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EE 116 Lectures 28-29
P-N optoelectronics; photodetectors, solar cells, LEDs

Read: Chapter 4.6 in BVZ book and/or Chapter 4.12 in CCH book
Recall: Si is great (cheap, good SiO2 insulator) for high complexity digital & 
cheap analog circuits

What if we want: High-speed (10s GHz – 1 THz) analog amplifiers; Optical 
receivers, emitters (LEDs, lasers)
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Look at other 
semiconductors with 
BETTER mobility and 
light emission / 
absorption properties 
(“custom” EG).

 Si Ge GaAs InAs
μ n (cm2/V·s) 1400 3900 8500 30000
μ p (cm2/V·s) 470 1900 400 500
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Two diode applications in optoelectronics:

1) Photodiode  must tailor EG < Ephot

or solar cell for good absorption

2) Light-emitting diode (LED)  must tailor EG to emit desired color
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• Q: How do we tailor the band gap EG?
• A: Choose different materials (e.g. Si, Ge) or alloy some 

materials (e.g. InxGa1-xAs)

• Generally, we can assume
lattice constant (a) and EG vary
linearly with alloy fraction (x)

• Note: prefer same lattice
constant as the substrate (e.g. 
GaAs or InP) to minimize lattice
defects in a device

• Defects are bad, they serve as recombination centers (traps)!
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Taking a broader look:

5http://gorgia.no-ip.com/phd/html/thesis/phd_html/node4.html
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• Q: Do we want direct or indirect band gap EG?

• A: Direct EG whenever possible. Indirect is OK for 
light absorbers (solar cells) but not emitters (LEDs)
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Make a Si LED,
get a Nobel prize!



Prof. E. Pop Stanford EE 116

• We know p-n junction can be used to:
 Emit light (EHP recombination at forward bias, with direct EG)

 Absorb light (EHP generation at reverse bias)

• Minority & majority carriers recombine and/or emit light
 In the depletion region (xd)

 Within a recombination length (Ln, Lp) in n- and p-sides
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Can we control & improve p-n light emission / absorption? 

1) Use p-n heterojunction, i.e. force
depletion region to occur in a material
with smaller EG

2) Use p-i-n diode by inserting an
intrinsic (“i”) region to enlarge xd,
increasing absorption volume
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• What are the current & voltage in a solar cell?
1) Note: need illumination photon energy hf > EG

2) Assume quantum efficiency Q.E. = 1 = one EHP created for every 
incoming photon

• For example, if EHP generation is gop = 1017 EHPs/cm3/s
• What is the optically generated current?

• What is the generation 
volume for a PN diode?
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• How do photogenerated carriers flow out as current?
• Built-in electric field causes short circuit current “for free”
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( )op op d n pI qg A x L L= + +

Short circuit, V = 0
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• How does the photogenerated current add (or subtract) 
to the current already induced by the diode voltage?

• Short-circuit current: external V = 0

• Open-circuit voltage: external I = 0

• This is a photovoltaic effect.
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• How fast is the 
photodiode speed 
(response frequency)?

fmax ≈ vsat/xd
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Ex: Photodiode Design. Consider a p-i-n photodiode with “i” region made of 
InxGa1-xAs. Design stoichiometry “x” and thickness of the “i” region (Wi) to enable 
response at 1.3 μm wavelength, up to 20 GHz signals. Assume fields are 
sufficiently high to reach vsat ≈ 107 cm/s in the “i” region. Name at least one design 
constraint on the “p” and “n” regions of this photodiode. You may assume the lattice 
constant and band gap of InxGa1-xAs vary linearly with composition “x”.
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Deeper look at the solar cell
Read: BVZ Ch. 4.8
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pveducation.org

Goal: collect as many 
photon-generated 
carriers as possible



Prof. E. Pop Stanford EE 116

Importance of 
large xd, Ln, Lp
(long τ’s) and 
good surfaces 
(low surface 
recombination)
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• Solar Cell I-V (flip 4th quadrant of pn diode I-V)
 Note short-circuit current
 Note open-circuit voltage

• At what operating voltage can
we extract maximum power?*
 maximize P = ImVm “rectangle”

 in practice Vm is typically < EG/q

Note: Fill factor = 
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• Solar radiation (note “gaps” in the spectrum)
• About 1 kW/m2 reaches us (note: 1 HP ≈ 0.75 kW)

17

Si: 1100nm

GaAs: 870nm
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• Solar cell efficiency

• Shockley-Queisser limit*
• Max efficiency ~30% at EG=1.1 eV

• Factors limiting efficiency:
 Spectral width of solar radiation
 If Ephot < EG not absorbed
 If Ephot > EG then Ephot – EG portion is 

wasted as heat 
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*W. Shockley and H.J. Queisser, "Detailed Balance Limit of Efficiency of p-n Junction Solar Cells",  J. Appl. Phys. 32, pp. 510-519 (1961)



Prof. E. Pop Stanford EE 116

• How can we increase solar cell efficiency?
• Use multi-junction cells (multiple band gap materials, 

prefer direct band gaps) instead of single-junction
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World Record Efficiency
43.5% (Solar Junction)
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source: https://www.nrel.gov/pv/cell-efficiency.html
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• Few more (final) words on LEDs
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• Blue LED and revolution in lighting
• Nakamura, Akasaki, Amano (1990s)  Nobel prize 2014
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p-GaN

InxGa1-xN

n-GaN sapphire
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• Optical fiber communications  why use wavelengths of 
1.3 or 1.55 μm?
 Minimum _____________
 Minimum _____________
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attenuation
dispersion
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• Semiconductor lasers vs. LEDs:
 Strong fwd. bias, population inversion
 Recombination region + resonant cavity
(length L, between semi-reflective mirrors)
 Stimulated emission at λ = 2L/m

resonant modes
between mirrors
in laser cavity
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http://www.infographicsshowcase.com/from-radio-receivers-to-led-flashlights-an-led-odyssey/coast-led-timeline/


