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 An optimized four-layer tailored- and low-refractive index anti-refl ection 
(AR) coating on an inverted metamorphic (IMM) triple-junction solar cell 
device is demonstrated. Due to an excellent refractive index matching with 
the ambient air by using tailored- and low-refractive index nanoporous SiO 2  
layers and owing to a multiple-discrete-layer design of the AR coating opti-
mized by a genetic algorithm, such a four-layer AR coating shows excellent 
broadband and omnidirectional AR characteristics and signifi cantly enhances 
the omnidirectional photovoltaic performance of IMM solar cell devices. 
Comparing the photovoltaic performance of an IMM solar cell device with 
the four-layer AR coating and an IMM solar cell with the conventional SiO 2 /
TiO 2  double layer AR coating, the four-layer AR coating achieves an angle-of-
incidence (AOI) averaged short-circuit current density,  J  SC , enhancement of 
34.4%, whereas the conventional double layer AR coating only achieves an 
AOI-averaged  J  SC  enhancement of 25.3%. The measured refl ectance reduction 
and omnidirectional photovoltaic performance enhancement of the four-layer 
AR coating are to our knowledge, the largest ever reported in the literature of 
solar cell devices. 
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  1. Introduction 

 Photovoltaic (PV) energy is becoming 
an attractive source of renewable energy 
owing to the abundance of solar energy 
on the planet earth, the minimal envi-
ronmental impact of photovoltaic energy 
conversion, and the ever-advancing 
power conversion effi ciency of PV tech-
nologies. [  1  ]  An important and well known 
phenomenon lowering the overall power 
conversion effi ciency of solar cell devices 
is Fresnel refl ection, occurring when a 
refractive index contrast exists between 
the ambient medium (air) and the solar 
cell device (semiconductor). Anti-refl ec-
tion (AR) coatings are an indispensable 
component to reduce or suppress Fresnel 
refl ection losses, to increase the amount of 
light entering the PV device and hence, to 
enhance the power conversion effi ciency 
of solar cells. Recently, through better uti-
lization of the solar spectrum, solar cells 
with a multijunction design have achieved 
over 40% power conversion effi ciency. [  2  ]  As PV technologies 
continue to improve, the demand for better AR coatings also 
increases. 

 Traditionally, single layer quarter-wavelength coatings and 
double layer AR (DLAR) coatings have been used to reduce 
Fresnel refl ective losses. [  3–7  ]  However, these conventional AR 
coatings offer effective AR performance only over a narrow 
band of wavelengths and a narrow range of incident angles. 
Such constraints of conventional AR coatings are particularly 
problematic for solar cell applications, for several reasons: 
First, the solar spectrum is an inherently broadband spec-
trum; a signifi cant portion of solar spectrum lies outside the 
optimal AR band of traditional AR coatings. Second, because 
of the positional variation of the sun throughout the day and 
year, and because roughly 15% of the solar energy is incident 
at all angles-of-incidence (AOIs) as diffuse light scattered by the 
Earth’s atmosphere, [  8  ]  a signifi cant amount of the solar energy 
incident on the surface of a solar cell is outside the range of 
AOIs that traditional AR coatings are optimized for. Third, solar 
cells for use in concentrator photovoltaic systems with max-
imum concentration ratio receive concentrated rays impinging 
on the device surface at incident angles up to   θ    =    π  /2. [  9  ]  Thus, 
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AR coatings that embody both broadband and omnidirectional 
AR characteristics are very desirable. 

 Driven by the demand for AR coatings with better AR char-
acteristics, a variety of alternative AR coating designs have been 
proposed or demonstrated. Nevertheless, attempts to improve 
the conventional DLAR coating design using classical coating 
materials have proved to be challenging. [  10  ]  Thus, to further 
reduce Fresnel refl ection losses, novel AR coatings utilizing 
low-refractive index thin fi lm materials have been studied. [  11  ,  12  ]  
Technologies relying on the phase separation in a macromo-
lecular liquid [  11  ]  or spun-on sol-gel processes, [  12  ]  currently suffer 
from the lack of thin-fi lm thickness and refractive-index con-
trol. Yet such control is necessary in the fabrication of high per-
formance optical coatings. 

