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=Pr~L The History of Solar

) Energy Efficiency
=« and Renewablg Energy

Solar technology isn’t new. Its history spans from the 7th
Century B.C. to today. We started out concentrating the
sun’s heat with glass and mirrors to light fires. Today, we
have everything from solar-powered buildings to solar-
powered vehicles.

Here you can learn more about the milestones in the
historical development of solar technology, century by
century, and year by year. You can also glimpse the future.

This timeline lists the milestones in the historical development
of solar technology from the 7th Century B.C. to the 1200s A.D.

7th Century B.C.

Magnifying glass used to concentrate sun'’s rays to make fire and to burn ants.

&f
§

3rd Century B.C.
Courtesy of Greeks and Romans use burning mirrors to light torches for religious purposes.
New Visoo
es, e/
immpes EN 2nd Century B.C.

As early as 212 BC, the Greek scientist, Archimedes, used the reflective
properties of bronze shields to focus sunlight and to set fire to wooden ships
from the Roman Empire which were besieging Syracuse. (Although no proof
of such a feat exists, the Greek navy recreated the experiment in 1973 and
successfully set fire to a wooden boat at a distance of 50 meters.)

20 A.D.
Chinese document use of burning mirrors to light torches for religious
purposes,

. 1st to 4th Century A.D.
The famous Roman bathhouses in the first to fourth centuries A.D. had large
south facing windows to let in the sun’s warmth. For an example, see information
on the http://www.hum.huji.ac.il/archaeclogy/zippori/RomanSeph.htm Zippori in
the Roman Period from the Hebrew University of Jerusalem.

6th Century A.D.
Sunrooms on houses and public b were 50 ¢ that the
Code initiated "sun rights” to ensure individual access to the sun.

e

12005 A.D.
Ancestors of Pueblo people called Anasazi in North America live in south-facing
cliff dwellings that capture the winter sun.

The Amsaz: ol

dwelings demomtate
passwesobr desgn (Joko Thorston, NREL
/P04
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William Crylls Adams,
Courtesy of John Perlin
2002 From Space to Earth: .
The Story of Solar Electricity
| |
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Heinrich Hertz,
Courtesy of NASA/
Goddard Space
‘ Flight Center
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Solar Water Heater
>ourtesy of John Periin/
Butti Solar Archives

Albert Einstein, courtesy of
the Lotte Jacobi Archives,
University of Hampshire
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—+— 1839 I
I French scientist Edmond Becquerel discovers the photovoltaic effect while |
| experimenting with an electrolytic cell made up of two metal electrodes placed |
| inan electricity-conducting solution—electricity-generation increased when |
| exposed to light. |

18605

French mathematician August Mouchet proposed an idea for solar-powered steam
engines. In the following two decades, he and his assistant, Abel Pifre, constructed
the first solar powered engines and used them for a variety of applications. These
engines became the predecessors of modern parabolic dish collectors.

1873
I Willoughby Smith discovered the photoconductivity of selenium.

— 1876

1876 William Grylls Adams and Richard Evans Day discover that selenium
produces electricity when exposed to light. Although selenium solar cells failed
to convert enough sunlight to power electrical equipment, they proved that a
solid material could change light into electricity without heat or moving parts.

#=——— 1883

I Charles Fritts, an American inventor, described the first solar cells made from
I selenium wafers.
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——— 1801

Baltimore inventor Clarence Kemp patented the first commercial solar
water heater. For more information on the water heater, see the
http://www.californiasolarcenter.org/history_solarthermal.html California
Solar Center.

1905
Albert Einstein published his paper on the photoelectric effect (along with a
paper on his theory of relativity).
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=Pr~L The History of Solar

I

Histonygofsolar

Solar technology isn’t new. Its history spans from the 7th
Century B.C. to today. We started out concentrating the
sun’s heat with glass and mirrors to light fires. Today, we
have everything from solar-powered buildings to solar-
powered vehicles.

Energy Efficiency
and Renewable Energy

Here you can learn more about the milestones in the
historical development of solar technology, century by
century, and year by year. You can also glimpse the future.

This timeline lists the milestones in the historical development
of solar technology from the 7th Century B.C. to the 1200s A.D.

= 7th Century B.C.

% Magnifying glass used to concentrate sun's rays to make fire and to burn ants.
-

3rd Century B.C.

Courtesy of Greeks and Romans use burning mirrors to light torches for religious purposes.
New Visoo

e/
e il 2nd Century B.C.

