
Results- Temperature

Taken from IPCC report (AR5, Chapter 9)

https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter09_FINAL.pdf




Photovoltaics



Lecture - Learning Objectives
At the end of this lecture you should be able to:
• Understand light absorption and how it applies to solar cells.

• Explain why we can not get 100% efficiency from our solar cells 
and denote where the losses are coming from.

• Understand what parameters makes a material a good solar cell.

• Understand where practical losses are coming from in solar cells.



How much energy can we get ?

• Comparison of renewable energy sources:
– Geothermal: 0.3-2 TW
– Hydro Power:   3-4 TW
– Biomass: 2-6 TW
– Wind Power: 25-70 TW
– Solar Power: 123,000 TW

• Solar will always provide us with enough energy to 
power the planet.

• The real question is can we do it cheap enough to be 
economically viable.







Solar Cell Costs
• They have dropped ridiculously in the last 8 years.
• The top ~10 biggest companies for Si solar cells all are from 

China.
• National grids are getting solar cells pricing at 0.03 $/kWh



Reverse Auctions
• Countries say they want a given amount of renewable electricity 

(with conditions) and then the lowest bid gets the job.

• This has been an absolute success.  Prices have dropped incredibly 
due to this.



Reverse Auctions
• Solar prices are dropping prices across all countries

http://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2018/Jan/IRENA_2017_Power_Costs_2018.pdf



Physics of Photovoltaics

• Why is it thermodynamically impossible to get 100% 
efficiency photovoltaics?

• What is the maximum efficiency we can get?

• How do we get that efficiency?

• Can we make it cheap?



Solar cells explained in 2 minutes

• From a first order theory we should be able to get power 
according to the voltage and current

e-

h+

Semiconductor

Po
w

er

Vo
lta

ge

Current



• While typically the plots are irradiance vs. wavelength, 
irradiance vs. photon energy can also be useful.

• We can convert these graphs using the following equation:

Visible Light

𝐸𝐸 𝑒𝑒𝑒𝑒 =
1240
λ(nm)

Per nm of wavelength
Per eV of photon energy



Relating voltage to current

VOC = Open circuit voltage
Vmp = Max power voltage
Isc = Short circuit current
Imp = Max power current

FF= 𝐽𝐽𝑚𝑚𝑚𝑚𝑉𝑉𝑚𝑚𝑚𝑚

𝐽𝐽𝑆𝑆𝑆𝑆𝑉𝑉𝑂𝑂𝑆𝑆

𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐹𝐹𝐹𝐹 × 𝐽𝐽𝑆𝑆𝑆𝑆𝑒𝑒𝑂𝑂𝑆𝑆

• We want power from our solar cell and this is simply:

P= 𝑒𝑒 × 𝑗𝑗

where V is voltage and j is current density.

• Increasing our current decreases our voltage, leading 
to a j-V curve as shown below

I = Current
J = Current Density
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Photoabsorption from Molecules

• Molecular photocatalysts have distinct energy levels.

HOMO

LUMO

e-

This photon energy needs to match this energy gap. 

• Molecular photocatalyst only absorb efficiently at one 
wavelength.

molecular dye



Size of photoabsorber molecule

• As molecules gets larger, they transition from molecular 
orbitals to groups of orbitals.

• For large particles, these simply become bands

• Most photoabsorbers are either:    
- molecular photocatalysts     
m(mw < 300 g/mol)
- semiconductors

(mw > 10,000 g/mol)

• It is possible to make some 
intermediate range catalysts due to 
quantization. Hoffmann, Chem. Rev. 1995
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Semiconductor photocatalysts

• Semiconductors have bands rather than distinct levels

Conduction Band

e-

This photon energy needs to roughly match this energy gap. 

• The energy difference between the valence and conduction 
band is called the band gap (Eg).

• Semiconductors can absorb a much broader range of light.

Valence Band



Fundamental issue with photoabsorption

1 eV
Band gap

e-

h+

1 eV

• A photon with an energy higher than the bandgap will produce an 
electron in a very high energy level in the conduction band.

• This electron will immediately transfer to the lowest level in the 
conduction band.

• Thus the excess energy from the photon is lost.
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Efficiency

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝑒𝑒

𝑃𝑃𝑖𝑖𝑖𝑖 = �
0

𝐸𝐸
𝐸𝐸(𝐸𝐸)𝑑𝑑𝐸𝐸
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AM1.5 Spectra

n(E)= # of electrons at a given energy 

• The input is simply an integration of the photons multiplied 
by their energy.

• Pout is the amount of power from your solar cell.



Maximum efficiency- 1 photon cell
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What efficiency loss aren’t we including?

• From a first order theory we should be able to get power 
according to the voltage and current

Shockley and Queisser, J. Appl. Phys. 1961

Xg = Vg/kT

http://dx.doi.org/10.1063/1.1736034


Maximum efficiency- Shockley-Queisser
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Shockley and Queisser, J. Appl. Phys. 1961

Our 1st order approximation of 
maximum efficiency

• Shockley-Queisser did a much more thorough analysis to 
determine maximum efficiency balance.

