
LLNL Capabilities in Materials Modeling, 
Characterization, and Synthesis for Module 
Reliability Improvement and Cost Reduction 

Overview 

Unique capabilities in computational and experimental materials design, characterization, and synthesis enable 
accelerated insertion of new, high-performance materials throughout the solar module to improve reliability, 
extend lifetime, and reduce cost. 
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Large-area 3D architected metamaterials with features spanning 7 orders of magnitude 

Additive Manufacturing of Hierarchical Metamaterials 

Materials Design and Discovery using High-Performance Computing 

Dynamic Transmission Electron 
Microscopy (DTEM) 

These computational tools, combined with world-leading HPC, enable 
the design and search of improved materials for module components 
for longer lifetimes, higher reliability, and/or reduced cost.	
  

•  Spanning the atomic-scale, mesoscale, and macro-scales, from first-principles to continuum 
•  Coupled-scale models allows accurate prediction of device and system response with few parameters 

Transparent contact degradation	
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Interfaces and defects	
  

•  Fabrication of metamaterials with enhanced properties and 
eschewed tradeoffs compared to traditional bulk materials 

•  Design of hierarchical materials using HPC 
•  Integrated monitoring for validation of manufactured parts 

•  Unique instrument invented at LLNL for direct imaging of 
materials transformations at the sub-ns and sub-nm scales 

•  Enables the study of reactivity, stability, and strength of 
materials, especially at interfaces, with unprecedented detail 

HPC resources, access, and support	
  

Infrared Spectroscopy of Water 
Ingress in Solar Modules 
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Immersion in water 64h 

� Water absorption band 3000-3800 cm-1, different kinetics 

� Strong scattering in NIR 

� Free water adsorbs first, bound water later 
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Sapphire laminate BRM 
 
Dark Blue: MIR, 1-25 mm from edge, 
before water immersion 
 
Dark Red: NIR, 1-25 mm from edge, 
before water immersion 
 
Blue: MIR, 1-25 mm from edge, after 
water immersion 
 
Red: NIR, 1-25 mm from edge, after 
water immersion 
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Correlation water absorbance band vs scattering 

� Scattering does not have molecular specificity, but can be performed 
in NIR and visible 

� Temperature measurements are critical in validating scattering testing 
method 

Absorbance vs. Scattering 
 
Correlation between the two effect 
Water pooling nucleation hypothesis  

•  Non-destructive study and qualification of long-term reliability of (flexible) 
modules related to water ingress into and through polymer encapsulants 

Infrared signatures of water ingress in multiple transparency windows 

all frequencies; however, the strongest field enhancements
are observed for the modes that extend further into the free
space and have a better overlap with the incident photon
field. Interestingly, weak plasmon modes are excited even
for conditions that correspond to reflectivity maxima, sug-
gesting that engineering the shape of the coupling end can
lead to even stronger absorbance of the array over the whole
spectrum.

The reflectivity was calculated for nanowires arrays of
variable height made of three metals arranged in the increas-
ing order of their bulk plasma frequency: gold (8.55 eV), sil-
ver (9.6 eV), and aluminum (15.3 eV).20

In Figure 3, we show the simulated reflectance spectrum
of 350 nm pitch array of vertical nanowires of 300 nm diame-
ter, variable height h, and capped by a hemisphere of same
diameter. At the lowest height, the array is composed of

hemispheres alone. The location of the resonances in the
near infrared (!800 nm) is approximately the same for all
the materials and geometry considered, since the dispersion
of the plasmons in that region approaches the dispersion of
light in air. In the case of gold, only a fraction of the visible
spectrum is covered by plasmon resonances as the cut off fre-
quency corresponds to an excitation wavelength of 550 nm,
while for silver and aluminum the entire visible spectrum is
covered. As the height of the nanowire is increased, the spac-
ing between consecutive modes is decreasing enabling the
cavity to have a strong absorbance at multiple excitation
wavelengths.

