
School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

8.1 – Photovoltaics (Solar Cells) and 
         Photodiodes (Detectors) 

1 Photovoltaics / Photodiodes 
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   400nm - - - - - - 450 nm - - - - - - 500 nm - - - - - - 550 nm - - - - - - 600 nm - - - - - - 650 nm      

    3.1 eV 2.6 eV 2.3 eV 2.0 eV 

! Hit Si with λphoton<1.1 µm (Ephoton> 1.12 eV) 
1 photon = 1 e-h pair 

! LETS COLLECT OPTICALLY 
GENERATED CHARGE… BUT HOW? 

Generation vs. recombination! 

� 

δn = gopτ n

Example, hit 1 cc of Si with 1013 photons of light 
every 1 µs.  Generates excess carriers! 

Minority carrier lifetime is τn~ τp= 5 µs. 

δ p = δn = 5 ×10
13
/ cc

� 

gop =10
13
/cc − µs

2 PN Junction Under Illumination 
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� 

gop = δn /τ n

g
op
= e / cc − µs

! Reverse biased diode…  lets ask some questions: 

! Carriers generated out in the bulk of the p and n… do 
they do anything? 

! Carriers generated inside the depletion region, what 
happens? 
 
! Carriers generated within Lp of depletion?  Do they do 
anything?  Which matters, majority or minority? 

3 Diode Under Illumination 
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� 

I = I
0
e
qV

kT −1( ) − Iop

= qA
Lp

τ p

pn +
Ln

τ n
np

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ e

qV
kT −1( ) − qAgop Lp + Ln +W( )

Iop = q × gop × A ×width

� 

gop = δn /τ n

g
op
= e / cc − µs

4 Diode Under Illumination 

= qgopA Lp + Ln +W( )

Notice how IV-plot shifts 
negative and the sign for Iop 
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5 Review!  Take a Break! 

! Carriers generated out in the bulk of the p and 
n… do they do anything? 

! Carriers generated inside the depletion region 
(W), what happens? 
 
! Carriers generated within a diffusion length (L) 
of depletion?  Do they do anything?  Which 
matters, majority or minority? 

! The optically generated current, do I add it or 
subtract it from the diode current? 



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

� 

I = I
0
e
qV

kT −1( ) − Iop

� 

Iop = qAgop Lp + Ln +W( )

� 

gop = δn /τ n

! CASE #1 of 3: shorted (V=0)….  what is I? 

I = I0 e
0 −1( )− Iop

� 

I = −Iop

! All we are left with is optically generated carriers inside 
depletion width W or within L of depletion region. 

! One photon, does it result in 2q or 1q collected?  Think about 
the complete circuit (q that must go through the external wire). 

! Which way is the current flow in the top wire, to the left or to the right? 

! What doping levels would give you MAXIMUM current if light hits the whole diode? 

6 Diode Under Illumination 

! q=1e per photon (only one carrier has to go through the wire 
to come around and recombine with the other opposite charge 
carrier). 

� 

τ p =
1

α r(n0 + p
0
)

� 

Dp =
kT

q
µp

� 

Lp = Dpτ p

� 

W =
2εkT
q
2
ln
NAND

ni
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
1
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+
1

ND
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� 

I = 0 = I
0
e
qVoc / kT

−1( ) − Iop

! CASE #2: open circuit, what will happen? 

V =Voc =
kT
q
ln Iop

I0
+1⎡

⎣⎢
⎤
⎦⎥

= kT
q
ln

Lp + Ln +W
Lp

τ p pn +
Ln

τn np
gop +1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

! Voc will always be less than V0 (contact potential)… why? 

! FYI, this effect is referred to as the photovoltaic effect! 

7 Diode Under Illumination 
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! Okay, great.  But lets 
make this useful…. what is 
missing?   

Think, if we generate 
power, how do we use it... 

8 Diode Under Illumination 
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! Photovoltaic: powers external load, used as solar cell! 

