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Only solar energy… 

“Of all the possible sources of energy we understand today, 

only solar energy has the potential to supply all of Earth’s 

energy needs.” 

-- Steve Martin, 3M, Saint Paul, MN 

But first, we need to make PV energy cheaper, more efficient, easier to 

produce and install, etc.  
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Photovoltaic effect 

The photovoltaic effect refers to the generation of an electromotive 

potential by a condensed matter “device” under illumination. 

When illuminated, the device is able to do electrical work;  i.e., it can 

drive a current at a voltage such that power is delivered to an external 

“load” such as a light bulb or motor. 

P = IV = I2R  (remember that V = IR).  

“Condensed matter” indicates liquid or solid;  typical photovoltaic solar 

cells are all-solid-state, based on layers of semiconductors and metals. 
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Green line marks bandgap of Si 

Image created by Robert A. Rohde / Global Warming Art 

http://www.globalwarmingart.com/images/4/4c/Solar_Spectrum.png
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PV concepts (partial list) 

• photovoltaic effect 

• p-n junction 

• light absorption 

• diode equation 

• dark current 

• light current 

• short circuit current density (JSC) 

• open circuit voltage (VOC) 

• efficiency 

• quantum efficiency (internal and external) 

• maximum power point 

• calculation of photocurrent density from quantum efficiency (QE) 
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Electric current flow 

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/elecur.html#c3 

Conventional Electric Current 

Although it is electrons which are the mobile charge carriers which are 

responsible for electric current in conductors such as wires, it has long 

been the convention to take the direction of electric current as if it were 

the positive charges which are moving. 
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1839 

Early “Photovoltaics” 

1839 
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Early “Photovoltaics”, cont. 

1876 
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Early “Photovoltaics”, cont. 

1883 



                                       .... energizing Ohio for the 21st Century 

A simple solar cell design 

http://johncanivan.hubpages.com/hub/New-Low-Cost-Solar-Panel 

superstrate 

transparent conductor 

“window” layer 

absorber layer 

“back” contact (metal, opaque) 

http://www.google.com/url?sa=i&rct=j&q=solar+cell&source=images&cd=&cad=rja&docid=C3x4xQyrNUJLUM&tbnid=eElBBb4H60RtDM:&ved=0CAUQjRw&url=http://johncanivan.hubpages.com/hub/New-Low-Cost-Solar-Panel&ei=5NUsUfzWFse8qAHpsYCwDg&bvm=bv.42965579,d.aWM&psig=AFQjCNFSoWt1g8rrYuKldTA79B9ymKQPdg&ust=1361979136368550
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Basic Solar Cell 
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The ideal diode equation 

Ideal Diodes  
The diode equation gives an expression for the current through a diode as a function of 
voltage. The Ideal Diode Law: 
 

 
 
 
 
where: 
I = the net current flowing through the diode; 

I0 = "dark saturation current", the diode leakage current density in the absence of light; 
V = applied voltage across the terminals of the diode; 
q = absolute value of electron charge; 
k = Boltzmann's constant; and 
T = absolute temperature (K). 
  

The "dark saturation current" (I0) is an extremely important parameter which differentiates 
one diode from another. I0 is a measure of the recombination in a device. A diode with a 
larger recombination will have a larger I0.  
 
Note that:  

I0 increases as T increases; and  
I0 decreases as material quality increases.  
At 300K, kT/q = 25.8 mV, the "thermal voltage".  

pveducation.org 
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I-V Curve 

where IL = light generated current.  

LI
nkT

qV
II 
















 1exp0

The IV curve of a solar cell is the superposition of the IV curve in the dark with the 

light-generated current.  Illumination shifts the IV curve down into the fourth quadrant 

where power can be extracted from the diode. Illuminating a cell adds to the normal 

"dark" currents in the diode so that the diode law becomes:  

pveducation.org 

http://www.pveducation.org/pvcdrom/solar-cell-operation/iv-curve
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Short circuit photocurrent 

The short-circuit current (ISC) is the current through the solar cell when the voltage 

across the solar cell is zero (i.e., when the solar cell is short circuited). Usually written 

as ISC, the short-circuit current is shown on the IV curve below. 