 Other encouraging AR-coating technologies are based 
on subwavelength structures (SWSs) [  13–18  ]  inspired by the 
idea of a continuously graded-refractive index profi le, fi rst 
envisioned by Lord Rayleigh. [  19  ]  Some SWSs employ a “top-
down” patterning and etching process. Top-down biomimetic 
“moth-eye” structures can be patterned (disorderly) by self-
assembly of nanoparticles, [  13  ,  14  ]  or (orderly) by nanoimprint 
lithography. [  15  ,  16  ]  An alternative approach to form SWSs is 
“bottom-up” growth of tapered nanorods. [  17  ,  18  ]  All of these 
SWSs were reported to strongly suppress broadband and 
omnidirectional refl ectance in typical Si, AlInP/GaAs or 
GaAs solar cells. [  13–18  ]  

 In 2005, a new class of tailored- and low-refractive index 
nano porous dielectric thin fi lms, fabricated utilizing oblique-
angle electron beam (e-beam) deposition methodology, was 
reported. Such deposition methodology exhibits excellent con-
trol over the refractive index and fi lm thickness, while achieving 
some of the lowest refractive indices ever reported, e.g.,  n   =  
1.05. [  20  ,  21  ]  These unique and highly desirable optical properties, 
namely tailored- and low-refractive indices, have been investi-
gated for use in a variety of optical coating applications such as 
ODRs, [  22  ,  23  ]  AR coatings, [  24–27  ]  DBRs, [  28  ,  29  ]  and optical fi lters. [  30  ]  
By incorporating tailored- and low-refractive index materials 
into AR coating design and fabrication, signifi cant progress [  24  ,  25  ]  
was made in the implementation of quasi-continuously-graded 
refractive index AR coatings with so called quintic or modifi ed-
quintic profi les. [  31  ]  AR coatings with these refractive index pro-
fi les are able to achieve better broadband and omnidirectional 
AR characteristics than conventional DLAR coatings. 

 More recently, it has been suggested that by utilizing the tai-
lored- and low-refractive index nanoporous materials, AR coat-
ings incorporating a multiple-discrete-layer design with specifi c 
optimized refractive index and thickness confi gurations are 
capable of better broadband and omnidirectional AR character-
istics than quarter-wavelength, DLAR, and even continuously 
graded-refractive index AR coatings. [  32  ,  33  ]  Such multiple-dis-
crete-layer AR coatings make benefi cial use of optical interfer-
ence effects occurring at the interface of AR coating/ambient 
and AR coating/substrate, where an unavoidable refractive 
index contrast exists in any real structure. [  34  ,  35  ]  Through careful 
optimization of optical interference effects and fabrication tech-
niques utilizing tailored- and low-refractive index materials, 
multiple-discrete-layer AR coatings are expected to offer the 
broadest spectral band and lowest omnidirectional refl ectance 
of any AR coating to date. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 In this study, we report on the design and fabrication of a 
genetic algorithm (GA) optimized four-layer discrete-refractive 
index AR coating utilizing tailored- and low-refractive index 
nanoporous thin fi lms (referred to as four-layer ARC) on an 
inverted metamorphic (IMM) triple-junction solar cell. By 
combining the unique tailored- and low-refractive index prop-
erty of the nanoporous thin fi lms and the global optimization 
of interference AR effects in the AR coating/IMM solar cell 
structure enabled by a genetic algorithm, we demonstrate 
the viability and excellent performance of multiple-discrete-
layer AR coatings, not only by refl ectance measurements, but 
also by directly measuring the PV device-effi ciency enhance-
ment. Additionally, to demonstrate the potential of multiple-
discrete-layer AR coating as a superseding technology to the 
traditional DLAR coating for solar cell industry, we perform 
a comparative study of theoretical and experimental AR char-
acteristics for the four-layer ARC and a GA-optimized SiO 2 /
TiO 2  DLAR coating (referred to as DLAR coating). Theory 
and experiment are found to be in good agreement, indi-
cating that four-layer ARC has substantially improved broad-
band and omnidirectional AR performance over that of the 
traditional DLAR coating for applications in IMM solar cell 
devices.   

