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Introduction 

Yi Cui, Co-Director Stanford 
Ali Javey, Co-Director U. C. Berkeley 
John Benner, Executive Director 
 
About the Bay Area Photovoltaic Consortium 

The Bay Area Photovoltaics Consortium (BAPVC) is conceived to create a vibrant forum for interaction 
among Photovoltaic (PV) industry and academic experts to address the critical challenges in converting 
the U.S. leadership in PV R&D into leadership in PV Manufacturing. The U.S. faces substantial challenges 
in building such a PV manufacturing base as many of our competitors benefit from fewer manufacturing 
restrictions, faster permitting processes, lower cost labor and substantial financial incentives. In this 
environment, U.S. manufacturing leadership must be built upon superior, more innovative technologies 
delivered at all stages of the value chain.  The industry leaders who have founded the numerous PV 
start‐ups or launched internal development in larger firms are highly creative people. Certainly they are 
guiding their own companies toward excellent results. Providing this input to guide additional research 
in universities will add significant value. However, great innovation is possible if this expertise is engaged 
interactively with their counterparts in the academic realm.  BAPVC will provide the forum for great 
innovation. 

Bay Area PV Consortium will provide universities with a funding source to perform industry‐relevant 
R&D targeting issues impacting high volume PV manufacturing using an open process to competitively 
solicit research contributions from all universities throughout the United States.  BAPVC is led through 
the partnership of Stanford University and the University of California at Berkeley, but is unique among 
PV research consortia in welcoming all universities across the country to participate.  

The research thrust areas and, ultimately, selection of investigators to perform the research will be 
determined by the industry members of the BAPVC.  While industry frequently serves in an advisory 
capacity, BAPVC is unique among university PV research entities in delivering industry members decision 
making authority.    

Industry’s membership fees are extensively leveraged by funding from the Department of Energy and 
cost-sharing from the university participants.  The Regular Membership fee of $50,000 per year provides 
access to the research of more than 35 leading university teams operating under more than six million 
dollars of funding.   Benefits of this access go far beyond potential ownership of intellectual property.  
Members have close and regular interactions with the PI’s and their research groups.  This creates 
opportunities to scout technology, discuss specific technologies and reported advances, collaborate and 
exchange samples and data.   Some members view the 35 BAPVC projects as an addendum to their own 
internal research portfolios.   This research, however, is fully part of the Consortium and all industrial 
participants have equal access to IP which might result.  

BAPVC selects the best research teams in the U.S. to perform the research in the areas and specific 
topics identified by the Industry Board. Members gain the right to guide this talent for a small fraction of 
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the collective resources applied to fund the research. The opportunity for direct interaction with such 
scientists and potential for stimulating new solutions is a significant benefit. These teams will, of course, 
be developing students with exposure not only to the science of PV, but through internships in member 
companies and partnerships with Industry led consortia they will also develop workforce skills. Early 
awareness of their availability will be seen by some members as of primary importance.    

 
BAPVC Technical Scope 

BAPVC develops and tests innovative new materials, device structures, and fabrication processes 
necessary to produce cost‐effective PV modules in high volumes.  The research aims to find technologies 
which can increase photovoltaic conversion efficiencies and simultaneously reduce manufacturing cost.  
Success in research is measured by transfer of the technologies to industry for further development and 
manufacturing.   

BAPVC projects have aggressive goals set to develop disruptive technologies.   Such projects frequently 
present multi-faceted challenges needing collaborative, consortium-sized efforts to advance to the next 
technology readiness level.  BAPVC brings together materials scientists, device engineers, manufacturing 
specialists and equipment suppliers to capture the revolutionary advantage of our technologies. 

BAPVC research is composed of the following thrusts: 1) High performance and multijunction cells; 2) 
Silicon absorbers and cells; 3) Thin film absorbers and cells; 4) Photon management and transparent 
conductors; and, 5) Encapsulation and reliability. 

The high performance and multijunction thrust explores new growth processes, material systems, and 
device architectures offering high device efficiencies at low processing costs.  In particular, two parallel 
approaches are being explored, one relying on reducing the processing costs of III-V single junction solar 
cells and the other exploring tandem device architectures based on Si bottom cells. The highest 
performance for single-junction cells, currently at 28.8% efficiency, has been demonstrated in III-Vs.  
However, their module costs have been estimated by NREL to be currently >10x of those of Si cells.  This 
high cost mainly arises from the initial substrate and epi-growth by the MOCVD process.  Thus, BAPVC is 
developing disruptive growth and processing technologies that will drastically lower the cost without 
sacrificing the device efficiencies.  The second path is exploring tandem cells based on Si (or CIGS, CdTe, 
or III-V) bottom cells to enhance the efficiency of the existing PV technologies.  Cost analysis, device 
modeling, and experiments are being performed in parallel in a collaborative manner to ensure success. 

Silicon-based solar cells are the dominant PV technology today with more than 80% market share.  
While the Si cost component has been decreasing steadily (from over 40% to 19% over the last decade) 
it is still a significant cost at the module level.  Thinner Si cells can reduce the module cost further and 
leverage the potential higher efficiency and form factor to reduce balance-of-system costs.  In this 
thrust, the key problems which are being addressed to enable high volume manufacturing of high 
efficiency Si cells include: 1) Commercially viable manufacturing of thin crystalline Si below 50um; 2) 
Passivation of thin crystalline Si to meet the high efficiency targets; 3) Absorption of all available light 
within a reduced absorber volume; and, 4) Metallization and packaging of thin Si cells into lightweight 
modules. 

Thin Film PV technologies have established themselves in commercial markets. As the global market 
continues to expand, the competitiveness of thin film solutions faces four significant Grand Challenges: 
(1) increasing efficiency of modules; (2) reducing direct materials costs; (3) reducing capital intensity of 
manufacturing; and, (4) design and validation for long-term field reliability.  
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The Photon Management and Transparent Conductors thrust attacks several grand challenges including: 
1) develop materials and structures to couple maximum sunlight into the solar cells and to control the 
above bandgap photon distribution for complete absorption with significantly reduced absorber 
materials; 2) use photon management to enhance the solar cells parameters including short circuit 
current and open circuit voltage; 3) Develop low-cost highly transparent (~95%) and low sheet 
resistance electrodes (<5 ohm/sq) for solar cells with n- and p-type contact capability; and, 4) develop 
processes to implement the above materials and structures in practical, scalable solar cell 
manufacturing. 

Characterizing the stability and reliability of PV materials, including barrier-films and encapsulants, is 
necessary not only to design accelerated testing protocols to standardize PV module requirements, but 
also to provide the fundamentals for the design of improved PV materials and product designs. The 
encapsulation and reliability thrust attacks these barriers to develop understanding of the coupled 
thermo-mechanical, electro-chemical, and photo-chemical degradation mechanisms that determine the 
reliability and operational lifetimes of PV technologies.   

 

Using This Catalogue 

The catalogue is composed of brief reports from each project providing a summary of the project, recent 
key accomplishments and plans for future work.  The project reports are grouped by Technology Thrust 
Area.  Each Thrust worked with their industry counterparts to reach consensus on Grand Challenges and 
Opportunities for growth in BAPVC research.  These strategy papers open the catalogues discussion of 
the Thrust and provide an overview of the projects within the technology.   
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Thrust: High Performance and Multijunction Cells

Grand Challenges and Key Problems

The goal of this thrust is to explore new growth processes, material systems, and device architectures 
for offering high device efficiencies at low processing costs.  In particular, two parallel approaches 
are being explored, one relying on reducing the processing costs of III-V single junction solar cells 
and the other exploring tandem device architectures based on Si bottom cells. III-V compound 
semiconductors have exhibited the highest performance efficiencies for single-junction cells, 
currently at 28.8%.  However, their $/watt module costs have been estimated by NREL to be 
currently >10x of those of Si cells. This high cost mainly arises from the initial epi-growth substrate, 
and the MOCVD process. This presents a fundamental challenge for the field and demands the need 
for developing disruptive growth and processing technologies that would drastically lower the cost 
without sacrificing the device efficiencies. In parallel, tremendous opportunities are present in 
exploring tandem cells based on Si (or CIGS, CdTe, or III-V) bottom cells to enhance the efficiency 
of the existing PV technologies, but with careful consideration of the costs to ensure a balance 
approach is developed. Cost analysis, device modeling, and experiments are being performed in 
parallel in a collaborative manner to ensure success. 

Current Projects:   

The current projects in the thrust can be summarized based on their  

1. Lowered processing cost for III-V 
a. New process/growth technologies (Javey, McIntyre) 
b. Non-epi substrates (Javey) 
c. Ultrathin films, down to 100 nm (Harris) 

2. New Tandem cell structures based on Si, CIGS, and III-V bottom cells (Buonassis, 
McGehee, Yablonovitch/Hasnin-Chang, Zhang) 

3. Modeling (Lundstrom/ Bermel) 
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Potential Growth of BAPVC 

• More cost analysis of the explored research projects in collaboration with NREL.  Currently 
2-3 of the projects within the thrust have had cost analysis discussions with NREL.  More 
projects can follow this path. 

• Exploring the device processing and manufacturability of the new III-V growth technologies, 
such as the thin-film VLS process. 

• Exploring surface passivation effects and back-contact reflectors for the new III-V growth 
technologies, such as the thin-film VLS process. 

• Better understanding (experiments and modeling) of the types of defects that their correlation 
to performance for the new III-V growth technologies, such as the thin-film VLS process. 

• Development of high bandgap (III-V, II-VI, perovskite or other) solar cells for performance 
in tandem devices 

• Defect mitigation during silicon cell fabrication, for improved multijunction bottom-cell 
performance. 

• Defect recognition and characterization in high-quality Czochralski silicon for high-
efficiency PV devices. 

• Light management in tandem and other high performance solar cells. 
• Development of tunnel junctions, recombination layers, polymer electrolytes, or other 

transparent contacts that will enable current matching between silicon solar cells and a high 
bandgap solar cell. 
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BAPVC Annual Project Report

Project Title: Thin-Film Vapor-Liquid-Solid Growth of Optoelectronic Quality InP on 
Metal substrates
PI: Ali Javey 
E-mail: ajavey@berkeley.edu 
 
Summary:  

The work focuses on understanding and characterization of the thin-film vapor-liquid-solid (TF-
VLS) growth technique as a low-cost process technology for III-V thin film solar cells on 
metal/glass substrates. In the last review period, we have focused on understanding and 
controlling the nucleation events of TF-VLS InP. Furthermore, optoelectronic characterization of 
the grown InP has been performed in depth to shed light on the potential PV efficiencies that 
may be feasible to obtain using this growth technique.  Collaboration with Purdue has been 
initiated to further understand the material performance limits of TF-VLS InP. Finally, in 
collaboration with NREL, a preliminary cost model is developed.  
 
Key Accomplishments:  

Recently, a method for growth of ultra-large grain (>100 µm) semiconductor thin-films on non-
epitaxial substrates was developed by our group via the thin-film vapor-liquid-solid growth mode 
as shown in Figure 1a. The resulting poly-crystalline films exhibit similar optoelectronic quality 
(Fig. 1b,c) as their single-crystal counterparts. Deterministic control of nucleation sites was 
developed via substrate engineering, enabling user-tuned inter-nuclei spacing of up to ~1 mm 
(Fig 2). Besides examining the theory associated with the nucleation process, this work presents 
an important advance towards controlled growth of high quality semiconductor thin films with 
unprecedented grain sizes on non-epitaxial substrates. 
 
In addition to the excellent optoelectronic quality and novel routes towards microstructure 
engineering presented by the TF-VLS method, a cost analysis of p-body InP cells fabricated 
utilizing a TF-VLS process was carried out in collaboration with NREL (Fig 3). The results show 
that for efficiencies that are within reach of these thin films, the manufacturing costs can be 
~$0.5/Watt. 
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Figure 1: Growth method and optoelectronic characterization. a, Schematic view of the thin-film 
VLS growth technique for planar InP films.b, Measured external luminescence efficiency and 
extracted internal luminescence efficiency as a function of growth temperature. c, Optically 
measured “I-V” curves obtained from external luminescence efficiency measurements. Here, 
Suns represents the intensity of the absorbed laser light (1-sun = 100 mW/cm2), and corresponds 
to the photogenerated current level. The quasi-Fermi level splitting (∆EF) represents the resulting 
VOC that would occur to balance the photogenerated current. 
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Figure 2: Patterned nucleation in the TF-VLS growth mode. a1) Schematic of a Mo foil with a 
hexagonal MoOx dots as the nucleation sites. Center-to-center pitch, s, between the MoOx pattern 
is varied between 0.1 mm to 1 mm. (a2) In/SiOx stacks are subsequently evaporated on the 
patterned Mo/MoOx substrate. (a3) An optical image of ~1 cm × 0.5 cm substrate with 0.25 mm 
MoOx pitch after partial InP growth, clearly demonstrating large area control over nuclei 
position. b1-4) Optical images of partially grown InP on patterned Mo/MoOx substrates with 
MoOx pitch of 0.1 mm (b1), 0.25 mm (b2), 0.5 mm (b3), and 1 mm (b4).  
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Figure 3: Cost Modeling of TF-VLS InP PV Modules for different efficiency points.  
 
