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EE415/515 Fundamentals 
of Semiconductor Devices

Fall 2012

Lecture 16:
PVs, PDs, & LEDs  
(Chapter 14.1-14.6)

Photon absorption
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Photon absorption
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Ex 14.1  For 5µm thick Si, determine the % of photon energy which 
will pass through for photon wavelengths λ (a) 0.8μm & (b) 0.6μm.
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Ex 14.2  A photon flux of intensity Iν0=0.10W/cm2 at wavelength 
λ=1μm is incident on a Si surface. Neglecting any reflection 
from the surface, determine the EHP generation rate at depths 
of (a) x=5µm and (b) x=20µm below the surface.

11/18/2012 ECE 415/515    J. E. Morris 6


 

h

xI )(
g              

rate  generationpair    hole-Electron

/ 



11/18/2012

4

Solar Cells
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Ex 14.3  A GaAs pn junction solar cell has Na=1017/cc, 
Nd=2x1016/cc, Dn=190cm2/s, Dp=10cm2/s, τn0=10-7s, τp0=10-8s. 
Assume a photocurrent density JL=20mA/cm2 is generated 
in the solar cell. Calculate (a) VOC and (b) VOC/Vbi.
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Reverse bias:

EHP in depletion region 
→ holes to P, e-s to N  
→incr reverse current

Zero bias: -ve acceptor ions in P, +ve donor ions in N: elec field N→P in depletion region
Reverse bias: Field increased
Iop=qAgop(Lp+Ln+W) ….. EHP generation: W, electrons within Ln of depletion edge in P  

I=Ith(eqV/kT-1)-Iop    

=qA(pnLp/τp+npLn/τn)(eqV/kT-1)-qAgop(Lp+Ln+W)

V=0, Isc = - Iop,  & I=0, Voc = (kT/q)ln(1+Iop/Ith)
>0 

Photovoltaic
Effect



11/18/2012

6

11/18/2012 11ECE 415/515    J. E. Morris

Voc = (kT/q)ln(1+Iop/Ith) > 0 
Photovoltaic Effect

Max qVoc = qV0

Elec field: electrons to N, holes to P
Forward bias develops
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Operating conditions

Conventional Photodiode Solar cell
diode operation                                                    (c.f. battery)
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Solar cell power
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4th quadrant (inverted)
Maximum power operating point Im,Vm

Fill factor =ImVm/ISCVOC
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Solar spectrum
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Note Si, GaAs band gaps 

If  hc/λ < Eg → no absorption
If  hc/λ > Eg → energy > Eg dissipates as heat

Air mass zero → spectrum outside earth atmosphere
Air mass one  → spectrum at earth surface at noon

Concentration: Isc incr linearly with C, Voc incr little
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<Lp

Solar cell design:
N region: Junction near surface (d<Lp)
Minimizes hole loss by recombination before reaching junction.
P region:  Need optical absorption depth (1/α)  < d+Ln

Large V0 → heavy doping
Limited by long lifetimes requirement

Minimize resistance:
P: large area to back contact

N: Contact fingers for short paths
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Non-uniform absorption
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absorption energy range
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N region absorbs hν>EgN

p region absorbs EgN>hν>Egp

Similarly →
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Amorphous Si solar cells
(more economic than single crystal)
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Short range order; CVD at 600°C; hydrogenated dangling bonds; low mobility 
in band gap, high >Ec & <Ev; high optical absorption→ ~1μm thk film

Al back contact ↑ reflects residual photons back into cell

Photoconductor
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Ex 14.4  For an N-type Si photoconductor of length 
L=100µm, c/s area A=10-7cm2, & minority carrier lifetime 
τp=10-6s. Determine the photocurrent if GL=1021/cc-s and 
E=10V/cm. Assume µn=1000cm2/v-s & µp=400cm2/v-s.
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Photodiode (reverse bias)
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Photodiode (cont’d)
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Ex 14.5  Calculate (a) the steady photocurrent density 
and (b) the ratio of prompt photocurrent to steady-state 
photocurrent in a reverse-biased long Si pn diode with 
VR=5V and GL=1021/cc-s, assuming Na=Nd=1015/cc, 
Dn=25cm2/s, Dp=10cm2/s, τn0=5x10-7s, τp0=10-7s.
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Photodiode/Photodetector (3rd quadrant)
IOP proportional to gOP, ~independent of V