As early as 212 BC, the Greek scientist, Archimedes, used the reflective
properties of bronze shields to focus sunlight and to set fire to wooden ships
from the Roman Empire which were besieging Syracuse. (Although no proof
of such a feat exists, the Greek navy recreated the experiment in 1973 and
successfully set fire to a wooden boat at a distance of 50 meters.)

20 A.D.
Chinese document use of burning mirrors to light torches for religious
purposes,

1st to 4th Century A.D.

The famous Roman bathhouses in the first to fourth centuries A.D. had large
south facing windows to let in the sun’s warmth. For an example, see information
on the http://www.hum.huji.ac.il/archaeology/zippori/RomanSeph.htm Zippori in
the Roman Period from the Hebrew University of Jerusalem.

Courtesy of Svsan Screganso, NREL

6th Century A.D.

Sunrooms on houses and public buildings were so common that the Justinian
Code initiated "sun rights” to ensure individual access to the sun.

12005 A.D.
Ancestors of Pueblo people called Anasazi in North America live in south-facing
cliff dwellings that capture the winter sun.

dwelings deoomtate
passvesobr desgn (Uokn Thorston, NREL
/P04
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Jan Czochralski,
courtesy of Debra Kaiser, 1
AACG newsletter l J

Bell Labs scientists, Daryl Chaplin, Calvin
Fuller. and Gerald Pearson. courtesv of

SHARP

amen Gretz, NREL / PIX(4501

1908

1908 William J. Bailley of the Carnegie Steel Company invents a solar collector
with copper coils and an insulated box—roughly, it's present design.

_IL 1918

I Polish scientist Jan Czochralski developed a way to grow single-crystal

I silicon. For more information on Czochralski, see the article
http://rekt.pol.lublin.pl/users/ptwk/art2.htm Professor Jan Czolchralski

: (1885-1953) and His Contribution to the Art and Science of Crystal Growth.
— e m mm Em Em E E Em Em Em Em Em Em EE Em Em Em Em Em Em Em Em Em Em Ew mm mm mm w]
- 1921
Albert Einstein wins the Nobel Prize for his theories (1904 research and techni-
cal paper) explaining the photoelectric effect.
— 19032
Audobert and Stora discover the photovoltaic effect in cadmium sulfide (CdS).
Lo |
I 1954 Photovoltaic technology is born in the United States when Daryl Chapin,I
: Calvin Fuller, and Gerald Pearson develop the silicon photovoltaic (PV) cell at I
I Bell Labs—the first solar cell capable of converting enough of the sun’s energyI
I into power to run everyday electrical equipment. Bell Telephone Laboratories
produced a silicon solar cell with 4% efficiency and later achieved 11% |
| efficiency. See the http://www.californiasolarcenter.org/history_pv.html for |
: more information. I
— e o o o o o o o e e o e w]
— 1963
Sharp Corporation succeeds in producing practical silicon photovoltaic
modules.
L LULEERAILIRS & 2 ) 4 &1
1976
David Carlson and Christopher Wronski, RCA Laboratories, fabricate first
amorphous silicon photovoltaic cells.
5



“PEL First Photovoltaic Devices

thin light .
membrane 4, l'ght
Pt electrodes A
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blackened box o . . . .
L The investigation of the photovoltaic effects in selenium by William
) ) Grylls Adams and Richard Evans Day (1876) (first demonstration of the
Diagram of apparatus described by E. Becquerel (1839) photovoltaic effect in an all solid-state system)

(electrodes were coated with light sensitive material such as
AgCl or AgBr)

glass pressure plate

- s

Se layer

Pb wire coil

25-125um

metal plate
(eg.brass)

Thin-film selenium demonstrated by Charles Fritts (1883) Grondahl-Gei ide photovoltaic cell (1927)
(First thin film devices) rondahl-Geiger copper-cuprous oxide photovoltaic ce
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“PEL Photoelectric effect

When light shines on the surface of a metallic substance, electrons in the metal absorb the energy of the light and
they can escape from the metal's surface. This is called the photoelectric effect. Electrons emitted in this manner
are called photoelectrons.

S
p— f
o V., =6.22x10° m/s

1776V 550 nm v, .. =2.96x10° m/s

2.25 eV
/400 nm
) 3.1eV

no P ¢
electrons ¢ ¢

Potassium

KE .. = hv — W, W = work function of surface
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=P~L Photovoltaic effect

The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic cell when it is
exposed to sunlight. It is this effect that makes solar panels useful, as it is how the cells within the panel convert
sunlight to electrical energy. The photovoltaic effect was first discovered in 1839 by Edmond Becquerel.