 2. Results and Discussion 

 The IMM solar cell device, [  36  ]  with the four-layer ARC, is schemati-
cally shown in  Figure    1  a. The three subcells of the triple-junction 
solar cell from top to bottom are, in order, the GaInP, GaAs, and 
GaInAs subcell, designed to work for short, intermediate, and long 
wavelengths of the solar spectrum, respectively. The four-layer 
ARC is directly applied to the top AlInP window layer covering the 
contact grid, as a purely additive component. Both DLAR coating 
and four-layer ARC structures were each designed using a com-
putational GA optimization methodology [  32  ]  (further details of the 
GA optimization are discussed in the Supporting Information).  

 Using a fi tness function, the GA iteratively searches for the 
“fi ttest individuals” (AR coating structures), among a popu-
lation of randomly generated AR coating structures. At the 
end of each generation (iteration), a small percentage of the 
population, which are “individuals” with the lowest fi tness 
values, are discarded. The population is then replenished 
with new individuals reproduced by crossover and mutation 
of the non-discarded (cloned) “individuals”. The fi tness value 
( F ) chosen here, and applied to each AR coating structure, is

 F = 1 − 〈R (λ, θ )〉   (1)   

where  〈  R (  λ ,    θ  ) 〉  is the wavelength-, AOI-, and TE/TM-averaged 
refl ectance of the AR coating. For the calculation of  〈  R (  λ  ,   θ  ) 〉 , 
refl ectance values at different AOIs that range from 0 °  to 80 °  are 
equally weighted (at each wavelength in the range 350–1600 nm). 
However, because the IMM solar cells used in this study show a 
current limiting behavior by the GaInP top subcell, as a tunable 
optimization parameter of the GA, the weighting of the refl ect-
ance values at shorter wavelengths (350–700 nm) was chosen to 
be four times larger than the weighting of refl ectance values at 
longer wavelengths (700–1600 nm). This wavelength weighting 
is used only in the process of AR coating design. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 583–590
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     Figure  1 .     a) Schematic layer sequence of an inverted metamorphic (IMM) triple-junction solar 
cell with four-layer ARC. b) Photograph of three IMM solar cells with (i) no ARC, (ii) DLAR 
coating, and (iii) four-layer ARC.  

   Table  1.     GA-optimized and measured structures (refractive index and thickness) for each layer of

  Refractive index  n  

 Deposition method Measured GA-optimi

 DLAR coating 

TiO 2  layer TiO 2  sputtering 2.38 2.41

SiO 2  layer SiO 2  sputtering 1.47 1.46

 Four-layer ARC 

Layer-1 TiO 2  sputtering 2.38 2.41

Layer-2 SiO 2 /TiO 2  co-sputtering 1.79 1.77

Layer-3 SiO 2  (deposition angle 57 ° ) 1.32 1.34

Layer-4 SiO 2  (deposition angle 85 ° ) 1.11 1.09

    a) GA-optimized and measured refractive index obtained at wavelength   λ    =  500 nm;  b) The measured refrac
samples.   

Adv. Funct. Mater. 2013, 23, 583–590
 The IMM solar cell device model was 
simplifi ed to be an AlInP window layer 
(30 nm) on top of a GaInP layer of infi nite 
thickness (both layers are lattice matched 
to GaAs). Such a simplifi cation was made 
because the exact IMM device structure is 
proprietary. However, sample calculations 
suggest that simplifying the IMM AlInP/
GaInP/GaAs/metamorphic grade/GaInAs 
device structure into an AlInP/GaInP 
device structure is justifi ed and does not 
signifi cantly impact the optimized four-
layer ARC structure or AR performance of 
the structure. 