Carriers generated in neutral regions within L of depletion region: Diffusion process slow
Hence large depletion region width W; electric field drift response fast
Large W for max sensitivity (absorption),

limited by response speed required
(Wide W, low C)

p-i-n detector :
(“i” intrinsic or high ρ)
Large W: 
rev bias all across i region
If τ’s>>τt, then 1 ehp/photon 

External quantum efficiency : Increase ηQ (gain)
ηQ =carriers/photon Operate at avalanche

=(JOP/q)/(POP/hυ) ≤ 1 Avalanche photodiode

PIN photodiode
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Ex 14.6  Calculate the photocurrent density for a Si PIN diode with 
an intrinsic region width of W=20μm at a photon flux of 1017/cm2-s 
for photon absorption coefficients (a) α=102/cm and (b) α=104/cm.
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Avalanche photodiode
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Phototransistor
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Photoluminescence & 
electroluminescence
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Luminescence when recombination → light

Photoluminescence when excess carriers 
generated by photo-absorption

Electroluminescence when excess carriers due 
to electrical current (applied field)

(a) Basic interband transitions: 
(ii) and (iii) cause emission spectrum/bandwidth
(b) Impurity/defect states 

[(iv) → deep trap recombination]
(c) Auger (non-radiative) transitions

Spontaneous emission rate:-
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GaAs emission spectra & 
luminescent efficiency
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Direct and indirect band gap materials
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Direct band-gap AlxGa1-xAs for optical devices: 
0<x<0.45
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Eg = 1.424+1.247x eV for 0 < x < 0.35
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GaAs1-xPx: Direct gap for 0<x<0.45
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Composition affects band gap and color
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Ex 14.7  Determine the output wavelengths of GaAs1-xPx
materials for mole fractions (a) x=0.15 and (b) x=0.30.
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Light-emitting diode (LED):
Light emission from forward biased junction
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λ=hc/Eg=1.24/Eg μm with Eg in eV
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Internal quantum efficiency

11/18/2012 ECE 415/515    J. E. Morris 39
































   efficiency quantum Internal

density) site   trap(  
11

1

  efficiency Radiative

 rateion recombinat  totalso

  region,-p into injected electronsfor     and  

1 so bias, forward sufficientat  small J make and  JJ  :pnFor 

 traps)gap-(mid radiative-non is  1exp
2

  where

 celuminescen producesat current th diode offraction  is   

i

Rpn

0





















 






tnr
r

nrr

r

nrr

r

nrr
nrr

nr
nr

r
r

i
R

Rpn

n

NR
RR

R

nnn
RRR

n
R

n
R

kT

eVWen
J

JJJ

J

External quantum efficiency:
Fraction of generated photons actually emitted

11/18/2012 ECE 415/515    J. E. Morris 40

1. Geometry and re-absorption 2. Fresnel loss at the air interface
Reflection coefficient

n1, n2 refractive indices
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External 
quantum efficiency
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3. Total internal reflection for 
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Ex 14.8  At wavelength λ=0.70μm, the index of refraction for 
GaAs is n2=3.8 and for GaP is n2=3.2. Consider a GaAs1-xPx
material with x=0.40. Assuming the index of refraction is a 
linear function of x, determine the reflection coefficient, Γ, 
at the GaAs0.6P0.4-air interface.
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Ex 14.9  Calculate the critical angle between GaAs0.6P0.4 and air.
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Physical construction for efficiency
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LED brightness & heterostructures
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(i.e. as a function of x)

Photons emitted by 
electrons injected into 
narrow-gap p-type not 
absorbed by wide-gap 
n-type
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LED materials and development



11/18/2012

24

11/18/2012 47ECE 415/515    J. E. Morris

Fiber-Optic transmission  
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Attenuation I(x)=I0e-αx  

α is frequency dependent
(function of material)

Atomic
vibrations

Rayleigh scattering:
Random refractive index
variations  ~λ

Minimum absorption here ~1.55μm
(IR laser)
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Assignment 8(b)
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