! Our circuit automatically puts us in quadrant #4, how? 

! What are these? 
 ISC 
 VOC 
 PMAX 

 
Note, Pmax has negative # only because measured w/ 
respect to the diode, a resistor (the load) does not care 
which direction current goes through it! 
 

9 Photovoltaics 
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! You must 
set RL for 
max power!  

Good design! Poor design! Poor design! 

10 Photovoltaics 

� 

Iop = qAgop Lp + Ln +W( )

I = I0 e
qV

kT −1( )− Iop
P = IVL = I0VL e

qVL
kT −1( )− IopVL

−IopVL I0VL e
qVL

kT −1( )
linear inc., as 
diode portion is 
~(1-1)=0 

~exp. fall off 
takes over, 
ignore once 
goes below 
x-axis… 

! So how can we solve for 
Pmax?  Hint, slope… 
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11 Photovoltaics – Solve for Pmax 

P = IV = I0V e
qV

kT −1( )− IopV

� 

Iop = qAgop Lp + Ln +W( )

I = I0 e
qV

kT −1( )− Iop
P = IV = I0V e

qV
kT −1( )− IopV

I0 e
qV

kT −1( )+ I0V q
kT

e
qV

kT( ) = Iop3 

1 

dP
dV

= I0 e
qV

kT −1( )+ I0V q
kT

e
qV

kT( ) − Iop = 0 use product rule… 
and equate it to 
zero (Pmax) 

2 

e
qV

kT −1( )+V q
kT

e
qV

kT( ) = IopI04 

e
qV

kT +V q
kT

e
qV

kT( ) = IopI0 +15 

V q
kT

⎛
⎝⎜

⎞
⎠⎟ e

qV
kT( ) = IopI07 at Pmax , Iop and V are 

large enough, so simplify! 

at Pmax ⇒ Iop = I0 e
qV

kT V q
kT

8 Lets examine in 
more detail… 

1+V q
kT

⎛
⎝⎜

⎞
⎠⎟ e

qV
kT( ) = IopI0 +16 
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12 Photovoltaics – Solve for Pmax 

http://www.rci.rutgers.edu/~dbirnie/
solarclass/FirstDayOverview.pdf 

! So you could use the 
equation, and voltage drop 
across the resistor to get a 
solution like that shown 
below… 

at Pmax ⇒ Iop = I0 e
qV

kT V q
kT

! Is that solution good for 
all times of day?   

http://en.wikipedia.org/wiki/
Maximum_power_point_tracker 
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13 Review!  Take a Break! 

! What happens to the diode at the right if short circuit 
the wires?  

! What happens remove the battery and resistor (cut 
the wires)? 

! If I want to use this for power generation, what one 
component do I need to add?   

! To maximize power generation, what needs to be 
optimized? 
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! Design a fast solar car 
-  large surface area 
-  minimal electrode area 
-  thin n-layer (why?) 

14 Photovoltaics – Best Design 

I(z) = I(0)e−αZ

! So make n-layer thin, but there is still an 
efficiency problem, a lot of the blue and 
green light (2.2 eV) is still absorbed before 
reaches depletion region… 

! To solve this, some of the most efficient 
solar cells are ‘multi-junction’ solar cells… 
(next slide). 
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15 Multi-junction Solar Cells 

 
! Why do we need a tunnel junction?  Look at the 
stack…. 

! Hmm.  Fermi level beyond EC or EV turns a 
semiconductor into a metal (like ‘super highly doped’).  
Why do we need that for the tunnel junction? 

S
rc.  W

iki com
m

ons	
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16 Multi-junction Solar Cells 

Multijunction Solar Cell Design Could Exceed 
50% Efficiency 
 
WASHINGTON, Jan. 15, 2013 — A lattice-matched, 
triple-junction solar cell proposed by an 
international team of scientists has the potential to 
break the 50 percent conversion efficiency mark, a 
goal in multijunction photovoltaic development.  
 