Sunlight

n-type Material

p-n Junction

- Material
Solar Panel p-type Materia

~
\‘
T Electron

Flow
—

[+ +) +)
Hole
¢ Flow

Image taken from https://energyeducation.ca/encyclopedia/Photovoltaic_effect
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=PrL Photoelectric effect vs Photovoltaic effect

Photoelectric effect is the emission of
electrons from the surface of a substance
in response to incident light

Photovoltaic effect is the process (e.g. in
pn junction) produce an electrical voltage
under illumination

Electrons are emitted

Electrons are not emitted

An electric current is not generated

An electric current is generated

Occurs when the energy provided by
photons is enough to overcome the
electron binding energy (WF)

Occurs when the energy provided by
photons is enough to overcome the
potential barrier of excitation (band gap)
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=P-L Light Absorption by Semiconductors c_E,
= > =
V=215 h
hv<E, hv=E, hv>E,
L
~E
> > >
%D hv %D hv ¥ :Lf hv
S| 7 Eq S|~ E, In10%s S| ~VP E,
VB VB m
k k ' k

* Photons are absorbed by the SC and create electron-hole pairs when the photon energy is equal
and greater than the band gap of the SC.

* If the photon energy is much greater than the band gap, the excess energy (hv - E,) is lost due to
the ultrafast relaxation of carriers, e.g. 10714 to 101! sec (thermalization).
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=PFL Silicon and Glass

* Why is silicon black and shiny?

* The visible light photon energy between 1.8 and 3.1 eV is

larger than the E, of Si, 1.12 eV: All visible light will be
absorbed (Black).

* Delocalized excited electrons by photon absorption scatter
photons (Shiny).

 Why is glass transparent?

* Glassis an insulator >5 eV.
| e All the visible light photon are transmitted: no absorption

/ (transparent)

= Jun-Ho YUM, junho.yum@epfl.ch



=P-L Light Absorption by Semiconductors

* Absorption of photons with energy = E, hv (eV)
* Loss: Transmission, Reflection 106 30 20 15 1'10 o.]75 02
* Absorption coefficient a: Absorption coefficient characterizes 300K

the efficiency of a material in absorbing optical power.
e Absorption depth is the inverse of absorption coefficient,

Ge (A\c=124/Eg=1.88um)
describing how deeply light penetrates into a SC.

Y
o
o

£
* Direct gap transitions are much more efficient than indirect *3 Ga3pln 70Ase4aP3e
- : , ( -
transitions and results in much higher a. - i/ ml
w 104 14
I I .
W
l0 T t‘; — GaAs
\N\NNAS : = 1
1 1 -
| : % Si (1.1um)
- —— > g
[ < 102 + 102
I =1, exp(—al) |
I 101 l I l | ! i ! 103
In (1—) 02 04 06 08 1 42 414 16 18
o= — 0 WAVELENGTH (um)
[
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“PFL Beer-Lambert Law

* When an object is exposed to radiation, some of the incident radiation is absorbed (A), some are scattered (R), and
some are transmitted, Transmittance (T). A+ T+ R=1)

* Lambert’s law: the decrease in light intensity due to the thickness of the absorbing medium at any point is directly
proportional to the light intensity.

dl / dI: the slight decrease in light intensity when passing a small distance d/
T dl x I: the intensity of monochromatic light just before entering the medium
dl . .
T = al o: absorption coefficient (cm1)
—Inl =al+C Atl=0,1=1, 2> C=-Inl

| |
—In (1—> = al - I = lyexp(—al) or log(l—) = —qa'l where o.”: extinction coefficient = a/2.303
0 0
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“PFL Beer-Lambert Law

* When an object is exposed to radiation, some of the incident radiation is absorbed (A), some are scattered (R), and
some are transmitted, Transmittance (7).

* Lambert’s law: the decrease in light intensity due to the thickness of the absorbing medium at any point is directly
proportional to the light intensity.

dl / dI: the slight decrease in light intensity when passing a small distance d/
dl x I: the intensity of monochromatic light just before entering the medium
dl . .
—= = al o: absorption coefficient (cm1)
—Inl =al+C Atl=0,1=1, 2> C=-Inl

| |
—In (1—> = al - I = lyexp(—al) or log(l—) = —qa'l where o.”: extinction coefficient = a/2.303
0 0

* Beer-Lambert’s law: Extended by Beer, the decrease in light intensity due to not only the thickness of the absorbing
medium but also the concentration of the solution.

dl

|
7 X C > log(l—) = —e&cl where &: molar extinction coefficient in Lmol-icm-!
0

Molar extinction coefficient: It measures the probability
= Jun-Ho YUM, junho.yum@epfi.ch of electronic transitions.