Xg = Vg/kT

• Answer- Thermodynamics.  We have losses due to both the 1st and 
2nd law of thermodynamics. 

http://dx.doi.org/10.1063/1.1736034
http://doi.org/10.1063/1.1736034


• From blackbody radiation, we have

Blackbody radiation from Sun

𝐼𝐼𝐸𝐸𝑑𝑑𝐸𝐸 =
2𝜋𝜋𝑣𝑣3

𝐸𝐸2
1

𝑒𝑒 �ℎ𝑣𝑣
𝑘𝑘𝑘𝑘 − 1

𝑑𝑑𝐸𝐸
𝐸𝐸 = ℎ𝑣𝑣

𝐼𝐼𝐸𝐸
𝐸𝐸

= # 𝑃𝑃𝐸𝐸 𝑃𝑃ℎ𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃/𝑃𝑃 ≡ 𝛽𝛽• Realize

𝐼𝐼𝐸𝐸 =
2𝜋𝜋
ℎ3𝐸𝐸2

𝐸𝐸3

𝑒𝑒 �ℎ𝑣𝑣
𝑘𝑘𝑘𝑘 − 1

𝛽𝛽𝑠𝑠𝑜𝑜𝑖𝑖(𝐸𝐸)dE =
2𝜋𝜋
ℎ3𝐸𝐸2

𝐸𝐸2

𝑒𝑒𝑒𝑒𝑒𝑒 �𝐸𝐸 𝑘𝑘𝐵𝐵𝑘𝑘 − 1
dE

• We do need to compensate though for the fact that we are a 
given distance away from the sun.

• This can be done by noting the Sun-Earth solid angle



Sun

Solar Cell

Including solid angle into radiation

𝛽𝛽𝑠𝑠𝑜𝑜𝑖𝑖(𝐸𝐸 𝜃𝜃,𝜙𝜙)𝑑𝑑ΩdE =
2

ℎ3𝐸𝐸2
𝐸𝐸2

𝑒𝑒𝑒𝑒𝑒𝑒 �𝐸𝐸 𝑘𝑘𝐵𝐵𝑘𝑘 − 1
𝑑𝑑ΩdE

• The black-body radiation is a function of angle:

• The earth’s solid angle to the 
sun is 6.0 x 10-5 radians.

• Thus βsun at earth is:

𝛽𝛽𝑠𝑠𝑜𝑜𝑖𝑖(𝐸𝐸 𝜃𝜃,𝜙𝜙) = 6 × 10−5 ×
2

ℎ3𝐸𝐸2
𝐸𝐸2

𝑒𝑒𝑒𝑒𝑒𝑒 �𝐸𝐸 𝑘𝑘𝐵𝐵𝑘𝑘 − 1

where T=5760C



• Our solar cells can blackbody radiate just like the sun

Blackbody radiation from solar cells

𝑏𝑏𝑒𝑒𝑚𝑚𝑖𝑖𝑜𝑜(𝐸𝐸,Δ𝜇𝜇) =
2𝐹𝐹𝑀𝑀
ℎ3𝐸𝐸2

𝐸𝐸2

𝑒𝑒𝑒𝑒𝑒𝑒 �𝐸𝐸−Δ𝜇𝜇
𝑘𝑘𝐵𝐵𝑘𝑘 − 1

• The emission is a function of potential (i.e. voltage) and 
temperature (298 K).

• The higher the voltage the more emitted radiation

• The Fa term is 2π if we emit in all directions, but will be π if 
we have a reflector on the backside of our solar cell.

• We don’t want our solar cell to emit radiation, we want to 
absorb it.



• Our loss in terms of photons / current can be denoted as 
followed:

Loss due to emission

• Where ε is our emission coefficient

• We could also include a reflection term (1-R) to Jemission if we 
wanted to assume that some of the emitted photons can’t 
get out.

𝐽𝐽𝑒𝑒𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖 = 𝑞𝑞𝑏𝑏𝑒𝑒𝑚𝑚𝑖𝑖𝑜𝑜𝜀𝜀



Which will be larger:
a) absorption coefficient

b) emission coefficient

c) they will be the same

d) it is material dependent

Concept Check



• During irradiation, we have a net ‘photocurrent’ that is our 
absorption from the sun  plus absorption from ambient (bamb) 
minus our emission from our device. 

Photocurrent during irradiation

𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜 = 𝑞𝑞(1 − 𝑅𝑅 𝐸𝐸 ) × 𝑏𝑏𝑠𝑠𝑜𝑜𝑖𝑖 𝐸𝐸 + 𝑏𝑏𝑀𝑀𝑚𝑚𝑎𝑎 𝐸𝐸 − 𝑏𝑏𝑒𝑒𝑚𝑚𝑖𝑖𝑜𝑜(𝐸𝐸,Δ𝜇𝜇)

• 𝑏𝑏𝑀𝑀𝑚𝑚𝑎𝑎 is ambient radiation from the earth (i.e. dark radiation)

• Lets define a short circuit current (assuming 100% absorption 
and collection of charge):

where R stands for reflection and q is an elementary charge.  This assumes 100% 
above band gap photon absorption