 
Future Work: 

In the future, devices will be made utilizing these devices on both n- and p-body InP substrates. 

6

 
Figure 3: Cost Modeling of TF-VLS InP PV Modules for different efficiency points.  
 
 
Future Work: 

In the future, devices will be made utilizing these devices on both n- and p-body InP substrates. 

6



BAPVC Annual Project Report 

Project Title: Ultra high efficiency thin film multi-junction solar cell
PI:  James S. Harris 
E-mail:  jharris@stanford.edu 
 
Summary:  

The Harris group proposed to develop significantly higher efficiency thin film c-Si based solar 
cells by combining multi-junctions and advanced nano-scale light management concepts in ultra-
thin film devices that lend themselves to very large scale, low cost manufacturing. In the past 
year, they developed nanostructured solar cell modeling, epitaxial growth and fabrication. A 
nanostructured GaAs solar cell demonstrated improved Jsc, Voc, fill factor and efficiency. A 
dielectric nano-structure was designed and fabricated on c-Si thin film which demonstrated 
broadband and wide angle anti-reflection. They also collaborated with Solexel Inc. to apply this 
nanopatterning approach to commercial thin film c-Si cells. 
 
Key Accomplishments:  

A ‘nanowindow’ solar cell (Fig 1a, b) was developed that combines a nanostructured window 
layer with a planar absorber/junction. In addition to carrier confinement and higher lateral 
conductance of a conventional window layer, this nanostructured window layer serves as a 
broadband, angle-independent antireflection layer, thus eliminating the need for multi-layer 
antireflection coatings commonly used for GaAs solar cells. We demonstrate for the first time 
that both the optical and electrical properties in a nanostructured solar cell are simultaneously 
enhanced. This AlGaAs/GaAs nanostructured window solar cell achieved an energy conversion 
efficiency, η = 17.0%, Jsc = 24.4 mA/cm2, Voc = 0.982 V, and FF = 71% at room temperature 
shown in Fig. 1c. This is compared to efficiencies of less than 5% for previously reported 
nanostructured GaAs solar cells due to degraded Voc and FF. Fig. 1d shows the bandgap-voltage 
offset (Eg – qVoc) for a number of published nanostructured solar cells with absorbers of c-Si, 
GaAs, CdTe and a-Si against their bandgap Eg. Our nanostructured window solar cell has a band 
gap offset with only 0.438 V. In another AlGaAs/GaAs nanostructured window cell, we achieved 
a Voc of 1.003 V, only 0.417 V lower than the GaAs bandgap, though the overall efficiency was 
16.3%, slightly lower than the cell in Fig. 1c. The small band gap-voltage offset reflects a low 
non-radiative recombination loss in our AlGaAs/GaAs nanostructured window solar cells. By 
optimizing doping levels and growth conditions, Voc and efficiency for a nanostructured window 
solar cell can compete with the very best planar solar cells. They also successfully peeled off 
160nm thick nanostructured GaAs thin films with XeF2 etching the Ge sacrificial layer. These 
peeled off nanostructured thin films show absorption enhancement over the whole spectrum from 
350 nm to 900 nm indicating substantial light-trapping. The overall number of photons absorbed 
by this nanostructured thin film increased by 100% compared to a similar planar control film. On 
the device side, they fabricated a thin film GaAs solar cell with a 400 nm thick active region, 
which is only tenth of the thickness of the conventional thin film GaAs solar cell. 
 
A nanoscale textured window structure with dielectric material on a high quality planar PN 
junction was modeled and fabricated. This nanostructured dielectric layer can passive the 
semiconductor surface, thus suppress surface recombination which limits the efficiency of 
typical nanostructured solar cells.  Meanwhile, this dialectic structure with wide a bandgap  
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Fig. 1. Overview of an AlGaAs/GaAs nanostructured window solar cell. (a) Schematic of the device 
structure. (b) SEM cross-section image of the solar cell active region with Al0.8Ga0.2As nanocone window 
layer. (c) 1 Sun J-V characterizations of the best sample. (d) bandgap-voltage offset (Eg/q - Voc) for 
several published nanostructured solar cells with absorber materials of c-Si, GaAs, CdTe and a-Si.  

material avoids the absorption loss. Specifically, a nanostructured dielectric layer using SiNx on 
a Si solar cell is demonstrated in this project (Fig. 2a). A reflection less than 10% over a wide 
spectral range and incident angle was demonstrated with a 40 µm thick Si thin film (Fig. 2b). A 
44% improvement of efficiency has been attained compared with a planar Si cell (Fig. 2c). They 
also collaborated with Solexel Inc. to apply this nanopatterning on commercial thin film Si cells. 
 

Fig. 2. (a) (b) SEM of fabricated SiNx nano-dome array. (b) AM 1.5 spectrum weighted reflection over a 
wide range of incident angle. (c) 1 Sun J-V characterizations of the best sample.

Future Work: 

The Harris Group will continue to develop a nanostructured single junction thin film GaAs solar 
cell with a high short circuit current extraction of over 20mA/cm2 with an overall energy 
conversion efficiency of over 18%. They’ll also fabricate light trapping nanostructures for Si thin 
film solar cells and collaborate with Solexel to apply this nanopatterning to commercial cells. 
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BAPVC Annual Project Report 

Project Title: Thin Film Compound Semiconductor Solar Cells via Templated Growth
PI: Paul McIntyre – Stanford University  
E-mail:  pcm1@stanford.edu  
 
Summary:  

This project focuses on a templating approach to allow growth of highly efficient photovoltaic 
absorbers on low-cost substrates.  They use low-temperature layer-exchange metal-induced-
crystallization to prepare large-area crystallographically-textured films to template subsequent 
growth of III-V absorbers. Tapered microwire growth is combined with the template to enhance 
solar cell performance by increasing light absorption. 
 
Key Accomplishments:  

The group has been focusing on low-temperature layer-exchange metal-induced-crystallization 
to prepare large-area crystallographically-textured films during the past year. They have 
produced poly-Ge thin film on top of the layered structure at annealing temperature 250C, while 
the bottom layer is found to be composed of both Ge and Al (Figure 1). Cross-sectional TEM 
demonstrated the poly-Ge film layer is continuous and all the layers have uniform thickness 
(Figure 2). The grain size of poly-Ge is found to be around 2.5 um, as shown in the bent contours 
in both Bright Field and Dark Field TEM images (Figure 3). 

 
Figure 1. Top-view SEM of layer-exchanged sample (left) showing the different contrasts from the different 
materials of the bottom layer. AES depth profile (right) showing continuous Ge layer on top, but both Ge and 
Al in the bottom layer.
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Figure 2. Bright Field (left) and Dark Field (right) TEM images showing the continuous bent contours within 
one grain of Germanium. The red dashed lines are the estimated grain boundary, corresponding a grain size 
of 2.5 um.
 

Figure 3. Cross-sectional TEM showing the layer-exchanged structure and the poly-Ge layer is continuous. 
Some area of the structure is fully layer-exchanged with Al layer under Ge layer (left). Some area of the
structure has poly-Ge in the layer under Ge layer (right).
 
Future Work: 

The group will deposit GaAs thin film and Ge core/GaAs shell microwires on the textured poly-
Ge template formed on glass, in collaboration with Harris’ group at Stanford. The aim is to 
produce high-efficiency ultra-thin film III-V solar cell on low cost substrate.  
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BAPVC Annual Project Report 

Project Title: Hybrid Tandem Photovoltaics Using Organometallic Perovskites on Top of 
Silicon and CIGS
PI:  Michael McGehee  
E-mail: mmcgehee@stanford.edu 

Summary:  

Hybrid tandem photovoltaics, two different semiconductor technologies used in a single tandem 
device, can improve the efficiency of solar modules without greatly increasing the module cost. 
They replace the opaque evaporated metal back electrode of perovskite solar cells with a solution 
processed silver nanowire transparent top electrode and achieve a semi-transparent perovskite 
solar cell. They mechanically stack the semi-transparent device in a 4-terminal tandem 
configuration onto CIGS and Si solar cells and demonstrate net efficiency improvement. 
 
Key Accomplishments:  

4-terminal hybrid tandems require a semi-transparent top cell. Typically, a perovskite solar cell 
is opaque because it is completed by the thermal evaporation of a metal back electrode, either Au 
or Ag, on the order of 100nm thick. To enable the transparency required to make a 4-terminal 
tandem, they have replaced this opaque electrode with a silver nanowire (AgNW) mesh that has 
a low sheet resistance and high transmission. The semi-transparent device is nearly as efficient as 
its opaque Au electrode counterpart (Figure 1/Table 1), exhibiting only a slightly lower 
photocurrent due to the lack of a back reflector. Their semi-transparent cell, at 11.6%, is much 
more efficient than other research-stage solid-state thin film solar cells, with the best semi-
transparent bulk heterojunction cell at 5.0% and the best semi-transparent solid-state dye cell at 
3.6%. The small decrease in photocurrent even 
without the back reflector speaks to the strongly 
absorbing nature of the perovskite material. 
Notably, the series resistance of the 
semitransparent device matches that of the control 
device with an opaque thermally evaporated Au 
electrode. The transmission through the semi-
transparent device peaks at 73% around 800nm, 
the center of the critical 600-1000nm transmission 
window. Uniquely, this semi-transparent device 
has both a high transmission and a high efficiency.  

 
Figure 1. IV curves comparing best opaque vs. semi-transparent perovskite devices. 
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Table 1. Performance metrics of semi-transparent and opaque perovskite devices.  

 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(-) 

Efficiency 
(%) 

Rs  
(Ω-cm2) 

Semi-Transparent Perovskite 16.8 977 0.704 11.6 1.8 
Opaque Electrode Perovskite 18.6 967 0.693 12.5 1.6 

  
They consider both Si and CIGS as bottom cells. Both have a bandgap around 1.1eV and are 
commercially successful solar cell technologies. They show that they can improve even a state-
of-the-art CIGS by placing it in a hybrid 
tandem. They improve a CIGS cell from 
16.7% alone to 17.1% in a tandem (Figure 
2/Table 2), to their knowledge the highest 
efficiency for a 4-terminal multijunction 
polycrystalline solar cell reported in 
literature. Perovskite solar cells are already 
efficient enough to upgrade the performance 
of silicon solar cells made with inexpensive 
silicon using the hybrid tandem approach. 
An example of an inexpensive source of Si 
is upgraded metallurgical grade Si (UMG-
Si) (Table 3).  
 
Figure 2. IV curves and of semi-transparent perovskite cell, unfiltered CIGS cell, and CIGS cell 
filtered by the perovskite cell.  
 
Table 2. Performance metrics of semi-transparent perovskite cell, unfiltered CIGS cell, CIGS 
cell filtered by the perovskite cell, and the resulting 4-terminal tandem efficiency. 

 
Jsc (mA/cm2) Voc (mV) FF (-) Efficiency (%) 

Perovskite 16.8 977 0.704 11.6 
CIGS - Unfiltered 30.9 694 0.78 16.7
CIGS - Filtered 10.3 667 0.80 5.5 
4-Terminal Tandem    17.1

Table 3. Performance metrics of semi-transparent perovskite cell, unfiltered UMG-Si cell, UMG-
Si cell filtered by the perovskite cell, and the resulting 4-terminal tandem efficiency. 