~Pr~L Absorbance and Transmittance

* Absorbance (A) known as optical density (OD): the quantity of light absorbed by a sample.
* Transmittance (T): the quantity of light that passes through a sample.
e Tool: UV-vis-NIR spectroscopy

Monochromator N
| | S
> -
| | <
Light Entrance Dispersive Exit
Source Slit Element glit  Sample Detector

A (nm)

I
T:I_ or T(%) =100 XT
0

€ = molar extinction coefficient (Lmol-icm1)

I
A= —log(I—) = —ecl ¢ = concentration (M)
0 [ is the path length (cm)

1
A= —log(T) = log(?) Beer-Lambert’s law

= Jun-Ho YUM, junho.yum@epfl.ch 12



=PiL Absorbance, Transmittance, and Absorptance

Example 1) Find the relative amount of light that gets absorbed by the sample if the absorbance of the
sample is 2 at a particular wavelength.

Solution 1)

I
Absorbance Definition: A = _log(l_)
0

Rearrangement of the equation to determine the relative loss of intensity: 1074 = T
0

| 1
The relative loss of intensity (absorptance): 1 — = 1-1074=1- 100 = 0.99 (withA = 2)
0

99% of the light is absorbed and 1% of light is transmitted.

0
1
2
3
5

100% 0%

10% 90%

1% 99%
0.1% 99.9%
0.001% 99.999%

= Jun-Ho YUM, junho.yum@epfl.ch
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=PL Recap: pnlJunction Under Bias

Equilibrium

Forward bias

Reverse bias
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=PL Recap: pnlJunction Under Bias

Equilibrium

Forward bias

Reverse bias
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Vi

Energy band

Ecp o drift

diffusion Vo £,
E’"}J

mmmmmm e Ep,
E £

Q@

E
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Net e current gV — V)
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!
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=PL Recap: pnlJunction Under Bias

Equilibrium

Forward bias

Reverse bias
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Vi

Energy band

Ecp o drift

diffusion Vo £,
E"'}J

s mm—— B,
E £

@0

E
drift "

Net e~ current

Net h* current

!

e gV, + V)

Reverse bias

Current

Voltage

Jtotar = Jo {exp (%) - 1}

The Shockley diode equation °



=PL Recap: Light Absorption by Semiconductors

* Absorption of photons with energy = E, hy (eV)
* Loss: Transmission, Reflection 106 3j° 21'0 1{.5 1':0 0.175 02
* Absorption coefficient a: Absorption coefficient characterizes 300K
the efficiency of a material in absorbing optical power.
e Absorption depth is the inverse of absorption coefficient,
describing how deeply light penetrates into a SC.

Ge (A\c=124/Eg=1.88um)

Y
o
o

£
* Direct gap transitions are much more efficient than indirect *3 Gaspln 70Ase4aP3e
. . . ( -
transitions and results in much higher a. - i/ ml
w 104 14
I I .
W
l0 T t‘; — GaAs
\N\NNAS : = 1
1 1 —
| : % Si (1.1um)
- —— > 8
[ < 402 - 102
I =1, exp(—al) |
I 101 if i | L i | | 103
In (1—) 02 04 06 08 1 42 414 16 18
o= — 0 WAVELENGTH (um)
[
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=PiL Recap: Absorbance, Transmittance, and Absorptance

Example 1) Find the relative amount of light that gets absorbed by the sample if the absorbance of the
sample is 2 at a particular wavelength.

Solution 1)

I
Absorbance Definition: A = _log(l_)
0

Rearrangement of the equation to determine the relative loss of intensity: 1074 = T
0

| 1
The relative loss of intensity (absorptance): 1 — = 1-1074=1- 100 = 0.99 (withA = 2)
0

99% of the light is absorbed and 1% of light is transmitted.