 For GA-optimization of four-layer ARC, 
the refractive index for each layer was 
chosen to be freely tailorable from  n   =  
1.09 (80% nanoporous SiO 2 ) to  n   =  2.5 
(dense TiO 2 ); whereas for GA-optimization 
of the DLAR coating, the layer materials were 
restricted to be SiO 2  (dense)/TiO 2  (dense). 
Layer thicknesses for both GA-optimizations 
of DLAR coating and four-layer ARC are 
unrestricted. The resulting GA-optimized 
DLAR coating and four-layer ARC are shown 
in  Table    1  .  

 Utilizing oblique-angle e-beam deposition 
and physical vapor deposition (sputtering) 
methodology, the GA-optimized DLAR 
coating and four-layer ARC were each fabri-
cated on an IMM solar cell device. Detailed 
information on this process can be found 
in the Experimental section. The completed 
structure of a four-layer ARC on a Si sub-
strate is shown in the scanning-electron 
microscopy (SEM) image of  Figure    2  a. From 
this cross-sectional SEM image, the distinct 
layer boundaries can readily be identifi ed. 
The refractive index and thickness of each 
layer are given in Table  1 . As described above, 
585wileyonlinelibrary.comeim

 the DLAR coating and four-layer ARC. a,b)  

Thickness [nm]

zed Measured GA-optimized

44 45

104 102
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118 119

262 225
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     Figure  2 .     a) SEM cross-sectional image of the four-layer ARC deposited 
on a Si substrate. Refractive index and thickness information of individual 
layers are provided in Table  1 . b) Top-view SEM image of the nanoporous 
surface of the four-layer ARC structure.  

     Figure  3 .     (i) Measured and (ii) calculated normal incidence specular 
refl ectance  R  ⊥  for (a) conventional DLAR coating and (b) four-layer ARC. 
The measured  R  ⊥  was obtained on IMM solar cells, and the calculated 
 R  ⊥  was obtained on an AlInP (30 nm)/GaInP (infi nitely thick) simplifi ed 
structure of the IMM solar cell.  
oblique-angle deposition shows good control over the thin fi lm 
nanoporosity (refractive index) and thickness, [  37  ]  resulting in 
good agreement between the AR coating design parameters and 
actual parameters. We note that the Layer-4 actual thickness of 
the four-layer ARC has a small deviation from the design thick-
ness. Figure  2 b shows a top-view SEM image of the four-layer 
ARC on a Si substrate. According to this image, the feature 
length of the nanostructure (e.g., diameter of the nano-rod) is 
much smaller than the wavelengths of visible light.  

 Normal incidence specular refl ectance is widely used when 
evaluating the performance of AR coatings. As such, we meas-
ured the wavelength-resolved normal incidence specular refl ect-
ance for the wavelength range 350–1600 nm for IMM devices 
coated with either the DLAR coating or the four-layer ARC, and 
then compared these experimental refl ectance values to the cal-
culated TE/TM-averaged normal-incidence refl ectance values 
(see  Figure    3  ). It should be noted that the specular refl ectance 
measurements do not account for diffuse refl ections (e.g., 
caused by scattering). However, due to the small feature size 
of the nanoporous thin fi lms, such scattering losses are often 
considered to be negligible. [  21  ]  Inspection of the fi gure reveals 
that the measured refl ectances for both the DLAR coating and 
the four-layer ARC are in good agreement with the calculations. 
The measured wavelength-averaged normal incidence refl ect-
ance is 7.9% for the DLAR coating and 3.9% for the four-layer 
86 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
ARC. The calculated wavelength-averaged normal-incidence 
refl ectance is 4.8% for the DLAR coating and 1.5% for the four-
layer ARC. The slightly higher measured refl ectance values, as 
compared to the calculation, probably have occurred because 
of (i) small differences between refractive index values of the 
AlInP/GaInP structure used in GA-optimization and those of 
the actual IMM solar cell devices, and (ii) refl ectance off the 
electrical contact grid on the surface of the IMM devices. The 
oscillating refl ectance spikes shown in the experimental refl ect-
ance measurements of both DLAR coating and four-layer ARC 
are likely caused by the optical interference between the GaInP, 
GaAs, and GaInAs subcells. From these measurements, and as 
clearly shown in Figure  3 a,b, the four-layer ARC shows remark-
ably enhanced broadband AR performance over that of the con-
ventional DLAR coating, particularly for near ultraviolet (350–
400 nm) and near infrared (850–1600 nm) wavelengths.  