 
Jsc (mA/cm2) Voc (mV) FF (-) Efficiency (%) 

Perovskite 16.8 977 0.704 11.6 
UMG-Si - Unfiltered 28.7 546 0.68 10.7
UMG-Si - Filtered 9.7 501 0.70 3.4 
4-Terminal Tandem    15.0

 
Future Work: 

They plan to certify the performance of the 4-terminal tandem, then shift gears to pursue 2-
terminal tandems of perovskites on Si. They will design and test 2-terminal tandems in 
collaboration with the Buonassisi group and in parallel will work on cost modeling with Mike 
Woodhouse.  Fast progress is expected since perovskite cells are rapidly improving.  
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BAPVC Annual Project Report

Project Title: High Voc Solar Absorbers; the Missing Link for High-Efficiency, Spectral-
Splitting, Solar Cells 
PI: Eli Yablonovitch; Co-PIs: Connie Chang-Hasnain and Ming Wu 
E-mail: eliy@eecs.berkeley.edu 
 
Summary:  

For future high-efficiency multi-junction cells, we need high Voc absorbers, which could be 
grown as wide bandgap nano-needles.  We have developed metastable high-quality core-shell 
nanoneedles/pillars growth of InP and InGaP directly on lattice-mismatched silicon substrates. 
We demonstrated single InP nanopillar solar cells with a conversion efficiency of 19.6 % and an 
open circuit voltage of 0.534 V under AM 1.5 G illumination, both record for InP directly grown 
on Si. We investigated the characteristics of high bandgap micron-sized InGaP needles and 
explored selective area growth for solar cell absorption enhancement. 
 
Key Accomplishments:  

One way of realizing low cost and high efficiency photovoltaic is to employ high quality III-V 
nanopillars synthesized on low cost substrates. We demonstrate that a single InP nanopillar 
grown and fabricated on silicon substrate exhibits a record power conversion efficiency of 19.6% 
and an open circuit voltage (VOC) of 0.534 V under AM 1.5 G illumination. This is the highest 
efficiency and VOC ever achieved for InP nanowire or nanopillar solar cell grown on a foreign 
substrate. This high efficiency and VOC can be attributed to high-quality single-crystalline 
wurtzite-phased InP nanopillars grown using a novel regrowth technique to drastically reduce the 
dark current by three orders of magnitude. Taking advantage of dielectric antenna effect, optical 
absorption beyond that predicted by Lambert-Beer law is achieved over a broad solar spectrum 
between 400~800 nm.  Together with cheaper growth substrate, less material usage, high 
efficiency InP nanopillar solar cell is a promising pathway in making solar energy more 
affordable than conventional energy sources.  
 

 
Figure 1. (a) Schematic of a single InP nanopillar solar cell fabricated on silicon substrate. (b) Corresponding 
scanning electron micrograph. (c) Dark and 1 sun (AM 1.5 G) IV characteristics of InP solar cell.  

We also demonstrated, for the first time, single crystalline wurtzite InGaP nanoneedles with 
composition ordering directly grown on silicon substrate. Intense room temperature 
photoluminescence emission indicates the feasibility of employing InGaP needles as an efficient 
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high-bandgap light emitter/absorber. Though the bandgap of InGaP nanoneedle shown here is 
~1.47 eV, it is possible to reach a wider bandgap regardless of the lattice mismatch constraint, 
benefitting from the unconventional stress relaxing mechanism facilitated by the metastable 
core-shell growth mode. Extraordinarily long carrier lifetimes of 190.9 ns further attested the 
superior surface quality of these nanoneedles with such high surface-to-volume ratios. They also 
developed selective area growth of nanoneedles/pillars on a patterned silicon substrate with very 
high density, which could be used to enhance the absorption of the nanostructures and future 
device performances. 
 

 
Figure 2. (a) Scanning electron micrograph of a micro-sized InGaP needle. (b) Distinctive V-shape composition 
ordering observed from this wurtzite-phased InGaP needle. (c) High yield selective area growth of needles on a 
patterned silicon substrate. 
 
Future Work: 

Future work will be focused on the following aspects: (1) Optimize site controlled growth, 
together with FDTD simulations, to enhance the total absorption of ordered pillar arrays. (2) 
Study different device designs (p-i-n junctions, layer thicknesses, front-and back surface fields, 
etc.) (3) Develop high bandgap claddings materials for surface passivation and transparent metal. 
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BAPVC Annual Project Report 

Project Title: Si/II-VI Double-heterostructure solar cells
PI: Yong-Hang Zhang (ASU); CO-PI: Ishwara Bhat (RPI) 
E-mail: yhzhang@asu.edu; bhati@rpi.edu 
 
Summary:  

The idea of this project is to use conductive, monocrystalline and wide bandgap II-VI 
semiconductor layers to replace TCO/doped a-Si:H/undoped a-Si:H for Si based heterostructure 
solar cells. The group has demonstrated enhanced lifetimes of p-type Si wafers using p-type 
ZnTe layer to passivate the surface. 
 
Key Accomplishments:  

A new MOCVD reactor has been set up at RPI, as shown in Fig. 1 (a), to grow II-VI 
semiconductors on Si substrates. Several p-type ZnTe films have been grown and characterized 
for doping concentration and resistivity. Highly doped ZnTe film with minimum resistivity of 
0.3 ohm-cm has been grown on semi-insulating GaAs substrates. The use of semi-insulating 
GaAs substrates is for the electrical Hall measurements. An atomic hydrogen source has been 
installed on the MBE system at ASU as shown in Fig. 1(b). It is used to clean Si substrate 
surface before the MBE growth of II-VI layers.  
 

 
(a) 

 
(b) 

Fig. 1 (a) An installed MOCVD reactor at RPI for growing II-VI semiconductor films on Si; and 
(b) An atomic hydrogen source installed on the MBE system at ASU for cleaning the Si wafers. 
 
A non-contact lifetime measurement system using a microwave reflectance technique has been 
set up at RPI to measure the carry lifetime. The samples studied consist of a thin p-type  ZnTe 
layer deposited on the front surface of the p-type Si wafers by MOCVD. Microwave reflectivity 
decay is measured prior and after the deposition of the p-type ZnTe on silicon. As shown by the 
red and black curves in Fig. 2, significant improvement in decay time, which is a function of 
bulk lifetime and surface recombination velocity, is observed in the samples with the p-type  
 
ZnTe layer deposited on the front surface, implying good passivation of Si surface by ZnTe.  
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Fig. 2 Microwave reflectance decay of p-type silicon prior and after the deposition of the p-type 
ZnTe layer. A comparison between the red and black curves indicates a longer carrier lifetime 
due to surface passivation. 
 
This program has also inspired ASU team to invent several new ideas for low-cost tandem cells 
based on Si.  It has filed an invention disclosure and initiated some collaboration in industrial 
partners like First Solar and JA Solar. 
 
Invention disclosure: 
 

1. Yong-Hang Zhang, Low-cost and high-efficiency polycrystalline II-VI thin-film and Si 
tandem solar cells, filed 12/31/2013. 

 
Related Publications 

1. M. J. DiNezza, X.-H. Zhao, S. Liu, Y.-H. Zhang, Growth, steady-state, and time-resolved 
photoluminescence study of CdTe/MgCdTe double heterostructures on InSb substrates 
using molecular beam epitaxy, Appl. Phys. Lett.  103, 193901 (2013). 

2. S. Liu, J. Becker, S. Farrell, W. Yang, Y.-H. Zhang, SiO2/ZnSe Anti-reflection Coating 
for Solar Cells, Proceedings of the 39th IEEE PVSC, 2013.  

 
 
Future Work: 

Both ZnSe and ZnTe layers will be deposited on Si using MOCVD and MBE. The II-VI thin 
films will be characterized using XRD, PL and TRPL. Carrier transport across the Si/II-VI 
interface will be investigated. Preliminary solar cell structures will be fabricated. Surface 
passivation will be correlated with the solar cell device performance.  
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BAPVC Annual Project Report 

Project Title:

PI: Tonio Buonassisi   

Design Principles and Defect Tolerances of Silicon/ III-V Multijunction Interfaces 

E-mail: buonassisi@mit.edu 
 
Summary:  
Promising multijunction solar cell devices, composed of III-V compound semiconductors on silicon, have 
high theoretical maximum efficiencies. However, efficiencies to date achieve a fraction this maximum. 
For a single two-absorber device, the theoretical optimal bandgaps for top and bottom cells match closely 
those of GaAs and Si. However, the optimization of the III-V/Si interface presents many challenges, 
primarily from the 4% lattice mismatch that can result in impurity segregation, formation of dislocations, 
interface dipoles, and interlayer diffusion, all of which may affect negatively the device performance. 
Exploring these interfaces with Atom Probe Tomography (APT) enables a fundamental understanding of 
the device performance, by elucidating chemical and structural behavior with atomic resolution. 

Key Accomplishments:  
ATP is used in our group to characterize solar cell 
materials down to the atomic scale. Transition 
metal impurities in silicon were chosen as a first 
target, acting as both an important avenue of 
scientific investigation, and as useful control 
samples for determining the correct operating 
conditions for detection of embedded impurities in 
semiconductor matrices, a non-trivial and largely 
unstudied problem. This having been achieved, the 
interface between GaAsP and SiGe is now the next 
goal on the list, as an example of the kind of III-
V/Si interfaces that are the goal of the larger study. 

Initial investigations of two transition-metal 
impurities in silicon have been promising. A 
variety of transition metals have been ion-
implanted into silicon, then the silicon 
recrystallized and the impurities induced to 
redistribute and precipitate by a single pulse from 
an Nd:YAG laser. Atom probe samples have been 
fabricated using the Focused Ion Beam (FIB) 
assisted liftout method, and analyzed using a 
Cameca LEAP 4000HR 3DAPT instrument at 
Harvard University’s Center for Nanoscale 
Systems. Analysis was carried out in laser-assisted 
mode, using laser pulse energies of between 10 
and 40 pJ/pulse, with the sample background 
temperature held at 20–40 K to minimize surface 
migration of atoms during analysis and prevent 
diffusion of the impurities.  

Results: while both gold and iron can be identified 
in the samples, the charge states observed for the 
impurity atoms differs significantly from that predicted in past literature. Differential ionization effects 
cause the detected concentration of gold observed from APT to be approximately one order of magnitude 

 
Figure 1. (a) Left, Cross-sectional TEM of Silicon 
with Fe56 impurities visible as dark regions. Right, 
APT of same specimen, with Fe shown as pink dots 
and 0.1% of Si shown as white dots, for visual clarity. 
(b) Three different morphologies of impurity 
segregation in Si found by APT. From left: one-
dimensional structures in Co-contaminated Si; small 
roughly spherical impurities clouds in Pt-
contaminated Si; homogeneously-distributed In in In-
contaminated Si. All axes are in units of nm. 
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lower than that measured by secondary-ion mass spectroscopy (SIMS) in the same sample (peak 
concentration observed from APT for Au is ~0.1% atomic, compared to ~1.2% atomic observed in 
SIMS). Further investigation of this effect is ongoing, and understanding the nature of the ionization of 
these elements in the presence of the silicon matrix should be improved by analysis of a full range of 
elements. At present, samples which have been fabricated include Pt, W, Co, Cu, Zn, Pd, Cr, and Ag in 
silicon, which should provide enough variety for larger trends to become evident.  

Regardless, the observed distribution of impurities in the APT data matches well to TEM performed on 
the same samples. Iron precipitates are observed in the analyzed volume, with a shape which differs from 
that postulated from TEM examination in past literature. Iron detection has been found to be highly 
dependent on local fields internal to the specimen, and theory has been developed to predict spatially 
varying iron detection limits in silicon. Here, the three-dimensional nature of APT has made it possible to 
fully visualize the shape and local composition of these impurities in a way that has never before been 
possible. Further data on Co, Pt, and In in silicon have recently been acquired and are in the process of 
being analyzed. 

Initial measurements have been carried out on a candidate III-V/Si interface material, in this case, 
GaAsP/SiGe/Si with the SiGe layer acting as a strain-relieving layer (Fig 1). The samples were provided 
by the Fitzgerald group at MIT, cross-sectioned by Argon-ion polishing, and then prepared for APT. 
Initial measurements reveal a variety of complex issues with this material system, including local field 
enhancement (presumably caused by small compositional variations created during differential 
evaporation of some of the five component atoms), clustering visible in the time-of-flight and mass 
spectra, resulting in degradation of lateral resolution, and possibly diffusion of various species either in 
the bulk or at the surface during APT analysis. As expected, this type of material system represents the 
cutting edge of APT technique, and more development will be necessary to properly and repeatably 
analyze these interfaces. 