𝐽𝐽𝑠𝑠𝑠𝑠 = 𝑞𝑞 ∫𝐸𝐸𝐺𝐺
∞ (1 − 𝑅𝑅 𝐸𝐸 ) 𝑏𝑏𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑𝐸𝐸

• At short circuit ∆µ = 0, and the last 2 terms cancel each other out



• Lets integrate the entire Jnet equation over all energies: 

Ideal Diode Equation

𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜 = 𝑞𝑞�
𝐸𝐸𝐺𝐺

∞
(1 − 𝑅𝑅 𝐸𝐸 ) × 𝑏𝑏𝑠𝑠𝑜𝑜𝑖𝑖 𝐸𝐸 +𝑏𝑏𝑀𝑀𝑚𝑚𝑎𝑎 𝐸𝐸 − 𝑏𝑏𝑒𝑒𝑚𝑚𝑖𝑖𝑜𝑜(𝐸𝐸,Δ𝜇𝜇)

𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜 = 𝐽𝐽𝑠𝑠𝑠𝑠 − 𝐽𝐽0 𝑒𝑒𝑒𝑒𝑒𝑒
𝑞𝑞𝑒𝑒
𝑘𝑘𝑘𝑘

− 1

where Jo is defined as:

𝑗𝑗0 = 𝐸𝐸𝑟𝑟,𝑜𝑜𝑜𝑜𝑡𝑡
2 + 𝐸𝐸𝑟𝑟,𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚

2 𝑞𝑞𝑞𝑞
2𝜋𝜋𝑘𝑘𝑘𝑘
ℎ3𝐸𝐸2

× 𝐸𝐸𝑔𝑔2 + 2𝑘𝑘𝑘𝑘𝐸𝐸𝑔𝑔 + 𝑘𝑘𝑘𝑘 2 × exp
−𝐸𝐸𝑔𝑔
𝑘𝑘𝑘𝑘

Emission angle (π if you have a perfect back reflector)

Index of refraction issues



• Series Resistance (RS) are losses due to any ohmic resistance 
in the system.  We want low series resistance
o This can be external (resistance in wire to solar cell) or internal (resistance 

within the semiconductor) 

Diode Equation + Device Losses

𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜 = 𝐽𝐽𝑠𝑠𝑠𝑠 − 𝐽𝐽0 𝑒𝑒𝑒𝑒𝑒𝑒
𝑞𝑞𝑒𝑒
𝑘𝑘𝑘𝑘

− 1

• Shunt Resistance (RSH) are losses due to internal short 
circuiting of the cell.  Thus we want high shunt resistance

• Including shunt and series into our diode equation we get:

𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜 = 𝐽𝐽𝑠𝑠𝑠𝑠 − 𝐽𝐽0 𝑒𝑒𝑒𝑒𝑒𝑒
𝑞𝑞(𝑒𝑒 + 𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜𝑅𝑅𝑠𝑠)

𝑘𝑘𝑘𝑘
− 1 +

𝑞𝑞(𝑒𝑒 + 𝐽𝐽𝑖𝑖𝑒𝑒𝑜𝑜𝑅𝑅𝑠𝑠)
𝑅𝑅𝑆𝑆𝑆𝑆



Shunt & Series Losses
• The circuit for a shunt and series loss solar cell looks as 

followed:

Effects of Shunt LossesEffects of Series Losses



Practical Issues
• Getting electrons out without blocking light can be an 

annoying issue

Conductive metal (copper or silver)

• Transparent oxides such as indium tin oxide (ITO) and 
fluorine doped tin oxide (FTO) were put on top of solar cells 
to allow good transparency and OK conductivity.

• Both ITO and FTO are slightly expensive.

Semiconductors are conductive enough 
to get out of the semiconductor (10 µm), 
but not to a conductive contact (10 mm).



Break



• Valence band (VB) are filled energy states, conduction bands 
(CB) are empty states.

• The Fermi level is the chemical potential of the system.

• Semiconductor have a Fermi Level where there are no electronic 
states

Semiconductor Fundamentals- quick review

Valence Band

Conduction Band

Fermi Level 

• Thus a certain percentage 
of electrons must be jump 
into the conduction band 
to achieve thermodynamic 
equilibrium



K-space
• K-Space is basically inverse wavelength or momentum space

Momentum

En
er

gy

E= ℎ𝑠𝑠
𝜆𝜆

𝐸𝐸2 = (𝑒𝑒𝐸𝐸)2+(𝑚𝑚𝐸𝐸)2

𝐸𝐸2 = (𝑒𝑒𝐸𝐸)2 Mass less photon

From Relativity

𝜆𝜆 = ℎ
𝑡𝑡

=

• Define k-space as:

𝑘𝑘 = 2𝜋𝜋
𝜆𝜆

= 𝑒𝑒 ℎ
2𝜋𝜋



Direct versus Indirect Semiconductors

Need a phonon to 
shift this over

Direct Band Gap
𝛼𝛼(ℎ𝜈𝜈) ∝ 𝑞𝑞 × 𝐸𝐸𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 − 𝐸𝐸𝐺𝐺 0.5 𝛼𝛼(ℎ𝜈𝜈) ∝ 𝑞𝑞 × 𝐸𝐸𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 − 𝐸𝐸𝐺𝐺 2

Indirect Band Gap

α is the absorption coefficient



Actual  band structure of Si

Silicon’s Band Structure

• Silicon is an indirect band gap material.
• Indirect bandgaps need phonons (i.e. vibrations) to allow for 

absorption.
• This results in less efficient absorption.

