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The Challenge 

Ambient	Par,culates	(PM)	

Deposited	PM	Reduces	
Transmi:ance	to	PV	 Graphic:	Mike	H.	Bergin	

(Duke	University)	



112 6 Solar Spectral Radiation under Cloudless Skies 

For mathematical treatment, a convenient parameter to express the size 
of a scattering particle is πΏ/λ, where D is the particle diameter. Let n be the 
index of refraction and λ the wavelength in micrometers. It is considered 
that [2] 

(1) when πϋ/λ < 0.6/π, scattering is governed by Rayleigh's theory, and 
in a cloudless atmosphere applies to air molecules, most of which have a 
size « 1 Ä (note that radio wave scattering by clouds is also Rayleigh 
scattering); 

(2) when πϋ/λ > 5, scattering is chiefly a diffuse reflection process 
seldom occuring in the earth's atmosphere; and 

Particle size is smaller 
than one- tenth the 
wavelength of light 

DIFFUSE 

(a) RAYLEIGH SCATTERING 

Particle size is 
approximately 
one-fourth the 
wavelength 
of light 

DIFFUSE 

Particle size is 
larger than the 
wavelength 
of light 

(b) MIE SCATTERING 

Figure 63.1 Scattering of electromagnetic radiation, (a) Rayleigh scattering, (b) Mie 
scattering. Adapted with permission from H. Brunberger, R. S. Stein, and R. Powell, "Light 
Scattering: Science and Technology," p. 38 (1968). 

An	Introduc+on	to	Solar	Radia+on,	
Muhammad	Iqbal,	Academic	Press,	New	
York,	1983,	Chapter	6.	
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The Context of the Study 



Diagram	Courtesy	of	Al	Hicks,	NREL	
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Soiling		
enhanced	
sca_ering	

Optical Configuration 



Spectral impact of soiling: Experiments 
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Experimental Procedure 
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4	cm	x	4	cm		
x	3	mm-thick	

1.   Soil	Saint-Gobain	DIAMANT	PV	glass	coupons	outdoors.	

2.   Measure	spectral	transmi:ance	of	
soiled	glass	using	an	Integra,ng	Sphere.	



After 8 Weeks (San José, CA) 
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Photo:	Greg	Smestad	

Photo:	NREL,	opDcal	microscope	100x		
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Hemispherical transmittance (data) 
Relative to the transmittance of clean glass 
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SEM	(San José, CA) 

Source:	2017	NIST	talk,	Greg	P.	Smestad	et	al.,	Images	by	
Helio	MouDnho,	Ph.D.	
NaDonal	Renewable	Energy	Laboratory	
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Modeled	by:	Thomas	A.	Germer,	NIST	
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β → 0.0 to 0.5 or even higher
An	index	represenDng	the	amount	of	aerosols	
(parDcles)	present	

Wavelength	(λ)	exponent	
Generally	0.5	to	2.5		
(Ångström	suggested	1.3)	

ma	is	the	opDcal	path	length		

Ångström	Turbidity	Formula	
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6.2 Attenuation of Direct Solar Radiation 109 

/ *Οηλ 

Figure 6.2.2 Attenuation of direct radia-
tion through a homogeneous atmosphere. 

J χηλ 

or Beer's law. According to Bouguer's law, the attenuation of light through a 
medium is proportional to the distance traversed in the medium and to the 
local flux of radiation. This simple law applies in most instances (with the 
exception of absorption by gases), whether the energy is absorbed or scat-
tered. Moreover, this law applies to monochromatic radiation only. In terms 
of this law, 

4A = A)nAexp(-/cAm), (6.2.1) 
where 

kx is the monochromatic extinction or attenuation coefficient, 
m is the optical path length, and 
kxm is the monochromatic extinction optical thickness3 (dimensionless). 

(Sometimes kx is called the extinction optical thickness.) In atmospheric 
applications, kk is usually measured relative to the zenith direction and 
should be dimensionless when m (in this case the relative optical mass) is 
dimensionless; otherwise, its unit is (length)-1. 