Future Work: 
TEM/APT compatible holders have been fabricated following the designs found in the literature and are 
now in use to allow correlative measurement of precipitates, interfaces, and defects in samples. This 
should greatly enhance the reliability of generated reconstructions. We are also pursuing a novel form of 
sample characterization, based on the collection of field-emitted electrons from the sample tip at various 
points during an APT measurement. Briefly, the APT samples are ideal field-emission sources for 
electron emission, and the geometry of the instrument is well suited to the generation of electrons by 
classic Fowler-Nordheim field emission. By performing voltage sweeps and measuring the resulting 
electron current, it should be possible (based on recent and ongoing advances in theory) to derive sample 
geometry parameters from this data, allowing a simple in-situ characterization of the sample shape during 
an ongoing APT measurement. This would help to solve some of the largest problems in the technique’s 
reliability, related to the sometimes-arbitrary choice of reconstruction parameters necessary to generate 
the three-dimensional projected dataset. 

Significant additional effort will be needed to realize reliable, repeatable measurements of compound 
semiconductor interfaces. The observed clustering and diffusion issues will require in-depth investigation, 
already begun in our lab. These problems are well known in the literature14, and their solution will benefit 
both the efforts outlined in the BAPVC grant and the APT community generally. Control samples of 
GaAs interfaces with a variety of other materials are being fabricated to test the evaporation, ionization, 
and diffusion conditions present during analysis. Additional data analysis capabilities, including 
correlation of different ion detection events both temporally and spatially, and crystallographic 
identification and analysis techniques, are being developed. 
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BAPVC Annual Project Report

Project Title: Exploratory Photovoltaic Modeling and Simulation: An End-to-End, Technology-
Agnostic Approach 
PI: Peter Bermel 
Co-PIs: Ashraf Alam, Mark Lundstrom, Jeff Gray   
E-mail: pbermel@purdue.edu  

Summary:  

In 2013, Purdue’s team pursued simulations of contactless in-line characterization techniques 
and light-trapping in solar cells. For the first project, they created a detailed opto-electronic 
multiphysics simulation tool suitable for directly simulating two photoluminescence (PL)-based 
characterization methods: time-resolved PL (TRPL) and PL steady-state excitation (PLE). In the 
second project, they created an online capability of simulating light trapping through two distinct 
freely-accessible tools on nanoHUB/PVhub: S4 and MEEPPV, and optimized designs for c-Si 
thin films. 
 
Key Accomplishments:  
 
For the first project, Purdue created a detailed opto-electronic multiphysics simulation tool 
suitable for directly simulating two photoluminescence (PL) characterization methods: time-
resolved PL (TRPL) and PL steady-state excitation (PLE). Purdue’s simulation approach links 
optical and electronic transport mechanisms together in an integrated framework. This strategy is 
particularly important for high-performance materials, in which photon recycling can play a 
significant role. Applying this simulation approach to TRPL on a VLS-grown Indium Phosphide 
thin-film sample grown by Ali Javey’s group at Berkeley was shown in Fig. 1(a) to match well 
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strong match to experiment, as shown in Fig. 1(b). More generally, it was shown that TRPL and 
PLE provide complementary information on the surface recombination velocity and Shockley-
Read-Hall (SRH) lifetimes in thin-film samples. For example, in Fig. 2(a), the TRPL simulation 
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Project Title: Exploratory Photovoltaic Modeling and Simulation: An End-to-End, Technology-
Agnostic Approach 
PI: Peter Bermel 
Co-PIs: Ashraf Alam, Mark Lundstrom, Jeff Gray   
E-mail: pbermel@purdue.edu  
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Fig. 2: (a) Least-square error as a function of SRH lifetime and front surface recombination velocity when 
fitting to data from TRPL; (b) Least-square error with respect to the same variables for PLE. The most likely 
values of each variable (corresponding to the lowest error) are depicted in blue.
 
In the second project, Purdue created an online capability of simulating light trapping through 
two distinct freely-accessible tools on nanoHUB/PVhub: S4 (from Stanford) and MEEPPV 
(from MIT). This was used to create a detailed simulation of correlated random texturing, found 
in a variety of thin-films grown in commercial applications. These tools were used to find an 
optimal design for texture-based light-trapping in multijunction crystalline silicon (c-Si)-based 
thin film solar cells – the result is depicted in Fig. 3(a). The relative enhancement of the 
normalized light trapping of the c-Si thin-films compared to standard planar or random textures, 
as shown in Fig. 3(b), illustrates the potential usefulness of this approach. 

 
Fig. 3: (a) Portrayal of the optimal correlated random texturing found in Purdue’s FDTD simulations; (b) 
Relative enhancement of normalized absorption for c-Si thin-film –optimized absorption spectrum is in red.

Future Work: 
Purdue will extend its recent characterization work to related material systems to assist in rapid 
prototyping and quality control, and will work closely with experimentalists and industry 
partners to translate modeling work into useful results, developing additional tools where needed.  
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Thrust:  Photon Management and Transparent Conductors

Grand Challenges and Key Problems

The thrust spans two major areas: light management and transparent electrodes for solar cells. The 
grand challenges are several folds:  1) Develop materials and structures to couple maximum sunlight 
into the solar cells and to control the above bandgap photon distribution for complete absorption with 
significantly reduced absorber materials.  And use photon management to enhance the solar cells 
parameters including short circuit current and open circuit voltage. 2) Develop low-cost highly 
transparent (~95%) and low sheet resistance electrodes (<5 ohm/sq) for solar cells with n- and p-type 
contact capability. 3) Develop process to implement the above materials and structures in practical 
scalable solar cell manufacturing. 

Existing Projects in our Thrust 

Within the thrust, the light management component consists of Fan’s project seeking to use optical 
design and detailed balance analysis to understand theoretically the fundamental limits and 
constraints on both the current and voltages behaviors of nanophotonic solar cells, whose project 
provides a guideline for design. Fan’s project is complemented by Atwater’s project that combines 
both theory and experiments to develop practical solar cell structures that incorporate advanced light 
management techniques. Within the light management component, we also have Wu’s project that 
specifically examines development of methods for low-cost large-scale fabrication of light 
management structures.  

The transparent conductor projects all address the grand challenge of higher performance at lower 
cost, emphasizing efficient carrier collection.  Brongersma’s project is examining the use of 
optimized 2D grid patterns which will reduce materials requirements for metal contacts.  Banerjee’s 
project investigates graphene contacts from both a fundamental (doping for highest conductivity) and 
practical (new large area growth techniques) perspective.  The project of Walukiewicz and Ager is 
pushing directly on performance by expanding the transmission window of TCOs from the near-IR to 
the UV, essentially all of the useful region of the solar spectrum.  They have also developed near-
world record p-type transparent coatings and are working to integrate these into solar cell designs.   

Potential Growth of BAPVC 

Thus far, photon management is mainly aimed for enhancement of short circuit current. There are 
exciting opportunities: a) to explore photon management to reduce photon entropy loss to increase 
open circuit voltage. b) to integrate photon management together with electrical transport to fully 
engineer the structure to enhance solar cell efficiency as a whole. In addition, there are potential 
significant opportunities to integrate the materials innovations in the transparent conductor projects 
with the design and modeling efforts in the photon management projects. For example, transparent 
electrodes may be designed as an efficient structure for light management purposes. Alternatively, 
one may incorporate advanced optical design to reduce the loss in transparent electrode while 
maintaining its electrical properties. Lastly, it is also timely to study the integration of new photonic 
structures and transparent electrodes into practical scalable solar cell manufacturing. Communication 
of the latest research performance metrics and new optical designs will be the key to realizing this 
opportunity within BAPVC.   
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BAPVC Annual Project Report

Project Title: Percolating Transparent Metallic Electrodes for Solar Cells
PI: Mark L Brongersma   
E-mail: Brongersma@stanford.edu 

Summary:  

Nanostructured metallic films have the potential to replace metal oxide films as transparent 
electrodes in optoelectronic devices. An ideal transparent electrode should possess a high, 
broadband transmittance that is also polarization independent. Using polarization and spectrally 
resolved photocurrent measurements on model cells with fractal metallic electrodes, the 
Brongersma group has demonstrated that such electrodes feature a broadband transmission that 
substantially outperforms square metallic grid electrodes.   
 
Key Accomplishments:  

One promising electrode technology that has recently emerged is based on metallic 
nanostructures arranged in periodic, aperiodic, or random arrays. These high-conductivity metal 
nanowire arrays can have advantageous electronic and optical properties over conventional 
(ITO) and alternative (e.g., carbon nanotube meshes and graphene) electrode materials. Unlike 
conventional electrode materials, for which a lower sheet-resistance typically comes at the 
expense of a lower optical transmission, nanostructured metal electrodes provide a more 
desirable trade-off between transmittance and sheet resistance. With recent progress in 
nanofabrication techniques, large-area, low-cost application of nanostructured metallic electrodes 
can also be accomplished via nano-imprint, rolling mask, and nanosphere lithography 
techniques, solution processing or lamination of metallic nanowire meshes, and electrospinning. 
These methods offer excellent control over the nanostructure size, geometry and in some cases 
also the spatial arrangement.  Moreover, in solar cell technologies, metallic contacts of silver 
(Ag) and aluminum (Al) are already commonplace, significantly lowering the barrier to the 
introduction of next-generation nanostructured metallic electrodes. 
 
To achieve an ideal combination of high optical transmittance and low sheet resistance, different 
nanostructured electrode designs can be considered, starting from simple gratings and grids. In 
this work, we will first demonstrate that linear gratings exhibit a high yet polarization-dependent 
transmission while square grids with similar geometrical parameters show a low polarization-
independent transmission. To obtain high polarization-independent transmission, other 
geometries are necessary. To address this need, the Brongersma group demonstrated that 
nanostructured metallic films with fractal-shaped slits as transparent optical electrodes with high 
polarization-independent transmission. The proposed fractal slit patterns, known as space-filling 
curves, efficiently cover the entire surface of the electrode. We experimentally compare the 
optoelectronic performance of these fractal electrodes by placing them on top of a silicon 
substrate to form a Schottky barrier detector. The transmission properties in this case can be 
conveniently assessed through photocurrent measurements (See Fig.1a).  With such 
measurements, we demonstrate that space-filling fractal networks substantially outperform grids 
and slightly outperform gratings while providing a polarization-independent response. Figures 
1b-g show SEM images and the measured photo-responsivity of several electrodes as functions 
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of the illumination wavelength and polarization direction. The work provides valuable guidelines 
for the design of high-performance, inexpensive aluminum electrodes for use with high-index 
solar cell materials. 

 
Figure 1. A schematic of the measurement platform where an electrode of a planar Al-Si-Al 
Schottky detector is patterned with a fractal, metal electrode. The electrode transmits light into 
the silicon where it generates electron-hole pairs that are extracted as photocurrent. b-c SEM 
images of Al electrodes patterned with (b) a cross-grid (c) a Hilbert fractal and (d) a Peano 
fractal. The width of Al nanowires are 100 nm in all electrodes. (e)-(g) Measured photo-
responsivity maps (in units of A/W) as functions of the polarization angle and illumination 
wavelength. Each responsivity map corresponds to the electrode shown above it in the top row. 
0° and 90° polarization angles correspond to incident electric field being horizontal or vertical. 
 

Future Work: 

The group is currently developing nanostructured metal films with subwavelength wire sizes and 
spacings as conductive antireflection coatings for light. Currently, a silicon nitride or other high-
index layers is required in combination with the metallic grids to facilitate a very high broadband 
transmissivity into a high index semiconductor layer. We are working on eliminating the need 
for such a layer, which will allow for the reduction of one material and one processing step. As 
such, this work is expected to provide a significant cost reduction in the transparent metal 
electrode fabrication. 
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BAPVC Annual Project Report 

Project Title: Theory and Simulation of Photon Management in Nanostructured Solar 
Cells
PI: Shanhui Fan 
E-mail: Shanhui@stanford.edu 
 
Summary:  

This project aims to elucidate the fundamental physics that governs the current and voltage 
behaviors in nanostructured solar cells, and to develop strategy for enhancing solar cell 
efficiency thorough photon management. The key accomplishments in this period include a 
detailed balance analysis of the open circuit voltage in nanophotonic cells, a theoretical design 
that is able to reach the light trapping limit for current in ultra-thin crystalline silicon cells, and a 
collaboration with Yi Cui’s group that demonstrated the theoretical prediction of the ultra-thin 
crystalline silicon cells. 
 