The effectiveness of the resonant array as a broadband
absorber was assessed by calculating the average absorbance
of the nanowire array in the 400–800 nm spectral range as a
function of nanowire height (Figure 4). A stepwise decrease

FIG. 3. Simulations of the normal inci-
dence reflected power for gold, silver,
and aluminum as a function of wave-
length and nanowire height (color plot).
Multiple resonances can be excited
below the plasmon cutoff frequency.
Experimental reflectivity for flat metallic
films and nanowire arrays of increasing
height, for gold, silver, and aluminum is
plotted alongside representative scanning
electron micrographs cross sections. In
all plots, the reflectivity scale is 0 to 1.
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in reflectance is observed each time an additional resonance
is added to the reflectance spectrum of the array. The absorb-
ance of the array is referenced to the measured average
reflectivity for flat films: 74% for gold, 95% for silver, and
88% for aluminum. Experimental data points for fabricated
samples are superimposed on the absorbance plot. The dis-
crepancy between simulation and experiment arises mainly
from the difficulty to fabricate straight posts using a metal
sputtering process. In this case, the deposition rate at the top
of the nanowire is larger than that at the bottom due to a
shadowing effect of neighboring posts. We compensated for
this effect by developing a silicon etching process that pro-
duces nanowire templates of a tapered shape with smaller di-
ameter at the top.

The vertical wall silicon nanowire templates that were
sputtered with metals for longer periods of time formed a
matchstick like nanowire structure due to the higher
deposition rate at the top. As the deposition is continued
further, the metallic nanowire array morphs into sharp
tapered grooves that exhibit even stronger absorbance

characteristics as well as lower resonance quality factor
(Fig. 5).

In conclusion, we demonstrated multi-resonant plas-
monic nanocavities in vertical metallic nanowire arrays with
strong overlap and coupling between incident light and the
plasmon modes. The absorbance of nanostructured metallic
surfaces has been engineered to cover multiple wavelengths
by increasing the longitudinal dimensions of the plasmon
resonant nano-cavities. For large cavity sizes, beyond 3 lm
for aluminum and longer for silver and gold (data not
shown), the benefit of multiple resonances is offset by the
weaker coupling into plasmons as the round trip losses in the
cavity become significant enough to decrease the electric
field amplitude of the modes. Using geometry dependent tun-
ing, the resonances can be further optimized for renewable
energy applications for a better overlap with the absorbance
of semiconductor materials. Most of the incident light is
reflected in the red side of the spectrum, as the resonance
spacing is increased at longer wavelengths. The averaged
absorbance becomes larger than the values calculated in
Figure 4 when restricted to a frequency range above common
semiconductor bandgaps and when weighted by the photon
energy and the solar irradiance spectrum. If the refractive
index of the inter-wire dielectric core is increased, the cutoff
plasma frequency and the plasmon resonance locations are
red shifted and the spacing between resonances becomes
smaller as the optical length of resonator is increased. Based
on these arguments, aluminum nanowire dielectric hybrid
structures have a better spectral coverage than any other
metal considered. Silver, on the other hand, has the lowest
losses in the visible and it is most efficient for transferring
energy from the plasmon modes into the absorptive dielectric
material, while the gold nanowire arrays have a significant
potential for biological sensing. Although in this study only
gold, silver, and aluminum materials were considered, the
concept of enhancing material absorbance by engineering
plasmon absorbance can be extended to other metals of inter-
est. The potential use of coupled nanowires or tapered sharp
grooves as bottom contact for thermo or photovoltaic appli-
cations has to take into account the efficient generation of
excitons by the plasmonic fields. Preliminary numerical stud-
ies suggest that embedding the plasmonic structures in a dis-
sipative dielectric increases the dielectric optical absorbance
due to the higher localized electric field amplitude. The most
efficient plasmon to exciton conversion occurs for structures
with high absorbance because the energy dissipated in the
metal is lower. The potential of plasmonic nanowires and
sharp grooves in energy applications has to be further inves-
tigated and answer fundamental scientific questions such as
plasmonic exciton formation, charge splitting and diffusion

FIG. 4. Simulated averaged visible reflectivity (400–800 nm) of an array of
metallic nanowires as a function of the nanowire height for gold (red), silver
(blue), and aluminum (green). The color coded dashed lines represent the av-
erage reflectivity for the flat metallic films, and the symbols are experimental
measurements. A significant portion of the incident radiation is absorbed in
plasmon resonant modes.