Now, imagine that the medium in Fig. 6.2.2 is the earth's atmosphere. 
/0nA is the monochromatic extraterrestrial irradiance at the mean sun-earth 
distance. As this flux enters the earth's atmosphere, it will be depleted by 
various processes with extinction coefficients kiX. Since all extinction 
processes occur independently of each other (except for some small con-
siderations as to which one comes first), the overall extinction optical 
thickness due to all processes can be written as the sum of individual 
thicknesses 

kxm = £ Kx™i, {622) 
i=l 

where 

kik is the monochromatic attenuation coefficient for a single process, such 
3 Optical thickness should not be confused with optical mass. 

	for	small	non-absorbing	parDcles	
	for	small	absorbing	parDcles	
	for	large	parDcles	
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Referenced	to	Clean	Glass	

B&W	Tek,	Inc.	iSpec	fiber	opDc	spectrometer	with	IntegraDng	Sphere	
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Does all Scattered Light Reach the Entrance? 

Graphic:	G.	Smestad	a\er	gigahertz-opDk.de	

baffle	
Detector	

sample	

IrradiaDon	
beam	

Measure	spectral	
transmi_ance	of	soiled	glass	
using	an	IntegraDng	Sphere.	

Why	a		 ?

1	December	2018	



28  Chapter 2 

 

 
 
Fig. 2.10 Geometry for calculation of the absorptivity from a polished (left side) and 
textured (right side) light absorber. In each case, a summation of multiple reflections must 
be made in order to calculate the absorptivity. The angle ! is measured from the surface 
normal. 

 
These equations can be used to predict the reflectivity, otherwise known as 

the reflection coefficient, of a solar cell absorber material. The index of n value 
for Si, for example, is approximately 4 at a wavelength of 600 nm (see Fig. 2.3). 
For a wafer in air (n0 = 1), this yields a value for the reflectivity value between 30 
and 40%. In other words, only about 70% of the light enters a bare Si wafer. If 
nothing were done about this loss, a solar cell would be impractical and 
inefficient. 

Instead, if a thin ARC is deposited on the Si wafer, for example, reflection 
can be minimized at certain wavelengths. This is understood by recalling that a 
beam of light undergoes a phase change of !"(180 deg) when passing from a 
medium with lower index of refraction to one with a higher index of refraction. 
No phase change occurs from a medium of higher n value to a lower n value 
medium. A portion of the incident beam is not reflected; it is transmitted at the 
back surface at the ARC-Si interface and reflected from there (see the left side of 
Fig. 2.10). If the thickness of the ARC, tARC, allows an optical path  
2tARC = 1/2 #/n, then destructive interference occurs between the two beams, and 
the light enters the Si wafer across the ARC with little reflection loss. This 
condition is expressed as 

 
   (2.12) 

 
where nARC is the index of refraction of the ARC (e.g., n SiO2 or SiO = 1.4ñ1.5, 
n TiO2  = 2.3, and n Si3N4 = 1.8ñ1.9). For example, a reflection minimum at a 
wavelength of 600 nm requires a 100-nm thickness of SiO2, while only 65ñ70 nm 
is required for an ARC if TiO2 is used. This so-called ìquarter-waveî coating 
allows for a minimum in the reflection coefficient described by 

ARC ARCn t / 4,λ=
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equivalent to PV Module 
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Mini-Modules	for	External	
Quantum	Efficiency	(SR)	

Study	

1	December	2018	 18	

Fabricated	by:	Jaewon	Oh;	Govindasamy	Tamizhmani		
Arizona	State	University	

EsDmaDng	soiling	losses	using	the	transmission	
from	glass	coupons	may	not	easily	translate	to	
exact	knowledge	about	power	losses	from	PV	
modules.	

Measure	Spectral	Response	of	soiled	and	
unsoiled	PV	modules.	

	

Photo:	Greg	Smestad	



Silicon	PV	External	Quantum	Efficiency	
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Solar	Spectrum	

Soiled	Glass	Transmission	

Graphic:	Greg	Smestad	



Conclusions	
•  We	have	measured	the	hemispherical	transmission	of	soiled	PV	
glass	coupons.		

•  Natural	soiling	yields	more	or	less	a	neutral	density	filter.	
•  Soiling	produces	a	higher	a_enuaDon	at	shorter	wavelengths	
compared	to	longer	wavelengths.		
o  Analogous	to	the	Ångström	turbidity	formula.	

•  EsDmaDng	soiling	losses	using	the	transmission	from	glass	
coupons	may	not	easily	translate	to	exact	knowledge	about	
power	losses	from	PV	modules.		

–  EQE	(SR)	on	soiled	and	unsoiled	PV	modules	is	being	
undertaken	to	confirm.	
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