owen D. Miller, Yablonovitch, Sarah Kurtz
IEEE J. Photovoltaics vol. 2, No. 3, page 303-311, (July 2012)



Paradox:

Why is external luminescence 1s good for solar cell
efficiency?

Reason #1; diatiVesRegonr

Good external luminescence 1s a gauge of low internal
non-radiative recombination processes.

Non-radiative recombination would certainly impair the
solar cell efficiency.



Paradox:
Why 1s external luminescence 1s good for solar cell efficiency?
Reason #2; (for plane parallel cells):
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only 1/4n?=1/50 = 2%
of the light escapes.

Another way to look at this,

1. the recycled photons are not lost,
2. the carrier lifetime 1ncreases,

3. increasing carrier density

4. Increasing V_,
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Paradox: Why is external luminescence 1s good for
solar cell efficiency?
Reason #3; Luminescence IS Voltage:

External luminescence 1s sometimes used as a type of

contactless voltmeter, indicating the separation of

quasi-Fermi levels in the solar material.
Luminescence = Bnp= Bn’ exp{qV / kT}

(This 1s sometimes employed as a contactless, quality-
control-metric, 1n solar cell manufacturing plants. )

This viewpoint is tautological:
Good external luminescence actually IS good voltage,
and therefore good efficiency.



What 1f the material 1s not ideal, and the electrons and
holes are lost to heat before they can luminesce?

qVOC — qvoc-ideal - kT‘ln{nextH

]

The external

fluorescence yield M

Only external .
1s what matters!

[Luminescence can balance
the incoming radiation.



Alta Devices uses photon transport modeling
only, to project record solar cell efficiencies.

Electronic modeling 1s used only for the grid
resistance, and internal resistance.

Conclusion: Solar cell modeling has to
become photon transport modeling, as 1n
LED extraction efficiency.