FIG. 5. Experimental reflectance data
highlighting transition from the nano-wire
structures to sharp tapered grooves with
increasing deposition time from light to
darker color for the metallic layer (gold,
silver, and aluminum). Lower reflectivity
curves correspond to increased deposition
time.
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15 nm time resolved images 

Hierarchically structured broadband absorptive coating 

•  Examples:  
•  Ultra wide-angle, broadband anti-reflective coatings 
•  Highly absorptive coatings 
•  Negative and zero thermal expansion materials 
•  High-stiffness, high-strength, ultra-lightweight materials 

Kinetics of phase transformations 
and defect evolution 
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FIG. 3. Maps of the calculated fundamental (a) and estimated optical (b,c) band gaps for zincblende alloys shown as a function
of the O and Zn content over the quaternary phase space. Due to the high carrier concentrations predicted for certain regions
of the alloy space, we expect Burstein-Moss shifts in the optical absorption onsets as seen by the di↵erences in (b) and (c)
relative to (a). The optical band gaps are obtained by combining the fundamental band gaps (a) and the predicted Fermi
pinning levels with respect to the CBMs from the calculated CNLs from the branch-point energies (b) and the hydrogen-related
pinning levels (c) and o↵er reasonable bounds to estimate possible doping-induced blue-shifts. The four corners in each panel
represent the bulk lattice constants of CdS (lower left), CdO (upper left), ZnO (upper right), and ZnS (lower right).

tion band for both CdO and ZnO and can qualitatively
account for the robust and high n-type conductivity in
these materials.24,46,48,49 When combined with our cal-
culated E

BP

this implies that incorporating some O into
CdS or ZnS can have the e↵ect of increasing a tendency
for n-type conductivity, although the benefits to the car-
rier concentration cannot be completely decoupled from
the influence of alloying on the band gap and also the
band o↵sets as discussed in the next section.
We can attempt to approximately quantify this fur-

ther by determining what carrier concentrations would
be expected for a given value of the CNL. Specifically,
we numerically determine the carrier concentration for a
given Fermi level ✏

F

from the expression

n(✏
F

) =

p
2(m⇤

e

)3/2

⇡2~3

Z 1

ECBM

d✏

p
✏� ECBM

1 + e(✏�✏F )/kBT

, (4)

where k
B

is the Boltzmann constant, T is the temper-
ature, m⇤

e

is the e↵ective electron mass, ✏ is the elec-
tron energy and ECBM is the energy of the conduction
band edge. For the density of states e↵ective masses
we linearly interpolate values for the alloys based on the
composition and assuming values of 0.21, 0.21, 0.23 and
0.25 the mass of the free electron for CdS, CdO, ZnS,
and ZnO, respectively. This analysis assumes a parabolic
conduction band, but an extension to accounting for non-
paraboilicity leads to only slightly larger carrier concen-
trations and does not influence our overall conclusions.
We include a map of estimated free carrier concen-

trations in Fig. 2 shown for 300 K and assuming upper
bounds for the predicted Fermi-level pinning values 0.4
eV above the calculated E

BP

. The plot captures the

propensity for high n-type carrier concentrations achiev-
able in CdO and ZnO (> 1019-1020 cm�3), the modest
concentrations in CdS (1016-1017 cm�3), and the gen-
erally poor dopability and n-type conductivity in ZnS.
These results suggest that in addition to the possibil-
ity of improved interfaces with CIGSe, O incorporation
into CdS may result in a greater tendency for obtain-
ing higher carrier concentrations in the bu↵er, which has
been shown to be possibly the most critical material
parameter for optimizing overall device performance.5

Specifically, suitable increases in carrier concentration
can relax the constraints set on fine-tuning the CBO at
the absorber-bu↵er interface and may translate to im-
mediate performance benefits that outweigh other con-
sequences of alloying that may negatively influence the
band gap and band o↵sets as discussed in the next sec-
tions.

D. Band gaps for reduced absorption losses

Historically, the main motivation for identifying alter-
native bu↵ers to CdS is due to its suboptimal band gap
that leads to a loss of valuable photocurrent in the blue
portion of the solar spectrum, although the toxicity of
Cd is an additional concern.34 The push for larger-band-
gap absorbers, which have the benefit of increasing V

oc

linearly with the absorber band-gap to first order and de-
creasing recombination in the space-charge and quasineu-
tral regions,30 provides yet another reason for identifying
better-suited bu↵er layer partners with the appropriate
band gaps and o↵sets.
Absorption losses can be mitigated by using thinner
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FIG. 3. Maps of the calculated fundamental (a) and estimated optical (b,c) band gaps for zincblende alloys shown as a function
of the O and Zn content over the quaternary phase space. Due to the high carrier concentrations predicted for certain regions
of the alloy space, we expect Burstein-Moss shifts in the optical absorption onsets as seen by the di↵erences in (b) and (c)
relative to (a). The optical band gaps are obtained by combining the fundamental band gaps (a) and the predicted Fermi
pinning levels with respect to the CBMs from the calculated CNLs from the branch-point energies (b) and the hydrogen-related
pinning levels (c) and o↵er reasonable bounds to estimate possible doping-induced blue-shifts. The four corners in each panel
represent the bulk lattice constants of CdS (lower left), CdO (upper left), ZnO (upper right), and ZnS (lower right).