Key Accomplishments:  

The short circuit current of the solar cell is fundamentally determined by the absorption of solar 
photons. Enhancing the absorption is of crucial importance especially in ultra-thin cells. The 
result from this project (Figure 1) has shown that the use of front and back surface nanocone 
array provides a viable strategy to reach the theoretical limit in ultra-thin cells. The key idea is 
the design the structure to simultaneously achieve effective anti-reflection and light trapping, 
exploiting the geometrical degrees of freedom that are inherent in nanocone array. In 
collaboration with Yi Cui’s group at Stanford, the theoretical design of such nanocone concepts 
has been experimentally demonstrated in ultra-thin crystalline silicon cells. Experiments showed 
significant enhancement of short-circuit current in this design compared with other designs. 
 

 
Figure 1. (a) Theoretical design of a nanocone ultra-thin crystalline silicon cell that is capable of 
reaching the light trapping limit. The cones on the front surface are used for anti-reflection. The 
cones on the back surface are used for light trapping. (b) Experimentally fabricated nanocone 
crystalline silicon cell. (c) The double-sided nanocone structure shows large enhancement of 
short-circuit current, as compared with other strategies.  
 
The open circuit voltage of the solar cell is fundamentally determined by detailed balance. For 
radiative cell, the open circuit voltage is controlled by the thermal radiation of the cell. A key 
insight developed in this project is that the thermal radiation from a solar cell peaks at the solar 
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cell semiconductor band edge. Consequently, by influencing only the absorption property of the 
spectral region immediately above the semiconductor band gap, one can control the open circuit 
voltage of solar cells through nanophotonic design. And moreover, since the short circuit current 
is controlled by the entire spectral region above the band gap, one has independent control of the 
current and the voltage through nanophotonic design. As an illustration of this concept, a GaAs 
thin film cell has been designed with open circuit voltage significantly above the bulk cells 
(Figure 2).   

 
 
Figure 2. Detailed balance analysis of nanophotonic solar cells. (a)-(c) Structures considered. (a) 
Bulk GaAs cell. (b) A thin film GaAs cell with a thickness of 44nm. (c) A thin cell with grating 
introduced. (d) I-V characteristics of the three cells shown in (a)-(c) calculated by detailed 
balance analysis. The thin film cell has significantly enhanced open circuit voltage but greatly 
reduced current. The grating on a thin cell preserves the voltage enhancement and enhances its 
current. (e)-(g) Absorption properties as a function of angle and wavelength for the three cells. 
The white line indicates the position in wavelength of the GaAs bandgap. The suppression of 
absorption immediately above the bandgap is responsible for the open circuit voltage 
improvement of nanophotonic cells.  

Future Work: 

Efforts are underway to continue to understand the current and voltage behavior in nanophotonic 
solar cells. A specific effort is to understanding the carrier distribution in nanophotonic silicon 
cells, and to contrast the voltage behavior of silicon cell with cells where the recombination is 
dominated by radiation. Other efforts include the understanding the open circuit voltages in the 
context of nanowire cells through detailed balance analysis.  

26

cell semiconductor band edge. Consequently, by influencing only the absorption property of the 
spectral region immediately above the semiconductor band gap, one can control the open circuit 
voltage of solar cells through nanophotonic design. And moreover, since the short circuit current 
is controlled by the entire spectral region above the band gap, one has independent control of the 
current and the voltage through nanophotonic design. As an illustration of this concept, a GaAs 
thin film cell has been designed with open circuit voltage significantly above the bulk cells 
(Figure 2).   

 
 
Figure 2. Detailed balance analysis of nanophotonic solar cells. (a)-(c) Structures considered. (a) 
Bulk GaAs cell. (b) A thin film GaAs cell with a thickness of 44nm. (c) A thin cell with grating 
introduced. (d) I-V characteristics of the three cells shown in (a)-(c) calculated by detailed 
balance analysis. The thin film cell has significantly enhanced open circuit voltage but greatly 
reduced current. The grating on a thin cell preserves the voltage enhancement and enhances its 
current. (e)-(g) Absorption properties as a function of angle and wavelength for the three cells. 
The white line indicates the position in wavelength of the GaAs bandgap. The suppression of 
absorption immediately above the bandgap is responsible for the open circuit voltage 
improvement of nanophotonic cells.  

Future Work: 

Efforts are underway to continue to understand the current and voltage behavior in nanophotonic 
solar cells. A specific effort is to understanding the carrier distribution in nanophotonic silicon 
cells, and to contrast the voltage behavior of silicon cell with cells where the recombination is 
dominated by radiation. Other efforts include the understanding the open circuit voltages in the 
context of nanowire cells through detailed balance analysis.  

26



BAPVC Annual Project Report 

Project Title: Ideal transparent conductors for full spectrum photovoltaics
PI: Wladek Walukiewicz 
E-mail: W_Walukiewicz@lbl.gov 
 
Summary:  
The group has developed high mobility Cadmium oxide (CdO) thin films using conventional radio 
frequency magnetron sputtering methods on low cost glass substrates with electrical and optical 
properties comparable to films grown by pulsed laser deposition on sapphire.  Optimized CdO films 
suitable for full spectrum PVs with resistivity in the mid 10-5 Ω-cm and >85% transmittance in the range 
of 400-1300 nm were achieved.  The group also explored alloying CdO with MgO with the energy gap of 
7.8 eV to upward shift the absorption edge and improve the UV transmittance of the resulting CdMgO 
alloys.   
 
Key Accomplishments:  
Previously the group has demonstrated high mobility 
Cadmium oxide thin films using pulsed laser deposition 
(PLD) method.  In the past year, they have achieved 
CdO films with similar electrical and optical properties 
using scalable RF magnetron sputtering methods on low 
cost glass substrates.  Fig. 1 shows the electron mobility 
of undoped and doped (In and Ga) CdO films deposited 
on glass using the RF sputtering technique.  Sputtered 
deposited films on glass substrate with electron 
concentration up to 1021cm-3 and mobility approaching 
200 cm2/Vs (ρ~4x10-5 Ω-cm) have been achieved.  
Systematic studies of the doping and annealing of CdO 
were carried out.  The group found that as-grown In and 
Ga doped films show similar electrical properties. 
However a thermal annealing under N2  of In doped 
CdO films results in a more stable material with 
improved mobility. In contrast some degradation of 
electrical properties and reduction of electron 
concentration is observed in Ga doped CdO when the 
films are annealed at temperatures higher than 400oC.  
The different behavior of those two dopants can be 
attributed to the smaller size difference between In and 
Cd atoms compared with Ga and Cd atoms.  Figure 2 
shows the transmittance and reflectance measurements 
from CdO films doped with In and Ga.  These results 
represent films with resistivity <10-4 Ω-cm that were 
optimally doped with ~3-4% of Ga or In and annealed.  
A wide transmission window of 400-1300 nm is 
observed in both types of films.   

A drawback of these CdO based TCOs is their 
relatively small bandgap that limits the ultraviolet (UV) 
transmittance edge to only ~400 nm that is not sufficient 
for an efficient utilization of the UV part of the solar 

 
Fig. 1 Electron mobility of sputter-deposited 
CdO films undoped and doped with In and Ga on 
glass substrates.  Calculated mobilities of CdO 
with different compensation ratio k are also 
shown.   

 
Fig. 2. Transmittance and reflectance from 
optimally doped CdO films with In and Ga 
showing a wide transmission window from 400 
to 1300 nm,   
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properties comparable to films grown by pulsed laser deposition on sapphire.  Optimized CdO films 
suitable for full spectrum PVs with resistivity in the mid 10-5 Ω-cm and >85% transmittance in the range 
of 400-1300 nm were achieved.  The group also explored alloying CdO with MgO with the energy gap of 
7.8 eV to upward shift the absorption edge and improve the UV transmittance of the resulting CdMgO 
alloys.   
 
Key Accomplishments:  
Previously the group has demonstrated high mobility 
Cadmium oxide thin films using pulsed laser deposition 
(PLD) method.  In the past year, they have achieved 
CdO films with similar electrical and optical properties 
using scalable RF magnetron sputtering methods on low 
cost glass substrates.  Fig. 1 shows the electron mobility 
of undoped and doped (In and Ga) CdO films deposited 
on glass using the RF sputtering technique.  Sputtered 
deposited films on glass substrate with electron 
concentration up to 1021cm-3 and mobility approaching 
200 cm2/Vs (ρ~4x10-5 Ω-cm) have been achieved.  
Systematic studies of the doping and annealing of CdO 
were carried out.  The group found that as-grown In and 
Ga doped films show similar electrical properties. 
However a thermal annealing under N2  of In doped 
CdO films results in a more stable material with 
improved mobility. In contrast some degradation of 
electrical properties and reduction of electron 
concentration is observed in Ga doped CdO when the 
films are annealed at temperatures higher than 400oC.  
The different behavior of those two dopants can be 
attributed to the smaller size difference between In and 
Cd atoms compared with Ga and Cd atoms.  Figure 2 
shows the transmittance and reflectance measurements 
from CdO films doped with In and Ga.  These results 
represent films with resistivity <10-4 Ω-cm that were 
optimally doped with ~3-4% of Ga or In and annealed.  
A wide transmission window of 400-1300 nm is 
observed in both types of films.   

A drawback of these CdO based TCOs is their 
relatively small bandgap that limits the ultraviolet (UV) 
transmittance edge to only ~400 nm that is not sufficient 
for an efficient utilization of the UV part of the solar 

 
Fig. 1 Electron mobility of sputter-deposited 
CdO films undoped and doped with In and Ga on 
glass substrates.  Calculated mobilities of CdO 
with different compensation ratio k are also 
shown.   

 
Fig. 2. Transmittance and reflectance from 
optimally doped CdO films with In and Ga 
showing a wide transmission window from 400 
to 1300 nm,   
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spectrum. The UV absorption edge of the doped CdO 
is determined by the intrinsic direct gap of ~2.2 eV 
and the Burstein-Moss shift associated with the high 
location of the Fermi energy in the conduction band 
resulting from the large concentration of electrons in 
the material.  In the past year, the group has also 
explored alloying CdO with MgO that has a much 
larger energy gap of 7.8 eV.  They have synthesized 
and characterized a series of Cd1-xMgxO thin films 
with substitutional Mg content x up to 0.28 by co-
sputtering from CdO and MgO targets.  The 
synthesized material shows significant decrease in the 
grain size with increasing Mg concentration.  The 
reduction of the electron concentration and mobility in 
these undoped samples was explained by a rapid 
upward shift of the conduction band edge with 
increasing Mg concentration.  Alloying ~10% of MgO 
with CdO increases the intrinsic bandgap by ~400 
meV resulting in a desirable shift of the optical 
absorption edge to higher energies.  However, a 
significant reduction of electron mobility to ~20 
cm2/Vs was also observed.  CdMgO films (~6% Mg) with electron concentration of 1021/cm3 and mobility 
of 40 cm2/Vs were achieved with In doping and thermal annealing,.  The films properties are comparable 
to standard TCOs and the relatively low mobility results in strong IR absorption.  Hence, it was concluded 
that alloying CdO with MgO is not an appropriate route for achieving a TCO for full spectrum PVs. 
 
Future Work: 
The group has identified several areas that are essential for the further development of CdO based 
materials as transparent conductors for full spectrum PVs. 
1. The group has previously shown that the structural mismatch between ZnO and CdO creates two 

distinct regimes of optical and electrical behavior of CdxZn1-xO alloys. , The wurtzite phase alloys 
exhibit a reduction in the absorption edge energy across the visible spectrum from 3.3 to 1.9 eV with 
x increasing from 0 to 0.69. A phase transition to the rocksalt structure is observed above x=0.69, 
along with an abrupt step-like increase in the electron mobility up to 90 cm2/Vs and an intrinsic gap 
to 2.6 eV.  They are conducting systematic studies of the rocksalt CdZnO phase regime as these 
materials offer a potential of larger intrinsic optical gap without any detrimental effect on the 
electrical properties.   

2.  To explore the potential of using IR transparent CdO based TCOs the group will investigate the 
vertical transport and minority carrier recombination of CdO interfaces with Si, GaAs, CIGS and 
CZTS.   

3. Performance of solar cells using CdO TCOs will be evaluated.  This effort will focus on technologies 
that require top contacts with good infrared transmittance such as Si, CIGS or 3-junction tandems.   

4. Since CdO-based TCOs show very low metallic-like resistivities the group will explore the feasibility 
of using TCO grid structure as a top contact to Si PVs..   

5. The large, high frequency dielectric constant of CdO offers an interesting possibility of using this 
material for antireflective coating.  The group will study reflectivity of CdO films deposited on 
materials used for thin film PVs including CdTe. 