Produced by scientists in the Electronics 
Technology and Science Div. of the US Naval 
Research Laboratory (NRL), in collaboration with 
researchers at Imperial College London and 
MicroLink Devices Inc. of Niles, Ill….. 
 
Multijunction solar cells are those in which each junction is tuned to different solar spectrum wavelength bands to 
enhance efficiency. High bandgap semiconductor material is used to absorb the short-wavelength radiation, with 
longer-wavelength parts transmitted to subsequent semiconductors.  
 
“Having all lattice-matched materials with this wide range of bandgaps is the key to breaking the current world 
record,” Walters said.  
 
The NRL scientists, working with MicroLink Devices and Rochester Institute of Technology in New York, will now 
execute a three-year materials and device development program to realize this photovoltaic technology under a 
US Department of Energy Advanced Research Projects Agency-Energy project.  
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Lots of Losses… 17 

FIGURE 1. A generic solar cell has multiple loss 
mechanisms (losses shown are a percentage of the 
incident radiation). This device exhibits an efficiency 
of 14% to 15% and was the mainstay of the solar 
industry for several years. (Courtesy of SunPower) 
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18 Photovoltaics – Datasheet 
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19 Photovoltaics – Datasheet 
Partial Shading 
Solar panels obviously produce less power when they are shaded and should ideally be situated where there 
will never be any shadows on them.  A shadow falling on a small part of a panel can have a surprisingly large 
effect on output. Not only will the cells that are shaded be producing less power, but as the cells within a panel 
are normally all wired in series, the shaded cells afffect the current flow of the whole panel.  If the affected panel 
is wired in series (in a string) with other panels, then the output of all those panels will be affected by the partial 
shading of one panel.  
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Today’s goal… 20 
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21 Food for Thought 

! Current affordable 
technology can provide 
~10% efficiency which 
is ~100 W/m2.      Sun -
> 100,000 lux, this 
room, 100-300 lux. 

! Homework will 
include the MATLAB 
code (from journal 
article).  We give you 
most of the code… 
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22 Review!  Take a Break! 
 

! In terms of limiting solar cell efficiency, fill in the blank. 
 
Thickness of the top ______layer. 
Too much area covered by the ______ contact.  
Energy of photons are much ________ than the bandgap energy. 
 
 
! A typical Si solar cell is how efficient at converting sunlight to 
electrical power? 

(a)  5% 
(b)  15% 
(c)  25% 
(d)  50% 

! How are the world’s most efficient solar cells constructed?  
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! Photodiode: externally 
powered, used as a light sensor! 

! Photodiode responsivity is A/W 
(current out/optical power in) 

Oscilloscope? 

! PIN PD 

! APD 

! Avalanche photodiodes (APD) can have large A/W by 
multiplying number of carriers collected 

stronger 
reverse bias 

23 Photodiodes 
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! I want to design a high responsivity (A/W) 
photodiode…      Notice the intrinsic (i, undoped) Si. 

 

#Photons

24 Photodiodes 
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! FDS02 Si Photodiode. 
Active Area Diameter: 250 µm   Capacitance: 0.94 pF at 5V 
Peak wavelength – 750 nm / 0.47 A/W 
Dark Current (5V): 35 pA  
Damage Threshold CW: 18 mW optical power 
 
Question 1: the minimum current is the ‘dark’ current, what does this mean? 
Question 2: what is the maximum current? 
Question 3: roughly, what is the minimum optical power this could detect? 
 

25 Photodiodes 
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Key Photodetector Metrics 26 

Dark Current: The DC current that flows through a detector when there is no light present. Usually 
measured in the nanoamp range. 
 
NEP: The amount of optical input power that produces the same output level as the inherent noise level 
of the detector/receiver, i.e. a signal-to-noise ratio of one. Usually given in picowatts per root bandwidth. 
Total noise level is calculated by multiplying the NEP by the square root of the full bandwidth. 
 