0
1
2
3
5

100% 0%

10% 90%

1% 99%
0.1% 99.9%
0.001% 99.999%
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“PFL Semiconductors in Solar Cell

)

VB

* Light management:

 Band gap
* Thickness

* Light management by scattering or reflection

* Carrier management:

* Charge separation
* Charge collection

= Jun-Ho YUM, junho.yum@epfl.ch

Irradiance [W/mzlnm]
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=P~L IV curve

The IV curve of a solar cell = the superposition of the IV curve of the solar cell diode in the dark with
the light-generated current.

eV ) B 1] I; = Light generated current

I =1, - ID(V) =1, — Iy [exp (nkBT I = Dark current

I A
1 A I A
Light Light
|
- ° Q
—— o —
I ldiode ' I ldiode |
= - r
v v v |
v ¥ v v
® g
—0
" L When light shines on the cell, the IV curve The greater the light intensity, —
Without illumination, a solar cell has the same Y shifts as the cell begins to generate power. Y the greater the amount of shift Click to Continue
Y electrical characteristics as a large diode.

From PV education

= Jun-Ho YUM, junho.yum@epfl.ch 20



=P~L IV curve

AtV = 0, the condition is defined as the short-circuit condition: short-circuit current (1)

Current,
Power

Cell with High Fill Factor
Isc

— Maximum power point (MPP)

(Vmp, Imp)

I mp> Vmp

FF=Imp=\Ymp
IscxVoc
=area
areaB

oc Voltage

At I = 0, the condition is defined as the
L open-circuit condition:

open-circuit voltage (V)

From PV education

nkgT

Voc =
e
= Jun-Ho YUM, junho.yum@epfl.ch

I,
In(—+1)
Iy

21



=P~L IV curve

Fill Factor (FF) is a parameter which determines the maximum power from a solar cell.

o P Vo Xl
VocXIsc  VocXlsc

Current,
Power

Cell with High Fill Factor
Isc

— Maximum power point (MPP)

(Vmp, Imp)

I mp> Vmp

FF=Imp=\Ymp
IscxVoc
=area
areaB

Voc Voltage
From PV education

with = I.-/A
Pinc Pinc(W) P,,.(W /m?2) Jsc = Isc/

Efficiency is defined as the ratio of energy output from the solar cell to input energy from the sun and

depends on the incident spectrum, intensity, and the temperature of the solar cell.
= Jun-Ho YUM, junho.yum@epfl.ch

. .. Prnp  VocXIscXFF  VocX[scXFF
Power conversion ef ficiency = n = = =

22



=P~L IV curve

Fill Factor (FF) is a parameter which determines the maximum power from a solar cell.

o P Vo Xl
VocXIsc  VocXlsc

Current,
Power

Cell with High Fill Factor
Isc

— Maximum power point (MPP)

(Vmp, Imp)

I mp> Vmp

FF=Imp=\Ymp
IscxVoc
=area
areaB

Voc Voltage
From PV education

with = I.-/A
Pinc Pinc(W) P,,.(W /m?2) Jsc = Isc/

Terrestrial solar cells are measured under AM1.5 conditions (1000 W/m?2) and at a temperature of 25°C.

Solar cells intended for space use are measured under AMO conditions.
= Jun-Ho YUM, junho.yum@epfl.ch
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Power conversion ef ficiency = n = = =
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=P~L The Conversion Efficiency of a Solar Cell

Generated electrical power (W)

Conversion ef ficiency (%) = Incident light power (W) X100

* For example, the incident light power on the solar cell is 100 W and the electrical power generated by the solar cell
is 30 W, then the conversion efficiency is 30%.
* Asolar cell with a conversion efficiency of 100% is theoretically impossible.

e Optical loss (reflection)
e Transmission loss

Intrinsic losses | | * Thermalization loss Extrinsic losses | | * Series resistance loss
e Emission loss e Shunt resistance loss

Unavoidable e Carnot loss Avoidable * Parasitic absorption loss
* Boltzmann loss

e Non-radiative loss

= Jun-Ho YUM, junho.yum@epfl.ch



=Pr~L Loss Processes in Solar Cells

* The optical loss by reflection from the cells.

* The transmission loss by the non-absorption of photons with
energy below the bandgap.

* Optical loss
e Transmission loss

e A strong interaction between excited carriers and lattice phonons
Intrinsic losses Thermalization loss introduces a thermalization loss as carriers cool to the bandgap
* Emission loss edge
* Boltzmann loss * The emission loss originates from the photon emission of

the cells as a result of radiative recombination.

* Work loss in the heat engine with heat flowing from a hot
reservoir (the Sun) to a cold reservoir (the atmosphere).