 

 
 
Fig. 3 Transmittance of CdMgO films undoped 
and doped with In.  Transmittance curves from a 
conventional Al doped ZnO (AZO) and a In doped 
CdO film are also shown. 
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Fig. 1.  I–V curve of Cu-alloyed ZnS-
based diode structure and schematic of the 
diode structure. Clear rectifying behavior 
is seen and current blocking is observed to 
6 V in reverse bias. The on/off ratio is 75 
at ±3 V.  

BAPVC Annual Project Report 

Project Title: New P-type Transparent Conductors 
PI:  Joel Ager 
E-mail: JWAger@lbl.gov 
 
Summary:  

All transparent conductors (“TCOs”) used in solar cells 
are n-type (electron conducting); the field of p-type 
transparent conductors is far less advanced.  It was 
discovered recently that Cu-alloyed ZnS can produce 
performance, both in terms of transparency and 
conductivity, that is close to the best ever reported for 
p-type TCOs.  It is the goal of this work to expand the 
technological readiness level of p-type conductors, both 
in terms of manufacturability and performance. 
 
Key Accomplishments:  

The key characteristics of Cu-alloyed ZnS are shown in 
Fig. 1  The conductivity of the film is p-type as shown 
by thermopower and the peak conductivity, 54 S cm-1, 
is comparable to some of the highest values in literature 
for p-type transparent conductors.  The material has 
conductivity greater than 20 S cm-1 for a range of Cu 
contents, although a value of 20% appears to be optimal 
for maximizing conductivity.  There are some tradeoffs 
between transparency and conductivity which are under 
investigation.   
 
As shown in Fig. 2, the x-ray photoelectron analysis 
was employed to show (1) that Cu is in the +1 oxidation 
state, which is expected for its position as an acceptor 
on the Zn site in ZnS lattice and (2) that the surface 
valence band has very low binding energy, which is 
consistent the behavior of a degenerately hole-doped 
material.  This is consistent with our initial band 
structure calculations which suggest that Cu can form a 
band just above the ZnS valence band and that the 
concentration of compensating donors could be 
mitigated by synthesis under S-rich conditions.   

Future Work: 
The performance of our current p-type conductor is 
close to “world record” but is less than desirable for a 
high performance solar cell.  The project performance 

Fig. 2.  High-resolution XPS showing that 
Cu is in the desired +1 oxidation state (a) 
and (b) that the binding energy of VB is 
low, consistent with metallic p-type doping.   
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goal is to produce p-CuZnS films with a conductivity of >100 S/cm and a transparency of >75% 
at 550 nm with a sheet resistance of <200 Ω/□, which would represent a factor of 5 
improvement from present results.  It is relevant to understand the practical limits of conductivity 
in these new materials.  The collaborative study of the relationship between Cu content and 
structure on the hole transport, which will be supported by an ab-initio band structure and a 
quantitative hole scattering model, will be completed.  This work will set the upper performance 
bounds for p-CuZnS and related materials.  P-CuZnS will be synthesized by methods which are 
translatable to manufacturing: initial work will be performed with electrochemical deposition 
and reactive sputtering.  Towards the goal of using p-TCOs as interconnection layers in tandem 
designs, ohmic contacts to p-type absorbers (e.g. CdTe, CIGS) will be investigated.   
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BAPVC Annual Project Report

Project Title: Solar Cell Efficiency Enhancement via Light Trapping in Resonant Dielectric
Structures
PI: Harry Atwater 
E-mail: haa@caltech.edu 
 
Summary: 

During the current project period, we focused on light trapping in CIGS and Si thin film solar 
cells with resonant nanostructures and photonic crystal superlattices.  Electromagnetic 
simulations using rigorous coupled wave analysis (RCWA) and finite difference time domain 
(FDTD) methods were employed to optimize light trapping in arrays of trapezoidal 
nanostructures, and photonic crystal superlattices patterned in thin-film Si slabs combined with 
dielectric texturing. Optical simulations of nanostructured CIGS showing that absorber layers 
thinned by nearly 50% can absorb nearly 98% of the optical power absorbed in conventional 
thick CIGS cells. Coupled optical and device transport simulations in amorphous Si solar cells 
demonstrated interactions between the optical modes excited by different light trapping 
structures with the defect morphology in a-Si cells.  The results indicate that different light 
trapping structures yield significantly different cell internal quantum efficiencies for similar 
nominal cell electrical device designs. 
 
Key Accomplishments: 

Using electromagnetic simulations, we have found significant enhancements in the photocurrent 
density for very thin (200 nm thick) crystalline Si slabs patterned with light trapping structures 
comprised of photonic crystal ‘superlattices’ combined with a randomly textured dielectric 
incoupler (Figure 1b).   This combination greatly increases light incoupling to the optical modes 
of very thin crystalline Si devices, enhancing absorption. Experimentally, we have demonstrated 
the ability to pattern a-Si thin films with superlattice photonic crystal structures using 
nanoimprint lithography techniques. Additionally, we have demonstrated the ability to 
successfully nanoimprint features in silica sol gel and transfer patterns by etching. As a separate 
light trapping mechanism, the group designed subwavelength-scale nanoresonators with a 
crossed trapezoid shape incorporated into the active layer of thin film Si solar cells.  
 
We have also experimentally demonstrated a trapezoidal-shaped Mie resonator structure that 
exhibit polarization-independent, angle-insensitive, spectrally broadband enhanced absorption 
with 4-fold increase in photocurrent compared to 220 nm thick bare Si film using that yield 
broadband absorption, illustrated in Fig. 1c.  
 
In a third effort, we showed that by making use of ‘natural’ light trapping structures in CIGS thin 
films that are inherent microstructural features of the layer growth and cell fabrication, film 
thickness can be thinned by nearly 50% with minimal loss (2%) in absorption (Figure 1d). 
 
Using coupled optical and electrical simulations for an amorphous Si solar cell, we showed that 
localized defects interact with the photonic design, producing a significantly different spectral 
response compared to homogeneous material without localized defects. Figure 2 shows a 
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simulated n–i–p a-Si:H solar cell with vertical recombination active internal surfaces (RAIS) 
indicated by the dashed lines.  

Future Work: 

We will focus on extending the coupled optical and electrical device simulation method to 
crystalline Si and CIGS solar cells that  incorporate light trapping structures,  and we will 
demonstrate integration of optimized nano-imprinted structures into a device.  

                          

(a) (b)

(c) (d)

 

Figure 1: (a) The best superlattice with a roughened surface has more than 2 times the absorbed 
current as a planar film of the same thickness with the same surface. (b) Scanning electron 
microscope image of a Si wafer patterned with one of the photonic crystal superlattices from this 
study. (c) The spectral photocurrent enhancement measured on nanostructured Si with trapezoid 
cross-sections (inset) reveal 4-fold increase compared to bare Si film without nanostructures. (d) 
The integrated absorption in CIGS films weighted by the AM1.5 spectrum shows a minimal 
decrease with the thickness of the CIGS underlying the nanostructured portion of the layer. 
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Figure 2: Under 500 nm illumination, the EQE for the control and localized defect (RAIS) 
structures exhibit very small deviations from one another, while at 600 nm, the localized defect 
EQE is significantly degraded due to stronger optical absorption in the defect geometry. 
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14. 9/17/13 – Japan Society of Applied Physics – Materials Research Society Joint Symposia 
(JSAP MRS), “Nanostructured Photonic Materials for Ultrahigh Efficiency Solar Energy 
Conversion,” Kyoto, Japan 

15. 9/13/13 – National Taiwan University, “Photonic Materials for Solar Energy Conversion 
at the Thermodynamic Limit,”Taipei, Taiwan 

16. 7/9/2013 – InterSolar North America Conference, "It's Radiative:  Photonic Design of 
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High Efficiency Photovoltaics,”Tampa, FL 

18. 6/6/2013 – UCSD Physics Colloquium, “Tunable Nanophotonic Materials,” San Diego, 
CA 

19. 3/21/2013 – Ulsan Institute of Science and Technology (UNIST), “Photonic Materials for 
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20. 3/18/2013 – American Physical Society March Meeting, Nanomanufacturing for Solar 
Energy Applications, Baltimore MD. 
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Conversion,” Kyoto, Japan 

15. 9/13/13 – National Taiwan University, “Photonic Materials for Solar Energy Conversion 
at the Thermodynamic Limit,”Taipei, Taiwan 

16. 7/9/2013 – InterSolar North America Conference, "It's Radiative:  Photonic Design of 
High Efficiency Cells and Modules," San Francisco, CA 

17. 6/19/2013 – IEEE Photovoltaic Specialists Conference, plenary speaker “Full Spectrum 
High Efficiency Photovoltaics,”Tampa, FL 

18. 6/6/2013 – UCSD Physics Colloquium, “Tunable Nanophotonic Materials,” San Diego, 
CA 

19. 3/21/2013 – Ulsan Institute of Science and Technology (UNIST), “Photonic Materials for 
Solar Energy Conversion at the Thermodynamic Limit”, Ulsan Korea. 

20. 3/18/2013 – American Physical Society March Meeting, Nanomanufacturing for Solar 
Energy Applications, Baltimore MD. 
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BAPVC Annual Project Report  

Project Title: Graphene Electrode Engineering for Photovoltaic Applications 
PI: Kaustav Banerjee, UC Santa Barbara  
E-mail: kaustav@ece.ucsb.edu  

Summary: The UCSB group has achieved the growth of wafer-scale few-layer graphene 
(FLG)1. They have also experimentally demonstrated intercalation doping (with FeCl3) and 
surface doping of FLG guided by density functional theory (DFT) calculations to further reduce 
sheet resistance of 2 to 4-layer graphene. After intercalation doping by FeCl3, 3-layer graphene 
exhibited a sheet resistance of 40 Ω/□ ,while 4-layer graphene has even smaller sheet resistance 
of 20 Ω/□, which is the smallest value achieved till date compared with any reported results.

Key Accomplishments:  
1. Growth of large-scale and high-quality few-layer graphene by catalyst engineering

Figure 1. Demonstration of few-layer graphene growth on Cu-Ni alloy in a controllable manner.  

The UCSB group found that wafer-scale few-layer graphene can be grown via chemical vapor 
deposition (CVD) on Cu-Ni alloy surface by a surface catalytic mode, in which carbon diffusion 
into bulk Cu-Ni alloy can be made negligible via optimal stoichiometry of the Cu-Ni substrate, 
thereby leading to the growth of 2-4 layer graphene as shown in Fig.1. The synthesized few-
layer graphene exhibits high quality (mobility), which is comparable to that of exfoliated 
samples.   

2. Developing graphene doping techniques 
The UCSB group has theoretically and experimentally studied surface charge transfer doping2,
substrate doping3 and intercalation doping of FLG. Their study revealed that intercalation doping 
(Fig.2a) is the most efficient and stable doping method. The theoretical calculations showed that 
FeCl3 is a good dopant to reduce sheet resistance of FLG (Fig.2b). They developed a simple 
vapor transfer method to dope graphene. The successful doping was confirmed by the Raman 
spectra (Fig.2c, d) as well as the sheet resistance (Fig.2e, f). After doping, graphene shows p-
type conducting behavior (upper green line in Fig.2e) and its conductance is significantly 
enhanced compared with that of the undoped graphene (lower line with V shape in Fig.2f). CVD
graphene exhibited similar quality with respect to the exfoliated graphene as indicated by the 
similar sheet resistance (black and red line in Fig.2f). 3-layer graphene exhibited a sheet 
resistance of 40 Ω/□, while 4 layer graphene has even smaller sheet resistance of 20 Ω/□, which 
is the smallest value reported compared with any reported values till date (Fig.3).
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Figure 2. (a) Schematic illustration of FLG with FeCl3 intercalation doping. (b) Band structure of 
intercalated bilayer graphene. Raman spectra of (c) trilayer graphene and (d) trilayer graphene with FeCl3
intercalation doping. (e) I-V characteristics of back-gated FET showing intercalation doping effect. (f)
Sheet resistance/transmittance of undoped graphene (black and red lines) and doped graphene (blue). 

Future Work:  
UCSB group intends to optimize intercalation doping 
(FeCl3) and surface doping mechanisms guided by 
DFT to further reduce the sheet resistance of 2 to 4-
layer graphene. They will also explore additional 
doping methods to further reduce sheet resistance to 
below 10 Ω/□ with high transmittance by patterning
metal grids (or metal nanowire) on top of 
intercalation doped FLG. Finally, they will also 
explore the reliability of doped FLG. The current 
reliability test indicates that doped FLG does not 
degrade in ~half year.