 While normal incidence total (specular and diffusive) refl ect-
ance is an important fi gure-of-merit of virtually every AR 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 583–590
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     Figure  4 .     a) Calculated wavelength- and TE/TM-averaged refl ectance  R (  θ  ) 
for AlInP/GaInP structure with (i) no ARC, (ii) DLAR coating, and (iii) 
four-layer ARC. The AOI-dependent refl ectance  R (  θ  ) are equally weighted 
for the TE and TM mode, and over   λ    =  350–1600 nm. b) Calculated trans-
mittance  T (  θ  ) improvement due to (i) DLAR coating and (ii) four-layer 
ARC.  T (  θ  )  =  1 –  R (  θ  ), assuming no scattering or absorption losses.  
coating, the omnidirectional AR performance, which we now 
show, also plays an important role in solar cell applications. 
 Figure    4  a plots the calculated wavelength- and TE/TM-averaged 
refl ectance  R (  θ  ). From these calculations, the four-layer ARC 
shows signifi cantly lower refl ectance over all AOIs (0 ° –80 ° ) 
than the DLAR coating. The calculated refl ectance shown in 
Figure  4 a averaged over all AOIs is 10.1% for the DLAR coating 
and reduces to 3.1% for the four-layer ARC. This to the best of 
our knowledge, is the lowest calculated refl ectance ever reported 
for an AR coating on an AlInP/GaInP substrate over this broad 
range of angles and wavelengths. Figure S3 (Supporting Infor-
mation) shows a complete evaluation of wavelength- and AOI-
dependent refl ectance  R (  λ  ,  θ  ) for DLAR coating and four-layer 
ARC.   

Figure  4 b shows the transmittance  T (  θ  ) improvement of the 
AlInP/GaInP structure coated with the DLAR coating and the 
four-layer ARC over the AlInP/GaInP structure without AR 
coating (labeled as “no ARC” in Figure 4a). It is particularly 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 583–590
interesting to note that for   θ    ≥  50 ° , the four-layer ARC has a 
substantially better performance than the DLAR coating. From 
Figure  4 b, the averaged calculated transmittance improvement 
for   θ    =  50 ° –80 °  is 18% for DLAR coating and 38% for four-layer 
ARC. As compared to the uncoated and DLAR coating IMM 
solar cells, the lower refl ectance of the four-layer ARC is visu-
ally evident from the photograph of Figure  1 b, which shows 
text refl ected off the surface of each of the three devices. 

 Experimentally demonstrating the superior omnidirectional 
photovoltaic performance of four-layer ARC compared to 
DLAR coating, we studied two IMM solar cells, labeled IMM 1  
and IMM 2 , employing DLAR coating and four-layer ARC, 
respectively. Both IMM 1  and IMM 2  solar cell devices were char-
acterized by an AOI-dependent current versus voltage measure-
ment setup before and after AR coating deposition. The light 
source used in this setup is a 150 W xenon arc lamp and the 
light beam was attenuated by an AM0 fi lter. The current-density 
versus voltage ( J – V ) characteristics were measured for   θ    =  0 ° –
80 °  with 5 °  spacings. The  J – V  measurements were found to be 
repeatable, having less than 1% deviation for two separate  J – V  
characterizations of each IMM solar cell device. The raw  J – V  
performances of the DLAR coating and four-layer ARC coated 
IMM devices (see Figure S4, Supporting Information) were 
normalized to the corresponding short-circuit current density 
 J  SC  of uncoated IMM solar cells, and then compared.  