* Non-radiative loss . . o .
e Series resistance loss * Inequality of absorption and emission angles results in an

entropy generation.

Extrinsic losses

e Shunt resistance loss
Avoidable e Parasitic absorption loss

Specular reflection Diffuse reflection

= Jun-Ho YUM, junho.yum@epfl.ch 25



=PrL

Carnot Emission

1.0

Thermalization
0.8

0.6 o
Transmission

0.4

Boltzmann

0.2 Power out

Fraction of incident solar radiation

%.5 1.0 15 20 25

Band gap energy (eV)

3.0
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Loss Processes in Solar Cells

Transmission loss
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=Pr~L Loss Processes in Solar Cells

Carnot Emission

-
o

Thermalization

o
o

o
o

Transmission

0.4

Boltzmann

0.2

Fraction of incident solar radiation

Power out

%.5 1.0 15 20 25 3.0
Band gap energy (eV)

= Jun-Ho YUM, junho.yum@epfl.ch

Emission loss

e

Boltzmann loss: Incident solar energy with the solid angle but the solar
cell emits light into the emission solid angle of 2m.

Solarcell

AS = kln(2m) — kin(Q,,)

27



=PiL Reversible Carnot Engine

:W:Q1—Q2:1_@
Q1 Q1 Q1

e

For a reversible engine, the total entropy is conserved, S=5;-S5,=0,

Qi _Q_,
Ty T,

n.=1ifT,=0Kand=0,if ,=T,

T;=6,000 Kand T,=300 K
N = 0.95, an upper limit of solar converters

Carnot loss

= Jun-Ho YUM, junho.yum@epfl.ch

T, is the high temperature
reservoir, the sun

Q; is the incident solar energy

w W is the work delivered to a
load in the form of electrical
energy, W=Q; - Q,

Q;

Q, is the amount of energy

flowing from the converter to
the heat sink

T, is the low temperature reservoir,
the ambient atmosphere



=Pr~L Loss Processes in Solar Cells

* Optical loss

* Transmission loss
Intrinsic losses * Thermalization loss
* Emission loss
Unavoidable e Carnot loss

* Boltzmann loss

* Non-radiative loss
Extrinsic losses * Series resistance loss .
* Shunt resistance loss

Avoidable * Parasitic absorption loss
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Non-radiative recombination (NRR) losses originating from
different mechanisms: Shockley-Read-Hall (SRH) recombination,

Auger recombination, Recombination at Interface, etc.

External radiative efficiency (ERE) is the ratio of radiatively
recombined carriers against all recombined carriers.

ERE = ]rad/(]rad +]nrad)

Therefore the rest fraction of the recombinations (1 — ERE)
refers to the non-radiative recombinations.
ERE =1 (100%) at Shockley-Queisser limit

The series resistance in solar cells.
The shunt resistance in solar cells.

Parasitic absorption by solar cell component.
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=Pr~L Loss Processes in Solar Cells
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Yamaguchi et al., J. Appl. Phys. 129, 240901 (2021)
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=PFL Ideal Solar Cell Efficiency

For the ideal efficiency u(vg, TS), only two losses are considered: transmission losses and thermalization losses.

Assumption:

 The sun’s temperature is 6000 K.

* The solar cell’s temperature is zero (T, = 0 K), meaning zero radiation from the solar cell to the outside.
* All photons = E, generate electrons that provide an electromotive force equivalent to Ej.

0, Epnoton< Eg4 (transmission losses)
Vg =9 Eg L
- Epnoton= Eg (thermalization losses)

* One photon above E; excites one electron, meaning that the incident photon flux equals the flux of the
photoexcited electrons.
* All the photogenerated charge carriers are collected at short-circuit condition = unlimited mobility.

; 0, v <y
(v) = eG(v),v =2 v, G (v): The sunlight’s photon flux
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EPFL Ideal Solar Cell Efficiency

X100 =

hngflux(vg! TS) 1

P
u(v,,Ts) =

in P in

P, =f G(v,T)xhvdv
0

K The curve described w

— 9y gL ] G, T) X hvdv

1 /4

— / 0
x m / y
e 7 d | < ‘
s T VeEp Align rectangles with a
2% 1l spacing of dv
a o

E

1/ >
" Photon frequency (Hz)
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Pou(vy) = jo J)XV(v)dv

Larger

thermalizatio - ‘

n losses

Conversion efficiency (%)

15 2 25 3 35 4

(0, v<v,
< (0 ]
f G(v, T)xhvgdv,v =V,
Vg
Larger
E " ) transmission
| losses
E Photon energy (eV)
1
1

..............................
R T TT T T

20 |
10 |

i—— 44.3 % with a
bandgap of 1.12 eV

' 40 60 80

Photon frequency ( X 10'3Hz)
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=P~L Detailed balance limit of Efficiency of p-n Junction Solar Cells

The balance between the carrier generation Solar cell

and_ recomblnfa’Flon tha-t occurs undgr the Temperature Temperature
particular condition (maximum power point) for === Ts
maximum extractable electrical power was

considered.