Low energy 
(inefficient)

High energy 
(efficient)http://www.ioffe.ru/SVA/NSM/Semicond/Si/



Common Semiconductors
Direct Indirect

Material Bandgap 
(eV)

Si 1.1
TiO2 3.0
SiC 2.3
GaP 2.3
AlP 2.45

Material Bandgap 
(eV)

GaAs 1.4
Amorphous
Si

1.6-2.0

CdS 2.4
CdTe 1.5
Cu(InGa)Se2 1.7

Source: http://en.wikipedia.org/wiki/List_of_semiconductor_materials



Beer-Lambert Law

• Beer’s Law allows us to determine light absorption (@ a given 
wavelength) as a function of semiconductor thickness.

𝐼𝐼(𝑒𝑒) = 𝐼𝐼0 × 𝑒𝑒𝑒𝑒𝑒𝑒(−𝛼𝛼∆𝑀𝑀)

• When dealing with liquids in solution (such as chlorophyll in 
an organic medium for photosythesis) there is a slightly 
modified version.

𝑞𝑞 = −𝐿𝐿𝐸𝐸 𝐼𝐼 𝑀𝑀
𝐼𝐼0

= 𝜀𝜀𝜀𝜀𝐿𝐿
ε =extinction coefficient
C = concentration (Mol/L)
L = length (cm)

I= intensity
I0= Initial Intensity
α =absorption coefficient
∆x = thickness
A = Absorbance𝑞𝑞 = −𝑙𝑙𝐸𝐸

𝐼𝐼 𝑒𝑒
𝐼𝐼0

= 𝛼𝛼∆𝑒𝑒

What is the units of Absorbance?



𝐼𝐼(𝑒𝑒) = 𝐼𝐼0 × 𝑒𝑒𝑒𝑒𝑒𝑒−𝛼𝛼∆𝑀𝑀

In a slab of Si, how deep into the Si do we need to go to absorb 90% of 
the 400 nm photons? How about the 90% of the 1000 nm photons?-

Figure from Pveducation.org

http://www.pveducation.org/


Other Information from Band Structure

Slope

• The inverse of the second derivate (or slope) at the band 
gap tells us the effective mass

• The effective mass is in comparison to the mass of an 
electron in vacuum. This can be greater or less than 1.

𝑚𝑚𝑒𝑒
∗ =

ℏ2

𝜕𝜕𝐸𝐸(𝑘𝑘)2
𝜕𝜕𝑘𝑘2

• The effective mass of the 
electrons and holes is usually 
different

• The larger the effective mass, 
the slower the electron or hole 
moves.



An optimal photovoltaic material should have:
a) a flat band structure for both electrons and holes

b) a curvy band structure for both electrons and holes

c) a flat band structure for electrons and a curvy band 
structure for holes

d) a curvy band structure for electrons and a flat band 
structure for holes

Concept Check



--References: #1, #2, and #3

Criteria for fast electron/hole transfer

Fe2O3

• By looking at a band structure, we can get an indication whether it is 
a good material

• Basically the more curvy structure, the faster electrons and holes 
can move, thus this is typically a better solar cell.

GaAs

Material Fe2O3 GaAs
Electron Mobility 1.1 cm2/V/s 8,500 cm2/V/s

http://doi.org/10.1021/cm903135j
http://doi.org/10.1088/1674-4926/32/1/013001
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470068302.html


More Fundamental Understanding

• If we are going to photoexcite electrons into the conduction 
band, it would be nice to know how many electronic states 
are up there.

• The number of electronic states is

𝑔𝑔𝑠𝑠(𝐸𝐸) =
1

2𝜋𝜋2
2𝑚𝑚𝑒𝑒

∗

ℏ2

3
2
𝐸𝐸 − 𝐸𝐸𝑠𝑠,0 𝑔𝑔𝑠𝑠(𝐸𝐸) =

1
2𝜋𝜋2

2𝑚𝑚ℎ
∗

ℏ2

3
2
𝐸𝐸𝑣𝑣,0 − 𝐸𝐸

In Conduction Band In Valence Band



gc

Number of 
electronic
States

Probability
states have 
electrons

x = Total number of 
electrons (at a given 
energy level)

More Fundamental Understanding
• The electrons in the conduction band or 

holes in the valence band is the number of 
states times probability of states being 
filled.