tion band for both CdO and ZnO and can qualitatively
account for the robust and high n-type conductivity in
these materials.24,46,48,49 When combined with our cal-
culated E

BP

this implies that incorporating some O into
CdS or ZnS can have the e↵ect of increasing a tendency
for n-type conductivity, although the benefits to the car-
rier concentration cannot be completely decoupled from
the influence of alloying on the band gap and also the
band o↵sets as discussed in the next section.
We can attempt to approximately quantify this fur-

ther by determining what carrier concentrations would
be expected for a given value of the CNL. Specifically,
we numerically determine the carrier concentration for a
given Fermi level ✏

F

from the expression
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where k
B

is the Boltzmann constant, T is the temper-
ature, m⇤

e

is the e↵ective electron mass, ✏ is the elec-
tron energy and ECBM is the energy of the conduction
band edge. For the density of states e↵ective masses
we linearly interpolate values for the alloys based on the
composition and assuming values of 0.21, 0.21, 0.23 and
0.25 the mass of the free electron for CdS, CdO, ZnS,
and ZnO, respectively. This analysis assumes a parabolic
conduction band, but an extension to accounting for non-
paraboilicity leads to only slightly larger carrier concen-
trations and does not influence our overall conclusions.
We include a map of estimated free carrier concen-

trations in Fig. 2 shown for 300 K and assuming upper
bounds for the predicted Fermi-level pinning values 0.4
eV above the calculated E

BP

. The plot captures the

propensity for high n-type carrier concentrations achiev-
able in CdO and ZnO (> 1019-1020 cm�3), the modest
concentrations in CdS (1016-1017 cm�3), and the gen-
erally poor dopability and n-type conductivity in ZnS.
These results suggest that in addition to the possibil-
ity of improved interfaces with CIGSe, O incorporation
into CdS may result in a greater tendency for obtain-
ing higher carrier concentrations in the bu↵er, which has
been shown to be possibly the most critical material
parameter for optimizing overall device performance.5

Specifically, suitable increases in carrier concentration
can relax the constraints set on fine-tuning the CBO at
the absorber-bu↵er interface and may translate to im-
mediate performance benefits that outweigh other con-
sequences of alloying that may negatively influence the
band gap and band o↵sets as discussed in the next sec-
tions.

D. Band gaps for reduced absorption losses

Historically, the main motivation for identifying alter-
native bu↵ers to CdS is due to its suboptimal band gap
that leads to a loss of valuable photocurrent in the blue
portion of the solar spectrum, although the toxicity of
Cd is an additional concern.34 The push for larger-band-
gap absorbers, which have the benefit of increasing V

oc

linearly with the absorber band-gap to first order and de-
creasing recombination in the space-charge and quasineu-
tral regions,30 provides yet another reason for identifying
better-suited bu↵er layer partners with the appropriate
band gaps and o↵sets.
Absorption losses can be mitigated by using thinner
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Ab initio simulations: simulating the encapsulant 

� Typical photovoltaic encapsulant 

— Copolymer of ethylene and vinyl acetate 

(C
2
H

4
)

x
(C

4
H

6
O

2
)

y   
(EVA) 

— Variable ratios for composition, typically 

10%-40% VA by weight 

— Typical density of 0.935 g/cc 

— Random distribution of VA units along EVA 

chains 

� Model structures 

— Library of EVA copolymer units 

— Randomly generated amorphous 

structures to satisfy composition and 

density criteria 

— Molecular dynamics calculations to extract 

observables with and without water and 

additives (decomposition products, etc.) 
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Ab initio simulations: simulating the encapsulant 

� Identifying vibrational signatures 
— Autocorrelation functions from explicit dynamics contain 

information on vibrational properties 
 
 
 

— Power spectrum of velocity autocorrelation resolves 
vibrational spectrum 
 
 
 
 

— Infrared intensities from dipole correlation functions or  
— Compare the theoretical vibrational density of states 

(VDOS) from F(ω)2 to experimental spectra 

� Influence of hydration on VDOS 
— Identify qualitative and quantitative changes due to 

presence of water in polymer matrix 
 

EVA, 30% VA 
+H2O 