References: 
1. Liu, W.; Kraemer, S.; Sarkar, D.; Li, H.; Ajayan, P. M.; 

Banerjee, K. Chemistry of Materials, Vol. 26, pp. 907-915,
2013. 

2. Khatami, Y.; Liu, W.; Kang, J.; Banerjee, K. Proc. SPIE 
8824, Next Generation (Nano) Photonic and Cell Technologies for Solar Energy Conversion IV, 88240T, September 
25, 2013. 

3. Khatami, Y.; Li, H.; Liu, W.; Banerjee, K., IEEE Transactions on Nanotechnology, Vol. 13, No. 1, pp. 94-100, 2014. 

Figure 3. Comparison of sheet resistance and 
transmittance obtained from this work at
UCSB and other results in the literature.

36

Figure 2. (a) Schematic illustration of FLG with FeCl3 intercalation doping. (b) Band structure of 
intercalated bilayer graphene. Raman spectra of (c) trilayer graphene and (d) trilayer graphene with FeCl3
intercalation doping. (e) I-V characteristics of back-gated FET showing intercalation doping effect. (f)
Sheet resistance/transmittance of undoped graphene (black and red lines) and doped graphene (blue). 

Future Work:  
UCSB group intends to optimize intercalation doping 
(FeCl3) and surface doping mechanisms guided by 
DFT to further reduce the sheet resistance of 2 to 4-
layer graphene. They will also explore additional 
doping methods to further reduce sheet resistance to 
below 10 Ω/□ with high transmittance by patterning
metal grids (or metal nanowire) on top of 
intercalation doped FLG. Finally, they will also 
explore the reliability of doped FLG. The current 
reliability test indicates that doped FLG does not 
degrade in ~half year.

References: 
1. Liu, W.; Kraemer, S.; Sarkar, D.; Li, H.; Ajayan, P. M.; 

Banerjee, K. Chemistry of Materials, Vol. 26, pp. 907-915,
2013. 

2. Khatami, Y.; Liu, W.; Kang, J.; Banerjee, K. Proc. SPIE 
8824, Next Generation (Nano) Photonic and Cell Technologies for Solar Energy Conversion IV, 88240T, September 
25, 2013. 

3. Khatami, Y.; Li, H.; Liu, W.; Banerjee, K., IEEE Transactions on Nanotechnology, Vol. 13, No. 1, pp. 94-100, 2014. 

Figure 3. Comparison of sheet resistance and 
transmittance obtained from this work at
UCSB and other results in the literature.

36



BAPVC Annual Project Report  
 
Project Title: Large-Area, Fast, and Electric-Field Assisted Continuous Coating for 
Nanostructured Photon Management   
PI: Ning Wu, the Department of Chemical and Biological Engineering, Colorado School of 
Mines   
E-mail: ningwu@mines.edu 	  
 
Summary:  

The group has investigated three individual key components in the proposed coating process, i.e., 
the electric field, the convective flow, and the interfacial assembly. The electric field has been 
successfully utilized to generate uniform arrays of colloidal tetrahedrons, demonstrating a 
potential path to make arrays of plasmonic and photonic clusters for photon management. Both 
interfacial assembly and convective flow can generate periodic patterns of micro- and 
nanoparticles with tunable spacings too.      
 
Key Accomplishments:   

The application of low-power AC electric fields could modulate the interactions between 
colloidal particles in solution in a precise fashion. A number of attractive and repulsive forces 
can be tailored in different directions. During the past year, we have discovered the method for 
building colloidal clusters and arrays of colloidal clusters from particles that are isotropic in both 
geometric and interfacial properties. As shown in Fig. 1, a large array of colloidal tetramers with 
high monodispersity has been fabricated.1 These tetramers could potentially be fixed using 
several reported methods. Colloidal tetramers are of special interest because they could 
potentially form diamond-like lattices for photonic crystals. The clusters of metallic particles 
could also possess superior plasmonic properties than individual spheres. Moreover, the group 
has demonstrated that this method is based on physical principles that can be applied to a variety 
of particles with different materials properties.   

 
 
Fig. 1 Large array of colloidal tetramers with high monodispersity. Scale bars: 10 µm. 
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The convective and interfacial assembly have also been explored. In particular, the particles 
(silica or polystyrene) are dispersed at the interface between air and alcohols. Although periodic 
arrays have been found at all three interfaces, the methanol-air interface generates the arrays with 
the best qualities. Moreover, the inter-particle spacings can be conveniently tuned by the initial 
particle concentrations, as shown in Fig. 2.   

 
Fig. 2 The interfacial assembly of colloidal particles (silica and polystyrene) with tunable 
particle-particle spacings.  
 
Future Work:  

In this year, we plan to integrate the electric-field assembly with convective flow and/or 
interfacial assembly with a custom-built setup (Fig. 3). Our goal is to fabricate the periodic 
arrays with both dielectric (silica or polystyrene) and metallic (silver or gold) particles on ITO 
glass and silicon wafer. The parameters that could impact the quality of coating such as 
humidity, field strength, solvent evaporation rate, and coating speed will be investigated. The 
optical properties will also be measured.      

 
Fig. 3. Custom-built flow-coating setup combined with electric fields.  
 
Reference  
1. Ma, F., Wu, D. T., and Wu, N. Formation of Colloidal Molecules Induced by AC Electric 
Fields, J. Amer. Chem. Soc. 2013, 135, 7839-7842 
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Thrust:  Silicon Absorbers and Cells

Grand Challenges and Key Problems

Silicon-based solar cells are the dominant PV technology today with more than 80% market share.  
The US Department of Energy has set a cost target of $1/W for installed systems to reach parity with 
other conventional energy sources.  While the Si cost component has been decreasing steadily (from 
over 40% to 19% over the last decade) due to advances in polysilicon and manufacturing scale up, it 
is still one of the significant cost adders at the module level.  Further, the industry is still pushing for 
thinner Si cells to reduce the module cost further and to leverage the potential higher efficiency and 
form factor to reduce balance-of-system costs.  In this thrust, the key problems which are being 
addressed to enable high volume manufacturing of high efficiency Si cells are listed below: 
1)  Commercially viable manufacturing of thin crystalline Si below 50um:   
2)  Passivation of thin crystalline Si to meet the high efficiency targets 
3)  Absorption of all available light within a reduced absorber volume 
4) Metallization and packaging of thin Si cells into lightweight modules 
 
Existing Projects in our Thrust 

The projects in this thrust are targeting one or more of the above mentioned key problems, as 
described below and shown in figure 1.   

1) Fabrication of 50um thin crystalline Si:  Three projects – at Stanford, ASU and at UT-Austin - are 
addressing this key problem.  Stanford is looking at the ultra-thin limit (few microns) to study the 
physics of enhanced absorption using nanocones at this scale. At ASU, a sub-surface lasering 
approach is being used to create a weak layer below the Si surface while preserving crystallinity in 
the top layer.  This top layer is then peeled off from the substrate.  At University of Texas, a 
mechanical exfoliation process is being used to spall 30-50um thin Si backed by a metal that makes it 
robust and handlable.  While both these processes hold promise, there are significant challenges in 
each of them for commercialization.  As one possible new initiative, it is proposed to combine the 
complementary aspects of these two technologies to develop a scalable fabrication process for thin 
crystalline Si formation.  The lasering process can be used for crack initiation at the wafer edges and 
the spalling process can be used to propagate sub-surface cracks and peel off the crystalline Si layer 
from the top of the wafer.   

2) Passivation of thin crystalline Si:  This is a key challenge that needs to be addressed to leverage 
the potential benefit of higher efficiencies with thin Si.  ASU has a PECVD a-Si process for 
passivation of Si surface that has yielded Voc in excess of 750mV.  UT-Austin is developing remote 
plasma CVD (RPCVD) a-Si processes to complement this effort.  It is expected that further 
optimization is needed for these passivation layers to be useful on thin crystalline Si foils and on 
nano-cones and other textured surfaces.   

3) Light trapping in thin crystalline Si:  A key challenge is to absorb all the light that is incident on 
the surface in a smaller volume of Si compared to regular thick Si cells.  One of the approaches being 
evaluated in this thrust at Stanford is the fabrication of nano-cones of Si on the front surface using a 
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colloidal lithographic process followed by a reactive ion etch.  Substantial work needs to be done to 
integrate this process on thin crystalline Si foils, especially to improve the effectiveness of surface 
passivation with nanocones.  Low-cost nanoimprint lithography can be used to pattern such 
nanostructures.    

4) Metallization of thin crystalline Si cells:   Another challenge to commercialization of thin 
crystalline Si devices is the ability to effectively metallize flexible thin crystalline cells with low 
contact resistance and eliminating silver processes.  University of California, Berkeley is developing 
a Cu/Ag alloy nanoparticle based ink to that is resistant to oxidation and Gravure printing as a 
replacement for traditional Ag printed contacts in Si solar cells.  This process allows for printing on 
flexible substrates and has shown capability to print 2um features.  Further work needs to be done to 
optimize this printing on thin Si foils.   

 

Figure 1:  Overview of current projects in this thrust. 

Potential Growth of BAPVC 
Proposed additional work to accelerate development of these technologies includes: 
(a) Processes for thin Si absorber preparation, such as; 

• combining the strengths of lasering and spalling approaches to initiate spalling with the 
lasering process and control thickness uniformity of the spalled Si. 

• applying novel thin film formation methods on non-epi substrates (e.g. metal-induced-
crystallization) to thin film silicon photovoltaics.   

(b) Methods for nano-texturing on thin Si surfaces including colloidal lithography and nano-imprint.  
(c) Improved passivation of thin crystalline Si foils which are backed by a supporting substrate using 
a low temperature process.  
(d) Gravure printing on thin Si foils. 
(e) Development and sourcing of liquid precursors for silicon and metal films 
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BAPVC Annual Project Report

Project Title: High Efficiency Ultrathin Silicon Solar Cells 
PI: Yi Cui  
E-mail: yicui@stanford.edu 
 
Summary: 

The goal is generate high efficiency ultrathin silicon solar cells with understanding of their 
device physics and developing manufacturing process. The Cui group at Stanford University has 
reported progress in the production of  < 10μm monocrystalline silicon at a wafer scale with 
regular fabrication processability and experimentally demonstrated that with novel nanoscale 
photon management structures, 3μm-thick Si can absorb 58% of the above bandgap sunlight and 
7μm of 86%. They studied the balance between excellent photon absorption and efficient 
electrical collection in ultrathin monocrystalline-Si solar cells, and demonstrated >80% EQEs at 
wavelengths from 400 to 800 nm in a sub-10- μm -thick Si solar cell, resulting in 13.7% power 
conversion efficiency.  
 
Key Accomplishments:  

Ultrathin monocrystalline Si cells offer the potential of saving materials, increasing 
manufacturing throughput, and enabling easy low-weight installation.  The Cui group developed 
wafer-scale free-standing ultrathin monocrystalline Si 
fabrication with uniform thickness from 10 to sub-
2μm by KOH chemical etching (see Fig1 (a,b)). These 
ultrathin Si exhibits excellent mechanical flexibility 
and bendability, as shown in Figure.1(d,e). 
Unexpectedly, these ultrathin Si materials can be cut 
with scissors like a piece of paper, and they are robust 
during various regular fabrication processings. To 
demonstrate their processability in solar cell 
applications, the Cui group fabricated planar and 
double-sided nanotextured solar cells on these free-
standing ultrathin Si films. Furthermore, they also 
experimentally demonstrated a large light absorption 
enhancement by a double-sided surface nanotexture 
design on the free-standing ultrathin Si films. With the 
front-side nanocone array designed for broad-band 
antireflection over the entire usable solar spectrum and 
the back-side pattern designed for light trapping 
roughly in the 800−1100 nm wavelength range , light 
absorption in 3μm thick Si film is largely enhanced with a130% increase in Jsc, achieving  58% 
absorption of the above bandgap sunlight. 7μm thick Si can absorb 86% of the above bandgap 
sunlight.
     