• The probability is given by Fermi-Dirac 
statistics

e- in Conduction Band

𝑒𝑒− = 𝐸𝐸 = 𝑁𝑁𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒
�𝐸𝐸𝑓𝑓−𝐸𝐸𝑐𝑐
𝑘𝑘𝑏𝑏𝑘𝑘

𝑁𝑁𝑠𝑠 = 2
𝑚𝑚𝑠𝑠
∗𝑘𝑘𝐵𝐵𝑘𝑘

2𝜋𝜋ℏ2

�3 2

Where Nc is:

h+ in Valence Band

ℎ+ = 𝑒𝑒 = 𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
�𝐸𝐸𝑣𝑣−𝐸𝐸𝑓𝑓
𝑘𝑘𝑏𝑏𝑘𝑘

𝑁𝑁𝑣𝑣 = 2
𝑚𝑚𝑣𝑣
∗𝑘𝑘𝐵𝐵𝑘𝑘

2𝜋𝜋ℏ2

�3 2
Where Nv is:

• Nc and Nv are the effective
density of states



Physics of a Photovoltage
• By playing around, we can multiply ‘n’ and ‘p’ together

𝐸𝐸𝑒𝑒 = 𝑁𝑁𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒
�𝐸𝐸𝑓𝑓−𝐸𝐸𝑐𝑐
𝑘𝑘𝑏𝑏𝑇𝑇 𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒

�𝐸𝐸𝑣𝑣−𝐸𝐸𝑓𝑓
𝑘𝑘𝑏𝑏𝑇𝑇

𝐸𝐸𝑒𝑒 = 𝑁𝑁𝑠𝑠𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
�− 𝐸𝐸𝑐𝑐−𝐸𝐸𝑣𝑣
𝑘𝑘𝑏𝑏𝑘𝑘

𝐸𝐸𝑒𝑒 = 𝑁𝑁𝑠𝑠𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
�− 𝐸𝐸𝑔𝑔
𝑘𝑘𝑏𝑏𝑘𝑘

• Since Eg is a set value this must mean n x p will always be a 
set value (in the dark).

𝐸𝐸𝑖𝑖2 = 𝐸𝐸𝑒𝑒 = 𝑁𝑁𝑠𝑠𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
�− 𝐸𝐸𝑔𝑔
𝑘𝑘𝑏𝑏𝑘𝑘



• ni is referred to as intrinsic doping level.

• Since ni is only a function of Eg, mc*, mv* and T it is actually a material 
specific property (at a given temperature) 

• Below is a list of intrinsic dopant levels for a variety of semiconductors 
at room tempearture.

Intrinsic Doping

Material Intrinsic Dopant 
Density (cm-3)

Si 1.1 x 1010

Ge 2.4 x 1013

InP 1.3 x 107

GaAs 2.1 x 106

InAs 1.0 x 1015

InSb 2.0 x 1016

• We can also intentionally dope our semiconductor 



I have two materials with a band gap of 1 eV and 2 eV 
and the same effective mass for e- and h+.  Which is true?

a) The 1 eV material will have a highereffective density of states 
and a higher intrinsic dopant density.

b) The 2 eV material will have a larger effective density of states 
and a higher intrinsic dopant density.

c) The 1 eV material will have the same effective density of states 
and a higher intrinsic dopant density.

d) The 2 eV material will have a higher effective density of states , 
but a higher intrinsic dopant density.

Concept Check



Physics of a Photovoltage
• How do we actually get a photovoltage.

• During irradiation we add electron-hole pairs (add n and p)

• This provides a splitting of the Fermi level

𝐸𝐸 = 𝑁𝑁𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒
�𝐸𝐸𝑓𝑓−𝐸𝐸𝑐𝑐
𝑘𝑘𝑏𝑏𝑘𝑘 𝑁𝑁𝑠𝑠 = 2

𝑚𝑚𝑠𝑠
∗𝑘𝑘𝐵𝐵𝑘𝑘

2𝜋𝜋ℏ2

�3 2

𝑒𝑒 = 𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
�𝐸𝐸𝑣𝑣−𝐸𝐸𝑓𝑓
𝑘𝑘𝑏𝑏𝑘𝑘 𝑁𝑁𝑣𝑣 = 2

𝑚𝑚𝑣𝑣
∗𝑘𝑘𝐵𝐵𝑘𝑘

2𝜋𝜋ℏ2

�3 2

Conduction Band:

Valence Band:

𝐸𝐸𝑓𝑓,𝑒𝑒− = 𝐸𝐸𝑠𝑠 − 𝑘𝑘𝑎𝑎𝑘𝑘𝐿𝐿𝐸𝐸
𝐸𝐸
𝑁𝑁𝑠𝑠

𝐸𝐸𝑓𝑓,ℎ+ = 𝐸𝐸𝑣𝑣 + 𝑘𝑘𝑎𝑎𝑘𝑘𝐿𝐿𝐸𝐸
𝑒𝑒
𝑁𝑁𝑣𝑣

Photovoltage: 𝐸𝐸𝑃𝑃𝑉𝑉 = 𝐸𝐸𝑓𝑓,𝑒𝑒− − 𝐸𝐸𝑓𝑓,ℎ+

mc- effective mass of electrons

mv- effective mass of holes



∆𝜇𝜇 = 𝐸𝐸𝑔𝑔 + 𝑘𝑘𝑎𝑎𝑘𝑘𝐿𝐿𝐸𝐸
𝑒𝑒𝐸𝐸
𝑁𝑁𝑣𝑣𝑁𝑁𝑠𝑠

Analysis of Photovoltage
• The photovoltage is sometimes denoted at a difference in chemical 

potential (∆µ)

• By rearranging the photovoltage equation we get the following

• This shows that increasing the electrons (n) and holes (p) we get an 
increased photovoltage

• Nv and Nc relate to band gap (intrinsic property) and effective mass 
(material specific).