  Figure 5   summarizes the normalized measured  J – V  char-
acteristics of IMM 1  and IMM 2  before and after AR coating 
deposition at two different illumination AOIs (0 °  and 80 ° ). The 
measured  J  SC  improvements at normal incidence are 27.5% for 
DLAR coating on IMM 1  and 31.6% for the four-layer ARC on 
IMM 2 , showing an excellent agreement with the anticipated 
improvement obtained from calculations. The measured  J  SC  
improvement of the four-layer ARC is even more pronounced 
than that of DLAR coating at   θ    =  80 ° , where the gain in  J  SC  for 
the DLAR coating worsens to 5.3% while that for the four-layer 
ARC improves to 53.3%.  

 To gauge the impact of the DLAR coating and four-layer ARC 
on the maximum power output,  P  max , of the IMM devices, the 
 P  max  and the fi ll factor ( FF ) are extracted from  J – V  curves of the 
IMM 1  and IMM 2  devices, before and after AR coating deposition 
(see Figure S4, Supporting Information), and summarized in 
 Table    2  . The enhancement of maximum power output  P  max  due 
to the four-layer ARC is better than the corresponding enhance-
ment due to the DLAR coating at normal incidence, where the 
DLAR coating improves the  P  max  by 28.9%, and the four-layer 
ARC improves the  P  max  by 34.2%. Further, the enhancement of 
 P  max  of four-layer ARC is signifi cantly better than that of DLAR 
coating at strongly oblique AOIs: For example, at an AOI of 
80 ° , the DLAR coating improves the  P  max  by only 4.9% but the 
four-layer ARC improves the  P  max  by 55.8%. Reading from the 
 FF  column, the DLAR coating and the four-layer ARC generally 
have no impact on the  FF s of the IMM solar cells.  

 Lastly, to show a complete evaluation of omnidirectional 
photovoltaic performance of IMM solar cells with DLAR coating 
and four-layer ARC, we plot the ratio of  J  SC  measured after AR 
coating deposition to the  J  SC  measured before AR coating depo-
sition.  Figure    6   shows the measured improvements in  J  SC  as 
a function of AOI for DLAR coating and four-layer ARC. The 
fi gure clearly shows that the IMM device utilizing the four-layer 
587wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Measured current-density versus voltage ( J – V ) characteristics for IMM devices (i) without and (ii) with AR coating. Figure  5 a–d shows 
(a) DLAR coating at normal incidence, (b) DLAR coating at AOI of 80 ° , (c) four-layer ARC at normal incidence and (d) four-layer ARC at AOI of 80 ° . 
All current density values are normalized to the  J  SC  value measured on the corresponding IMM devices before AR coating deposition. The illumination 
source is a 150 W xenon arc lamp attenuated by an AM0 fi lter. Devices were maintained at 27  ° C during  J – V  characterization. The raw dark  J – V  data 
after AR coating deposition, and the raw light  J – V  data before and after AR coating deposition for IMM 1  and IMM 2  devices can be found in Figure S4, 
Supporting Information.  

   Table  2.     Short-circuit current density ( J  SC ), open circuit voltage ( V  OC ), fi ll factor ( FF ) and maximum output power ( P  max ) of IMM 1  and IMM 2  triple-
junction solar cells, without and with AR coating, at normal incidence and at AOI of 80 ° . The IMM devices were under illumination of an AM0 fi lter-
attenuated 150 W xenon arc lamp, and maintained at 27  ° C during  J – V  characterization. Also shown in this table are the  P  max  enhancements by the 
DLAR coating on IMM 1  and by the four-layer ARC on IMM 2 . a)  

  J  SC  [mA cm  − 2 ]  V  OC  [V]  FF   P  max  [mW]  P  max  enhancement [%]

 AOI   θ    =  0 °  (normal incidence) 