ISC is due to the generation and collection of light-generated carriers. For an ideal PV 

cell with moderate resistive loss, ISC and the light-generated current are identical (ISC is 

the largest current which may be drawn from the solar cell). 

pveducation.org 
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The current-voltage curve 

K. Bhandari et al, UT 

JSC 

VOC 
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Fill factor 
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Current vs. current density 

• Under AM1.5G standard illumination, the intensity of the light is 1,000 

W m-2. 

 

• Therefore, a solar cell with dimensions 1 cm x 1 cm = (0.01 m)2 = 1 x 

10-4 m2 receives less total light than a cell with dimensions 10 cm x 

10 cm = 1 x 102 m2. 

 

• Therefore, when measuring the current produced by a solar cell, if 

other parameters are held constant then the current depends 

linearly on the area. 

 

• When comparing the performance of two solar cells, it is common 

to normalize the current by dividing by the illuminated cell area.  In 

this way, the current density values are compared. 

 

• Current is expressed as Amps (or milliAmps, mA);  current density is 

expressed as mA cm-2. 
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Current in a diode (PV “device”, or PV “cell”) 

A typical solar cell behaves as a diode and consists of a p-n junction fabricated out 

of crystalline semiconductor materials.  Diodes enable electrical current to flow 

easily in one direction, but not in the other.  Consider a simple resistor: 
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Current in a diode (PV “device”, or PV “cell”) 

Now compare the I vs. V behavior of a simple resistor with a diode: 

See also:  http://en.wikipedia.org/wiki/Diode 

Note that the diode “rectifies” the current, so that in forward bias the diode can pass current, but 
in reverse bias it does not (to a point, known as the breakdown voltage).  One key to forming a 
p-n junction that works as a diode is to control the doping of the semiconductor materials on 
either side of the junction.  

Forward bias 

Reverse bias 
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Integrating the Solar Spectrum 
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External and internal quantum efficiency 

External quantum efficiency (EQE): 

secondper  , Photons

secondper  nt,photocurre as collected Electrons
)(

incident
EQE 

Internal quantum efficiency (IQE): 

secondper  , Photons

secondper  nt,photocurre as collected Electrons
)(

absorbed
IQE 

Internal and external quantum efficiency are functions of wavelength, i.e., EQE() 
and IQE(): 

http://www.pveducation.org/
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“Integrating” the Solar Spectrum – photocurrent density 

Consider light absorption in a solar cell, and determine the maximum 

possible photocurrent it can generate, per unit area, for  given incident 

spectrum (power per unit area, vs. wavelength) of light. 

 

Convert photons s-1 cm-2 to electrons s-1 cm-2: 

 

Rule:  1 electron is generated for each photon absorbed by the solar 

cell’s “active” layer(s)  

Convert electrons s-1 cm-2 to current density (mA cm-2): 

 

What is an electrical current?  What is the definition of 1 Amp? 

 

How can we calculate a current density from the absorbed photon flux 

per unit area? 

 

1 A = 1 C s-1 

 

Charge on 1 electron is -1.602 x 10-19 C/electron.  
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More general equivalent circuit 
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usable photo-

voltage (qV) 
n-type 

p-type 

1 e--h+ pair/photon 

hν 

Conventional p-n junction photovoltaic cell 

Hot charge carriers 

e- 

hole loses 
energy to 
phonons 

e- 

electron loses 
energy to 
phonons 

h+ 

For Si (Eg = 1.1 eV) 
at T = 300 K, AM1.5G 

λmax = 32.9% 
Losses 

transmission = 18.7% 

heat = 46.8% 

radiative em. =  1.6% 