• ‘pn’ can easily change by many orders of magnitude where Nc and Nv
can change 1-2 orders of magnitude maximum.

This is a negative term 
since Ln <1 is negative



• By doping the semiconductor with electrons or holes, we can 
modify the Fermi level.

• Adding a small amount of a material with extra electrons (i.e. 
donors) is called n-doping.

• Adding a small amount of a material with extra holes (i.e. 
acceptors) is called p-doping.

Varying Semiconductor Fermi Level (in Dark)

Valence Band

Conduction Band

Fermi Level 

Valence Band

Conduction Band

Fermi Level 

Valence Band

Conduction Band

Fermi Level 

n-doped
intrinsic

(no external dopant) p-doped



p-type n-type



How to get an n-type or p-type material

Si

Si

Si

P

Si Si

Si

Si

Si

Si Si Si

• Here are the most common ways to make Si n-type or p-type.

Si

Si

Si

B

Si Si

Si

Si

Si

Si Si Si

n-type p-type

• Here are the most common ways to make Si n-type or p-type.



• Most semiconductors have around 1020 – 1023 atoms/cm3.
• The dopant densities differences between n-type and p-type are 

order of magnitude. 
• ‘Highly doped’ is usually 0.01%-0.1%
• Too highly doped materials may put excessive strain on the 

crystal lattice.

Doping-orders of magnitude

• Dopant densities greater than 
1% are more like alloys than 
dopants.

Material Atomic Density    
(cm-3)

Si 5  x 1022

Ge 2.2 x 1022

InP 4.0 x 1022

GaAs 4.4 x 1022

InAs 3.6  x 1022

InSb 2.9  x 1022



Fermi Level with Respect to Band Locations

𝐸𝐸𝑒𝑒𝐸𝐸ℎ = 𝐸𝐸𝑖𝑖2

ne= # of electrons/ volume
nh= # of holes/ volume
Ni= # of intrinsic carriers
NC= effective density of states in conduction band

(Nc = 2.8 x 1019 cm-3 in Si)
NV= effective density of states in valence band

(Nv = 1.04 x 1019 cm-3 in Si)

𝐸𝐸𝑒𝑒 ≈ 𝑁𝑁𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸𝑐𝑐−𝐸𝐸𝐹𝐹
𝑘𝑘𝐵𝐵𝑘𝑘

𝐸𝐸ℎ ≈ 𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸𝑣𝑣−𝐸𝐸𝐹𝐹
𝑘𝑘𝐵𝐵𝑘𝑘

𝐸𝐸𝑆𝑆 = 𝐸𝐸𝐹𝐹𝐵𝐵 +
𝑘𝑘𝑘𝑘
𝑒𝑒

ln
𝑁𝑁𝐷𝐷
𝑁𝑁𝑠𝑠

𝐸𝐸𝑉𝑉 = 𝐸𝐸𝐹𝐹𝐵𝐵 −
𝑘𝑘𝑘𝑘
𝑒𝑒

ln
𝑁𝑁𝐴𝐴
𝑁𝑁𝑉𝑉

ND= # of donors/ volume
NA= # of acceptors/ volume
Ni = # of intrinsic carriers
NAND=ni

2

Intrinsically With dopants



Break



Electron-hole recombination
• There are 2 major things that can happen when electron and 

holes recombine.

• Radiative recombination
- This simply means that the electron-hole produces    a 

photon.
- Potentially this photon could be reabsorbed by the 

photoabsorber.

• Non-radiative recombination
- This basically means the electon-hole  produce heat.
- This means the energy is wasted.
- Non-radiative recombination

• A 3rd type of recombination, Auger recombination can happen in 
highly efficient cells.



Radiative recombination - Qualitative

e-

h+

e-

h+

h+

e-

• The energy of a radiatively recombined photon is the energy 
difference between the electron and hole.

• This is identical to the ‘emission term’ in the ideal diode 
equation

• Radiative photons below band gap sites can not be reabsorbed.

Photons are too 
small to be 
reabsorbed, 

Photons are the 
right energy to be 
reabsorbed



Radiative Recombination- Quantitative

• The radiative recombination in p-type materials is: 

𝑈𝑈𝑟𝑟𝑀𝑀𝑟𝑟𝑖𝑖𝑒𝑒𝑜𝑜 =
𝐸𝐸 − 𝐸𝐸0
𝜏𝜏𝑖𝑖,𝑟𝑟𝑀𝑀𝑟𝑟

𝜏𝜏𝑖𝑖,𝑟𝑟𝑀𝑀𝑟𝑟 =
1

𝑁𝑁𝐴𝐴𝐵𝐵𝑟𝑟𝑀𝑀𝑟𝑟

Urad
net= Net radiative emission rate

n   = # of electrons
n0 = # of electrons in dark
τn,rad = radiative lifetime of electrons
NA= Dopant density of acceptors
Brad= Intrinsic material parameter

• The radiative recombination in n-type materials is: 