IMM 1 : No ARC 4.67 2.75 0.86 12.8 –

IMM 1 : DLAR coating 5.95 2.77 0.86 16.5 28.9

IMM 2 : No ARC 4.46 2.56 0.81 11.4 –

IMM 2 : Four-layer ARC 5.88 2.61 0.81 15.3 34.2

 AOI   θ    =  80 °  

IMM 1 : No ARC 0.49 2.47 0.85 1.02 –

IMM 1 : DLAR coating 0.52 2.47 0.84 1.07 4.9

IMM 2 : No ARC 0.48 2.24 0.80 0.86 –

IMM 2 : Four-layer ARC 0.73 2.30 0.80 1.34 55.8

    a) The  V  OC  values are linearly interpolated from  J – V  curves at  J   =  0.   

Adv. Funct. Mater. 2013, 23, 583–590
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     Figure  6 .     Measured  J  SC  improvement as a function of AOI for (i) IMM 1  
device with DLAR coating and (ii) IMM 2  device with four-layer ARC.  J  SC  
improvements are obtained as the ratio of the measured  J  SC  on IMM solar 
cells after AR coating deposition to that before AR coating deposition.  
ARC outperforms the IMM device with traditional DLAR 
coating at all AOIs. The averaged improvements to  J  SC  over 
  θ    =  0 ° –80 °  is 25.3% for DLAR coating and 34.4% for four-layer 
ARC. Considering the effective area of the solar cell under illu-
mination from different incident angles, the cos(  θ  ) weighted 
average  J  SC  improvement over   θ    =  0 ° –80 °  are 27.1% for IMM 
device with DLAR coating and 32.6% for IMM device with four-
layer ARC.  

 IMM device with four-layer ARC shows particularly better 
photovoltaic performance at large AOIs (50 ° –80 ° ) where DLAR 
coating becomes drastically ineffective. The averaged improve-
ment in  J  SC  over   θ    =  50 ° –80 °  is 21.1% for DLAR coating, 
whereas the improvement to  J  SC  with the same averaging range 
for four-layer ARC yields 38.3%. The measured  J  SC  improve-
ments agree well with the calculated transmittance improve-
ment shown in Figure  4 b for both IMM devices with DLAR 
coating and four-layer ARC. As a result, we demonstrate not 
only that the four-layer ARC shows better broadband and omni-
directional AR characteristics, but also that these exceptional 
AR characteristics of the four-layer ARC result in the expected 
photovoltaic performance enhancement when applied to the 
IMM solar cells.   

 3. Conclusions 

 We have demonstrated a GA-optimized four-layer discrete-refrac-
tive-index AR coating made of nanoporous tailored- and low-
refractive index SiO 2  and co-sputtered SiO 2 /TiO 2  on IMM solar 
cells devices. This four-layer ARC signifi cantly outperforms the 
conventional DLAR coating over a wide range of AOIs (0–80 ° ), 
achieving an averaged  J  SC  improvement of 34.4%. We attribute 
the excellent performance of this discrete-refractive index four-
layer ARC to an excellent refractive index matching to the air 
ambient owing to low-refractive index nanoporous materials as 
well as optimized interference effects by a global optimization 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 583–590
algorithm, i.e., the GA used here. Because the fabrication 
process of the four-layer ARC is additive and purely physical, it 
is fully compatible with the current manufacturing process of 
multijunction solar cells. Additionally, the tailorability and opti-
mization of such a customizable approach readily lends itself to 
the incorporation of the AR coating design into solar cell device 
structures for application-specifi c requirements. Therefore, this 
four-layer ARC, as an example of the potential multiple-discrete-
layer tailored- and low-refractive index AR coating technology, is 
viable, readily applicable and highly promising for future gen-
erations of AR coating technology on solar cell devices.   