* The solar cell has a finite temperature T, and also emits black-body radiation = the solar cell is surrounded
by a black body with T..

* Consider electron-hole pairs generated by the radiation of the black body with T..
* The probability t, for an electron-hole pair by the incident photons larger than E is set to 100%, t. = 1.
* All photogenerated electrons and holes thermalize to the band edges.

e All the photogenerated charge carriers are collected at short-circuit condition = unlimited mobility.

The radiation absorbed by the cell is equal to the radiation emitted (R,,s = Remit) = Non-radiative
recombination is not taken into account.

= Jun-Ho YUM, junho.yum@epfl.ch
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=P~L Detailed balance limit of Efficiency of p-n Junction Solar Cells

V vV Shockley-Queisser (S-Q) limit
IV =1,V [exp( VOC) — exp (V_)] Y (5-Q)
¢ ¢ 33.7% with E; = 1.34 eV
| y 32% with Si E; = 1.12 eV
st i 35
60:'""""""""} """ Imp
< E _
E 40 ! <
>
= : 2
@ | 2
- | o
- | &
O 20} ; -
a Si solar cell i

Vo awl | 28 B :
(E,=1.1eV, T, = 300 K) ; SR B :
b LV N N T
0 02 04 06 08 10 05 07 09 11 13 15 17 19 21 23 25
Voltage (V) Band gap (eV)
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=Pi-L Detailed balance limit of Efficiency of p-n Junction Solar Cells

Other consideration
* Limited mobility
* Non-radiative recombination: e.g the theoretical efficiency of crystalline silicon solar cells was

calculated to be 29.4%, taking into account Auger recombination().
(1) A. Richter et al., IEEE Journal of Photovoltaics. 3 (4): 1184-1191 (2013)
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=PL Ideality Factor

eV eV
1= 1= o |exp () = 1] = 1= 1o [exp ()|

n = A measure of how closely the diode follows the ideal diode equation.

Ideality factor depends on recombination type.

Recombination limited by

band to band (low level injection) 1 o :
minority carrier.
SRH, band to band (high level injection) 2 Recomblnathn Lo 7l leide
carrier type.
: : : Two carriers limit
Junction (depletion region) 2 recombination.
Auger 2/3 Two majority and one minority

carriers required.
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=P~ Parasitic Resistances

Real cells: Resistance of the contacts and leakage currents around the sides of the device.

Series resistance (R.;.): it arises from the resistance of the cell material to current flow,
particularly through the front surface to the contacts and from resistive contacts. It is a
particular problem at high current densities, i.e. under concentrated light.

Shunt resistance (R;,t): It arises from the leakage of the current through the cell around
the edges of the device and between contacts of different polarity. It is a problem with
poorly rectifying devices.

The diode equation becomes:

e(V + IRseries> . 1] _ V+ IRseries

Rshunt

e(V +]ARseries) . 1] _ 4 +]ARseries

J=JL—Jo [exp( nkyT

Rshunt
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~P~L Series Resistance and Shunt Resistance

series resistance Current

S—
ANN——
Resistive effects, series resistance (R, i) and shunt R A
resistance (R nt) in solar cells reduce the efficiency y
.. . . Ita
of the solar cell by dissipating power in the o
resistances, mainly the fill factor.
The effect of Ryeries The effect of Rypynt
2.5 H 1> 1000 mQ

———

-----------

:
Current (A)

- 0.5 . . '
Very low R, | :
0 t t t t t
0.6 0O 01 02 03 04 05 06
Voltage (V) Voltage (V)
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=P~L Effect of Temperature

An increase in temperature = Reduced Band Gap of SC

1.0
Si
0.8 | Conduction band
e
1 n-type ] —
S 02 §§\\\\\
z VL 1021030 I 1016
& | Intrinsic level 0 S ’>> 10
) - 2 A ﬁl(’/