𝑈𝑈𝑟𝑟𝑀𝑀𝑟𝑟𝑖𝑖𝑒𝑒𝑜𝑜 =
𝑒𝑒 − 𝑒𝑒0
𝜏𝜏𝑡𝑡,𝑟𝑟𝑀𝑀𝑟𝑟

𝜏𝜏𝑡𝑡,𝑟𝑟𝑀𝑀𝑟𝑟 =
1

𝑁𝑁𝐷𝐷𝐵𝐵𝑟𝑟𝑀𝑀𝑟𝑟

Urad
net= Net radiative emission rate

p   = # of electrons
p0 = # of electrons in dark
τp,rad = radiative lifetime of holes
ND= Dopant density of donors
Brad= Intrinsic material parameter



Auger Recombination- Qualitative

e-

h+

• If an electron and hole recombine, they can transfer their 
energy to a 2nd electron in the conduction band

• This 2nd electron goes up and energy, and then comes back 
down.  

e-

• When the 2nd electron 
comes back down, its 
energy is lost as non-
radiative recombination.

• For this to take place, their 
needs to be a lot of 
electrons in the 
conduction band.

Thermal Losses



Auger Recombination- Quantitative
• Auger recombination can occur with extra electron excitation or 

extra hole excitation

𝑈𝑈𝑉𝑉𝐵𝐵,𝐴𝐴𝑜𝑜𝑔𝑔 = 𝑞𝑞𝐴𝐴𝑜𝑜𝑔𝑔 𝐸𝐸𝑒𝑒2 − 𝐸𝐸0𝑒𝑒02
UVB,Aug= Auger recom. in the valence band
UCB,Aug= Auger recom. in the conduction band
AAug= Intrinsic material parameter

• Auger recombination for 
p-type materials leads to: 

𝜏𝜏𝑉𝑉𝐵𝐵,𝐴𝐴𝑜𝑜𝑔𝑔 =
1

𝑞𝑞𝐴𝐴𝑜𝑜𝑔𝑔𝑁𝑁𝐴𝐴2

𝑈𝑈𝑆𝑆𝐵𝐵,𝐴𝐴𝑜𝑜𝑔𝑔 = 𝑞𝑞𝐴𝐴𝑜𝑜𝑔𝑔 𝐸𝐸2𝑒𝑒 − 𝐸𝐸02𝑒𝑒0

• Auger recombination for 
n-type materials leads to: 

𝜏𝜏𝑆𝑆𝐵𝐵,𝐴𝐴𝑜𝑜𝑔𝑔 =
1

𝑞𝑞𝐴𝐴𝑜𝑜𝑔𝑔𝑁𝑁𝐷𝐷2

τVB,Aug = Auger lifetime of electrons in valence band

τCB,Aug = Auger lifetime of holes in conduction band



Non-radiative Recombination - Qualitative

e-

• Basically this is radiative recombination, but the energy is so 
small it basically is absorbed by vibrational energy of the 
atoms.

• Typically if the electron-hole recombination energy will give 
off radiation not in the visible range, it is considered non-
radiative.

h+

• This is also known as Shockley-
Reed Hall (SRH) recombination.



Where does non-radiative sites come from?

Si

Si

Si

Si

Si Si

Si

Si

Si

This is a Si lattice with no 
defects

This chlorine contaminant 
screws everything up

Si Si Si

Si

Si+

Si+

Clδ−

Si Si+

Si

Siδ+

Si

Si Si Si

• One major source of defects are bulk defects- as shown below.



SRH recombination- Quantitative
• The SRH recombination in p-type materials is: 

𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐸𝐸 − 𝐸𝐸0
𝜏𝜏𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆

𝜏𝜏𝑖𝑖,𝑖𝑖𝑜𝑜𝑖𝑖−𝑟𝑟𝑀𝑀𝑟𝑟 =
1

∑𝑖𝑖=𝑉𝑉𝐵𝐵𝑖𝑖=𝑆𝑆𝐵𝐵 𝑁𝑁𝑜𝑜,𝑖𝑖𝐵𝐵𝑖𝑖,𝑖𝑖

USRH= Net SRH rate
τn,SRH = non-radiative lifetime of e-
Nt, i= # of traps at energy level, i
CB = Conduction band
VB = Valence band

• The SRH recombination in n-type materials is: 

𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑒𝑒 − 𝑒𝑒0
𝜏𝜏𝑡𝑡,𝑆𝑆𝑆𝑆𝑆𝑆

𝐵𝐵𝑖𝑖,𝑖𝑖 = 𝑣𝑣𝑖𝑖𝜎𝜎𝑜𝑜,𝑖𝑖,𝑖𝑖

vn= electron thermal velocity (~ 107 cm/s)

σt,n, i= trap cross section for electron at an Energy level i

𝜏𝜏𝑡𝑡,𝑖𝑖𝑜𝑜𝑖𝑖−𝑟𝑟𝑀𝑀𝑟𝑟 =
1

∑𝑖𝑖=𝑉𝑉𝐵𝐵𝑖𝑖=𝑆𝑆𝐵𝐵 𝑁𝑁𝑜𝑜,𝑖𝑖𝐵𝐵𝑡𝑡,𝑖𝑖
𝐵𝐵𝑡𝑡,𝑖𝑖 = 𝑣𝑣𝑡𝑡𝜎𝜎𝑜𝑜,𝑡𝑡,𝑖𝑖

• The recombination current is determined by the non-dominant 
carrier (i.e. electron or hole)



General trends regarding lifetimes

• Basically  a defect state near the valence of conduction band is 
OK, but a defect state in the middle of the band gap will create 
large amounts of recombination sites

• Defect states / recombination states / trap states all mean the 
same thing.