 4. Experimental Section 
  Fabrication : Diced 1 cm  ×  1 cm IMM solar cell devices provided by 

MicroLink Devices Inc. [  36  ]  were detached from a silicon holding wafer. 
The back contact of the IMM device was then attached to a gold 
contact on the surface of a glass slide using conducting epoxy. The 
conducting epoxy was hardened in a standard laboratory oven at 150  ° C 
for 60 min. After curing (hardening), the top contact of the IMM device 
was connected to a separate gold contact on the glass slide using a wire 
bonder. Examples of the fi nished device fi xtures are shown in Figure 
 1 b. Both the DLAR coating and four-layer ARC structure were globally 
optimized utilizing a computational genetic algorithm. The exact details 
of the optimization process are given in the Supporting Information. 
The DLAR coating was fabricated by RF magnetron sputtering. The 
fi rst layer was deposited by RF sputtering of TiO 2 ; the second layer was 
deposited by RF sputtering of SiO 2 . In each deposition, the RF power of 
the target was 200 W; the O 2  fl ow rate was 0.5 sccm, the Ar fl ow rate was 
10 sccm. The chamber pressure was kept at 2 mTorr during sputtering 
deposition. The four-layer ARC was fabricated by RF co-sputtering of 
tailored-refractive index dense layers (Layer-1 and Layer-2) followed by 
oblique-angle e-beam deposition of tailored- and low-refractive index 
nanoporous layers (Layer-3 and Layer-4). Layer-1 was fabricated by RF 
sputtering of a TiO 2  target with a RF power of 200 W; the deposition rate 
for Layer-1 was 1.2 nm min  − 1 . Layer-2 was fabricated by RF co-sputtering 
of SiO 2  and TiO 2  with TiO 2  RF power of 200 W and SiO 2  RF power of 
115 W; the deposition rate of Layer-2 was 3.3 nm min  − 1 . The O 2  fl ow rate, 
Ar fl ow rate and chamber pressure were as the same as the conditions 
used for DLAR coating deposition. For Layer-3 deposition, the solar cell 
was rotated to have a fi xed deposition angle of 57 °  between the solar cell 
substrate normal and the SiO 2  vapor fl ux direction to achieve a porosity 
of 26%. For Layer-4 deposition, the solar cell substrate was rotated to 
have a fi xed deposition angle of 85 °  between the solar cell substrate 
normal and the SiO 2  vapor fl ux direction to achieve a porosity of 80%. 
For uniform nanostructure morphology, the e-beam deposition rates 
of SiO 2  for Layer-3 and Layer-4 were maintained at 0.2–0.3 nm s  − 1  as 
monitored by a quartz crystal sensor.  

 Characterization : The layer information, including refractive index and 
thickness, was measured by variable angle spectroscopic ellipsometry 
using a WVASE32 ellipsometer. The normal incidence refl ectance 
of the solar cells was characterized by a JASCO-V570 (UV-VIS-NIR) 
spectrometer for the wavelength range 350–850 nm, and by a Nicolet 
8700 FT-IR spectrometer (Thermo Electron Corporation) for wavelength 
range 850–1600 nm. The light source used in the AOI-dependent 
 J – V  characterization setup is an Oriel 150 W xenon arc lamp. The light 
spectrum emitted from the xenon lamp is attenuated by an AM0 fi lter, 
guided by a solid fi ber bundle with numerical aperture N.A.  =  0.56, and 
collimated by a Newport 76601 light guide collimating probe before 
incident on the surface of the solar cell device. The xenon lamp is 
turned on 75 min before each measurement to enter a stable thermal 
and illumination condition. A Newport 2931-C power meter is used 
to monitor the light output power of the xenon lamp before each  J – V  
measurement. The solar cell sample is mounted on an  x - y  stage during 
photocurrent measurement. In order to eliminate the photocurrent 
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variation caused by beam uniformity, the solar cell device is aligned in 
both  x  and  y  direction. The temperature of the  x-y  stage is regulated to 
27  ° C using a temperature controller with active heating and passive 
room temperature cooling. The  J – V  characteristic is obtained using 
a Keithley 2400 multimeter in four-wire sensing mode to eliminate a 
resistance contribution from the probe and contact resistance.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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