Power Bandwidth, -3 dB: The frequency at which the electrical output power of the detector falls to 
50% of its value at DC. Same as “electrical” bandwidth. Typically used for specifying analog microwave 
detector bandwidths. 
 
Responsivity, R: The sensitivity of a detector element to light given in amps/watt, independent of load 
resistance. 
 
 
 
Rise Time: The 10–90% rise time of the output voltage step when the detector is illuminated by a 
negligibly short optical step function. This is difficult to do in practice, so the measurement is simulated 
mathematically by integrating the pulse width (see above). 
 
Sensitivity: The optical input power (in dBm) required to achieve a particular Bit Error Rate, BER (or 
signal to noise ratio) at the output of the detector/receiver. Usually specified for BERs of 10-9 (or a S/N 
of 6). BERs of 10-12 require a S/N=7. 

R =η q
hυ

= #e 's
# photons

1.6x10−19C
6.63x10−34 (J ⋅ s) f (1 / s)

≈η λ(nm)
1240

A /W Rmax = 2 A /W for 2eV
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27 Si Photodiodes ($22) 

When light, with enough energy to excite an electron from the valence to the conduction band, is incident 
upon the detector, the resulting accumulation of charge leads to a flow of current in an external circuit. 
Since light is not the only source of energy that can excite an electron, detectors will have some amount 
of current that is not representative of incident light. For example, fluctuations in thermal energy can 
easily be mistaken for light intensity changes. A variety of these “non-light” contributions are present and, 
when summed up, make up the total noise within the detector. 

No gain… 
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28 Avalanche Photodiodes ($169) 

As with a conventional photodiode, absorption of incident photons creates electron-hole pairs. A high 
reverse bias voltage creates a strong internal electric field, which accelerates the electrons through the 
silicon crystal lattice and produces secondary electrons by impact ionization. The resulting electron 
avalanche can produce gain factors up to several hundred. 
 
Si APDs are used when light signals are too high for photomultiplier tubes and too low for conventional 
photodiodes. Si APDs are often used in high-speed applications since the excess noise from the 
avalanche process is still lower than the noise that would be generated in connecting an external 
amplifier to a conventional photodiode operated at high frequencies.  

Gain up to 100… 
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Your boss asks for an amplified photoreciever for optical communications.. 
 
You get a fast photodiode and  hook it up to  an amplifier…  
but the connecting line capacitance and  
resistance kills your max speed (RC time constant). 
 
If you are really smart you will use something with 
internal amplificaiton!  But what? 

! HBT Photoreciever! 

FAST (like a BJT or HBT)  
BUILT IN AMPLIFIER!!!! 

! If amplification factor is 1000, how many carriers 
are collected if we hit with one photon? 

! Typically emitter is made wider bandgap 
for two reasons, what are they? 

! What will dominate, e-h generation in B, or 
BC depletion? 

29 HBT Photoreceiver 

! I am not sure if still used 
commercially though! 
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30 Phototransistor 

! BJTs used as photodetectors are often called ‘phototransistors’.  Here is one from 
Honeywell.  How can it be based on BJT but have only two wires? 

! Careful, some folks also refer to a PIN fed 
into a MOSFET as a ‘phototransistor’.  Always 
check to see what you are actually buying! 
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31 Review! 
! What are the units for responsivity? 

! Can I use a heavily doped p+n+ diode as an 
avalanche photodiode?  Hint, think back to two types of 
breakdown and how they are effected by doping… 

! What advantage does a PIN photodiode have over a 
regular PN photodiode? 
 
! For an HBT photoreceiver… what will dominate, e-h 
generation in B, or BC depletion? 

! For an HBT photoreceiver with an amplification factor 
of 200, if one photon is absorbed in the base-collector 
depletion region, how many carriers are collected? 