• An analysis of the recombination rate math shows at non-highly 
doped semiconductors: 

𝜏𝜏𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆 ≪ 𝜏𝜏𝑡𝑡,𝑆𝑆𝑆𝑆𝑆𝑆

𝜏𝜏𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 𝜏𝜏𝑡𝑡,𝑆𝑆𝑆𝑆𝑆𝑆

𝜏𝜏𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆 ≫ 𝜏𝜏𝑡𝑡,𝑆𝑆𝑆𝑆𝑆𝑆

Electron trap, little recombination

Hole trap, little recombination

Recombination site, a lot of recombination
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• Surface defects are the other major area for non-radiative 
recombination.

• These results from incomplete bonds between surfaces.

• This is probably the biggest 
fixable loss in solar cells.

• The best way to mitigate these 
is to create an insulating layer 
at the surface.

• There is a lot of technology in 
trying to resolve this issue.

Other non-radiative recombination sites



• It is easiest to losses from surface states as simply a current loss 
(i.e. Jn and Jp).

• Quantitatively this is as followed:

Surface States- Quantitative

𝐽𝐽𝑖𝑖 @𝑒𝑒𝑠𝑠 = −𝑆𝑆𝑖𝑖 𝐸𝐸 − 𝐸𝐸0

𝐽𝐽𝑡𝑡 @𝑒𝑒𝑠𝑠 = 𝑆𝑆𝑡𝑡 𝑒𝑒 − 𝑒𝑒0

• This current is only a loss if the holes go to the surface where 
the electrons are supposed to go into the circuit or vice versa.

𝑆𝑆𝑖𝑖 = �
𝑖𝑖=𝑉𝑉𝐵𝐵

𝑖𝑖=𝑆𝑆𝐵𝐵

𝑁𝑁𝑜𝑜,𝑖𝑖𝐵𝐵𝑖𝑖,𝑖𝑖

Loss at electron 
collecting side

Loss at hole 
collecting side

𝑆𝑆𝑖𝑖 = �
𝑖𝑖=𝑉𝑉𝐵𝐵

𝑖𝑖=𝑆𝑆𝐵𝐵

𝑁𝑁𝑜𝑜,𝑖𝑖𝐵𝐵𝑖𝑖,𝑖𝑖

2-D form of SRH losses



Recombination Losses in General
• Non-radiative recombination (NRR)- is always a bad thing thus 

this must be avoided.
- High purity materials and good engineering can almost 
completely eliminate these losses

• Radiative recombination (RR)- This is normally a good thing.
- RR can simply get reabsorbed again by the photocatalyst.
- Some RR can simply escape the photocatalyst, thus leading 

to a loss of photons.
• Auger recombination (AR)- This is a minor loss

- AR only occurs if there are lots of electron-hole pairs.
- Thus at low light intensities (or high NRR) there are so few 

electrons that this rarely occurs
- At high light intensities and/or very efficient cells, this loss 

becomes more and more important.



Lecture - Learning Objectives
At the end of this lecture you should be able to:
• Understand light absorption and how it applies to solar cells.

• Explain why we can not get 100% efficiency from our solar cells 
and denote where the losses are coming from.

• Understand what parameters makes a material a good solar cell.

• Understand where practical losses are coming from in solar cells.



Theoretically how does the photovoltage vary with 
photogenerated electron-hole pairs?

a) Logarithmically

b) Linearly

a) Exponentially

b) It is always a constant 

Concept Check



The optimal band gap for a single photoabsorber solar 
cell is ?

a) 0.4 - 0.8 eV

b) 1.1-1.8 eV

a) 2.4 – 3.5 eV

b) 8.0-10.0 eV

Concept Check



Which of these is not a typical type or recombination?

a) Radiative Recombination

b) Shockly-Reed-Hall Recombination

a) Band bending Recombination

b) Auger Recombniation

Concept Check



If I have a p-type material my SRH recombination is?

a) linearly proportional to the number of holes in the 
semiconductor

b) logarithmically proportional to the number of holes in the 
semiconductor

c) proportional to the number of electrons in the 
semiconductor

d) logarithmically proportional to the number of electrons in 
the semiconductor

Concept Check



Exercises
• A material starts absorbing at 620 nm.  What is its band gap?

• Calculate the thickness of GaAs, CdTe, and Si to absorb ~90% of all 
above band gap photons. Use a uniform extinction coefficient  (200 
nm above the band gap). Assume 20% efficient cells, 1000 W/m2 of 
solar irradiation that occurs only 20% of the time (the other 80% it is 
cloudy or dark). How much material do you need in Kg for 1TW?  
Compare this to Peter Vesborg’s paper on materials production.  
How scalable is each of these technologies?
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