-0.8 Valence band

D, 1
nr| [—=— +

-10, 100 200 300 400 500 600
T(K)
_ (Denpo  Dppno)
Jo=e i + 7 =en;
e h
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nf = NCNVeXp(

Te Ny

—E

Dy 1
Tp Np

g
kgT

1 djsc
Jsc dT

~ 0.0006 per °C for Si
(0.06% per °C)

Isc increases
slightly

high /'

temperature
cell

The Vocis most affected by an
increase in temperature because

of temperature dependence of J,

Voc decreases

dT

3
2

3
I

ZﬂmZkBT
(=50)

3
27Tm>;lkBT 2

2 2

=
<
Il

<Y

~ —2.2mV per °C for Si
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=PL Solar Cell Test Setup: Solar Simulator

OPTICAL
INTEGRATOR |

SPECTRAL
CORRECTION
FILTER

MIRROR ———__

MIRROR

ELLIPSOIDAL _____
REFLECTOR h

LENS
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Shutter controller

Solar Simulator

|
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=P=L IPCE and APCE

Incident Photon-to-Current Conversion Efficiency (IPCE) or External Quantum Efficiency (EQE) =

Collected electrons at a given wavelength  Jsc/q Jsc(A/cm?) 1240 100

= X
Photons in at a given wavelength P, /hv  P,,(W/cm?) A(nm)

Absorbed Photon-to-Current Conversion Efficiency (APCE) or Internal Quantum Efficiency (IQE):
Collected electrons at a given wavelength  EQE EQE

Absorbed photons at a given wavelength 1—R—T ~ 1—-10"4

! ! ; ' ||

10 | | et Ex) While 100% of the light is absorbed by a 300 um Si
g | 1 T wafers, this falls off to 80% in a 20 um thin layers and 50%
£ 0% Y T T 1 in a 2 um thin layers.
g T | il 1. EQE = 50% with IQE = 100% and 2 pm Si
% 05 {/‘ | 300 _‘ 2. EQE = 50% with IQE = 50% and 300 um Si
?;. w |
- T 20 w'rr IQE is determined by charge management, e.g. charge
= | | | separation/collection.

021 | \ ‘ EQE involves both charge management and light

1 AT 100 1000 management.

Thickness [Hm)
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=P=L IPCE and APCE

Incident Photon-to-Current Conversion Efficiency (IPCE) or External Quantum Efficiency (EQE) =
Collected electrons at a given wavelength  Jsc/q Jsc(A/cm?) 1240

— x100
Photons in at a given wavelength P, /hv  P,,(W/cm?) A(nm)

Absorbed Photon-to-Current Conversion Efficiency (APCE) or Internal Quantum Efficiency (IQE):
Collected electrons at a given wavelength  EQE EQE

Absorbed photons at a given wavelength 1—R—T ~ 1—-10"4

Internal Quantum Efficiency

Reflection, Parasitic absorption — External Quantum Efficiency

and front surface recombination — Surface Ref'e“ance/ Reflection and limited diffusion length
1001

80 1

60 1

40 A

201

IQE, EQE, Refl

No light is absorbed below the
band gap

400 600 800 1000 1200
* Jun-Ho YUM, junho.yum@epfl.ch Wavelength (nm) 42



=PiL IPCE and J¢,

When the EQE is integrated overall all wavelength, it will return J¢
Collected electrons at a given wavelength  Jsc/q

Photons in at a given wavelength P, /hv
Az
AM1. .
Jsc = qj EQE()®4M15q) dAMLS . spectral photon flux
Aq
1.6 -
— 35
14
- 30
12
_ 25
£ 20 5
% 0.8 — El
g >
3 15 §
E 06 ond
- —— ASTM AM1.5G (2003)
Clobal Current 10
04— Diffuse Current
0.2 — T 5
0.0 T I I T I 0
300 400 500 600 700 800 900 1000
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=Pr~L Solar Cell Test Setup: EQE

Monochromator

Monitoring cell

@c@c

T Secondary optics
Beam splitter Test cell

Light source

Image from Leyre et al., J. Renewable Sustainable Energy 7, 043130 (2015)
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Picoampere
meter
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=Pr~L Solar Cell Test Setup: EQE

Chopper  Eilter Wheel

\ / | Shutter
‘ Light = Monochromator \
Source

Reference
Detector

@

Bias Light

Image from C-F Lin et al., Int. J. Mol. Sci., 12, 476-505 (2011)

Lock-in amplifier
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