Despite the exciting success of nanoscale texturing in light trapping, the power conversion 
efficiencies of nanostructured Si solar cells, however, remain below 19% for thick devices and 

 
Fig. 1, (a) and (b) 4-in. wafer-size ultrathin Si 
films illuminated by the white light from the 

backside. (c) SEM  image of the cross sections of 
a double- sided  patterned films.(d) A 3μm thick 
Si film was wrapped around a plastic rod  with 

diameter of 7 mm. (e) The Si film was folded and 
then pressed by the plastic  rod. The minimum 
folding radius is around 1 mm. (f) Si cutting 

process using scissors. Ref[1] 
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process using scissors. Ref[1] 
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Figure 2. Ultra-thin Si nanocone solar cell. (a) Optical  

image and SEM cross-sectional views of the 10-μm-thick 
Si solar cell. (b) Schematic illustration of the device. 

(c) EQE data of the device and a planar control. (d) J–V 
characteristics of two devices in c. Ref [2] 

below 11% for thin devices. The Cui group 
fabricated a sub-10-μm-thick Si solar cell 
with a 13.7% power conversion efficiency 
which utilizes all-back-contact design to 
overcome the critical problems of 
nanostructured devices: Auger and surface 
recombination. In general, nanostructured 
solar cells have a highly doped emitter layer 
at the front, fabricated by high-temperature 
diffusion processes. Because the diffusion 
profile of the dopants is dependent on the 
surface morphology, a nanostructured device 
tends to have a much deeper junction depth 
with a higher concentration compared with a 
planar device. It leads to severe Auger and 
surface recombination of charge carriers. 
Another problem of nanostructured Si solar 
cells is the increased surface area. 
Considering the fact that the surface recombination becomes more critical to device performance 
as the absorber becomes thinner, the increased surface area in a thin Si solar cell can lead to a 
severe decrease of efficiency. The Cui group designed devices with two main advantages: the 
all-backcontact design and the nanocones. Its all-back-contact design prevented Auger 
recombination loss near the front (see Fig.2), and its nanocone structure minimized the increase 
in surface area while enhancing the light absorption significantly. As shown in Fig. 3, it 
demonstrates over 80% EQEs at wavelengths from 400 to 800 nm. 
 
Reference:
1. S. Wang, B. Weil, Y. Li, K. X. Wang, E. Garnett, S. Fan, and Y. Cui, "Large-Area Free-Standing Ultrathin 
Single-Crystal Silicon as Processable Materials," Nano Letters 13(4393)(2013). 
2. S. Jeong, M. D. McGehee, and Y. Cui, "All-back-contact ultra-thin silicon nanocone solar cells with 13.7% 
power conversion efficiency," Nature Communications 4(2950) (2013).   

Future Work: 

Future work focuses on the push for higher efficiencies in the 10-20µm Si solar cell. This goal can be 
accomplished via two methods: 1) producing a heterstructured intrinsic thin-layer (HIT) solar cells; 2) 
good passivation with an oxide layer and careful surface preparation of ultrathin Si solar cells. The goal is 
to improve the 13.7% efficiency to 17.5%, and then further to over 20%.  3) Develop scalable and low-
cost manufacturable process to generate thin Si with low material loss. 
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BAPVC Annual Project Report 
Project Title: Heterojunction Interdigited Back Contact Solar Cell on Exfoliated ~25μm Thick 
Monocrystalline Silicon substrate
PI: Dr. Sanjay K. Banerjee   
E-mail: banerjee@ece.utexas.edu 
 
Summary:  

Interdigited back contact (IBC) cells have the advantage of zero shading loss and heterojunction 
(HJ) solar cells have the capability to achieve high quality surface passivation at low thermal 
budget. Combining these two approaches can potentially make a solar cell achieve efficiencies 
>25%. The goal of this project is to combine advantages from two different kinds approach to 
make solar cells on ~25μm thick monocrystalline substrates obtained by a low-cost kerf-less 
exfoliation method developed in UT-Austin.

Key Accomplishments: 

A baseline diffused junction interdigited back contact cell is developed on thick substrates. The 
cells so far show 29mA/cm2 current density and 575mV open circuit voltage. The external 
quantum efficiency and Suns_VOC data are shown in Figure 1(a) and 1(b). Suns_VOC data shows 
a pseudo fill factor and pseudo efficiency of 80.9% and 16% assuming ideal series resistance.  
Efforts are ongoing to exfoliate these processed cells to obtain ~25μm thick back contact cells. 
 

 
(a)                                                                            (b) 

Figure 1: (a) EQE response curve for a typical baseline diffused junction back contact solar cell 
on bulk substrate, (b) Suns_VOC  measurement for a the same back contact cell showing pseudo 
IV characteristics.  
 
Optimization work has been done for a-Si thin film deposition for creating heterojunction and 
surface passivation. Bulk substrates passivated with intrinsic a-Si on both surfaces are tested for 
lifetime using contactless photoconductance method and compared with quinhydrone/methanol 
(QHY/ME) passivation in Figure 2. Among heterojunction solar cells completed on exfoliated 
substrates highest efficiency cells obtained. The effective lifetime for a i-layer passivated for a 
2Ω-cm resistivity substrate is measured 1.6ms and implied VOC is found to be 730ms. However, 
further optimization work is needed for layer thickness and surface preparation before CVD 
deposition of i-layer in order to achieve high efficiency. The solar cells on exfoliated substrates 
utilizing this a-Si thin films show 14.9% efficiency and 580mV VOC for single heterojunction 

43

BAPVC Annual Project Report 
Project Title: Heterojunction Interdigited Back Contact Solar Cell on Exfoliated ~25μm Thick 
Monocrystalline Silicon substrate
PI: Dr. Sanjay K. Banerjee   
E-mail: banerjee@ece.utexas.edu 
 
Summary:  

Interdigited back contact (IBC) cells have the advantage of zero shading loss and heterojunction 
(HJ) solar cells have the capability to achieve high quality surface passivation at low thermal 
budget. Combining these two approaches can potentially make a solar cell achieve efficiencies 
>25%. The goal of this project is to combine advantages from two different kinds approach to 
make solar cells on ~25μm thick monocrystalline substrates obtained by a low-cost kerf-less 
exfoliation method developed in UT-Austin.

Key Accomplishments: 

A baseline diffused junction interdigited back contact cell is developed on thick substrates. The 
cells so far show 29mA/cm2 current density and 575mV open circuit voltage. The external 
quantum efficiency and Suns_VOC data are shown in Figure 1(a) and 1(b). Suns_VOC data shows 
a pseudo fill factor and pseudo efficiency of 80.9% and 16% assuming ideal series resistance.  
Efforts are ongoing to exfoliate these processed cells to obtain ~25μm thick back contact cells. 
 

 
(a)                                                                            (b) 

Figure 1: (a) EQE response curve for a typical baseline diffused junction back contact solar cell 
on bulk substrate, (b) Suns_VOC  measurement for a the same back contact cell showing pseudo 
IV characteristics.  
 
Optimization work has been done for a-Si thin film deposition for creating heterojunction and 
surface passivation. Bulk substrates passivated with intrinsic a-Si on both surfaces are tested for 
lifetime using contactless photoconductance method and compared with quinhydrone/methanol 
(QHY/ME) passivation in Figure 2. Among heterojunction solar cells completed on exfoliated 
substrates highest efficiency cells obtained. The effective lifetime for a i-layer passivated for a 
2Ω-cm resistivity substrate is measured 1.6ms and implied VOC is found to be 730ms. However, 
further optimization work is needed for layer thickness and surface preparation before CVD 
deposition of i-layer in order to achieve high efficiency. The solar cells on exfoliated substrates 
utilizing this a-Si thin films show 14.9% efficiency and 580mV VOC for single heterojunction 

43



(SHJ) and 11.2% efficiency and 662mV VOC for dual heterojunction (DHJ) solar cells. The IV 
characteristics is shown in figure 3.  

 

 
 
Figure 2: Effective lifetime Vs Injection level plot of substrates passivated with QHY/ME and i-
layer. 
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Figure 3: Current density Vs Voltage characteristics for SHJ and DHJ cells measured under 
AM1.5 1 sun illumination.

Future Work: 

Demonstrate functional IBC cell with diffused junction on exfoliated substrate demonstrating 
10% or greater efficiency. Establish baseline process flow for IBC-HJ cell showing 12% or 
greater efficiency.   
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Future Work: 

Demonstrate functional IBC cell with diffused junction on exfoliated substrate demonstrating 
10% or greater efficiency. Establish baseline process flow for IBC-HJ cell showing 12% or 
greater efficiency.   
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BAPVC Annual Project Report 

Project Title: Laser Wafering
PI: Stuart Bowden   
E-mail: sgbowden@asu.edu  

 
Summary:  

We examine a new process whereby silicon wafers at the optimum thickness of 20-90 µm are 
directly cut from an ingot of silicon using sub surface laser cutting. A laser with a wavelength of 
1.5-2.5 µm ablates a series of etch pits up to several centimeters below the surface of the silicon 
block. By creating multiple layers of etch pits in the sub surface of a silicon block, the entire 
block can be divided into individual wafers. Critically, the wafers have the same minority carrier 
lifetime as the starting ingot.  

A parallel project determines the performance of solar cells that can be fabricated from thin 
wafers. We demonstrate the ability to passivate silicon wafers with a very low surface 
recombination of 2 cm/s and achieve high open circuit voltages of 753 mV.   

Key Accomplishments:  

Over the last year we have been using the laser installed at the bio-science building at ASU.  The 
system consists of a 120 fs pumped OPA system. The output wavelength is fixed at 1200 nm 
with a 2400 nm parasitic. We have been using this system to develop the process while we are 
waiting for delivery and installation of our laser system. 
 
The focusing of the laser is achieved using a 0.28 numerical aperture objective. A silicon wafer 
is normally transparent at the 1200 nm wavelength used but at high fluence the laser light is 
actually absorbed so that a pit should be created below the surface. As shown in Figure 1 below 
the size of the abalation is around 100 µm. At this stage the focus of the bio-sience laser below 
the surface has not produced a definitive ablation plane. 
 

5X magnification 10X magnification 20X magnification

6

7

200 um 100 um 50 um

Figure 1: Laser ablation achieved using a 1200 nm laser in silicon.

 
A dedicated laser for the project has been purchased and is presently installed. The new laser 
allows for ablation at a range of wavelengths 680 – 2900 nm. A series of experiments is 
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presently underway to characterize the ablation from the new laser as a function of fluence and 
wavelength. 
 
The second task in the project is to explore the manufacture of solar cells on the substrates once 
they are created. A key challenge for very thin substrates is that the recombination at the surfaces 
dominates and passivating the surface defects is critical for the creation of high performance 
devices. The plot in Figure 2 shows the cells open circuit voltage as a function of cell thickness. 
The results demonstrate the high level of surface passivation that has been achieved for our 
devices. Without adequate levels of surface passivation the cell VOC would drop as the wafer gets 
thinner. In our case the surface recombination is below 2 cm/s and the VOC is a maximum for the 
thinnest wafers. We have achieved a record VOC of 752 mV on a 44 µm thick wafer. 

 
Figure 2: Effective Lifetime and cell open circuit voltage. 

Future Work: 

The work for the next year will cover the use of our laser to better understand the subsurface 
generation damage mechanism. The work will then proceed to generate a sub-surface damage 
array of etch pits. Finally the design subsurface damage array system and layer etch process will 
be conducted. 
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BAPVC Annual Project Report

PI: Maikel van Hest & Jeremy Fields  
E-mail: maikel.van.hest@nrel.gov & jeremy.fields@nrel.gov  
Project Title: Novel interconnects 
 
Summary: 

The goal of novel interconnects is to develop a means to monolithically interconnect cells in PV 
modules in a single pass, after deposition of all layers, with reduced dead zone area. During year 
one dielectric inks and scribing capabilities for printed interconnects in CIGS solar cells were 
developed. Best results were obtained using PVP (dielectric) with laser and mechanical scribing. 
  
Key Accomplishments:  

A dielectric structure in the interconnect architecture serves to electronically isolate the top and 
bottom electrodes in the P1 scribe, as shown in Fig. 1 (a).  Temperature constraints led to 
selection of poly(4-vinyl phenol) (PVP) as the dielectric material.  With poly(melamine-co-
formaldehyde) (PMF) added as a cross-linker, and an ink composition of 6 wt. % PVP/PMF in 
hexanol, PVP/PMF weight ratio of 5:1, the ink prints very well.  Moreover, the material cures at 
just 150 °C – important because most solar cell materials degrade upon exposure to 200 °C or 
higher.  For metallization various silver and nickel inks have been used.  Laser-scribing via 
pulsed YAG at 1064 nm makes the P1 scribe through a full CIGS solar cell stack.  However, 
when full stack scribing in this fashion, metal the bottom electrode can re-deposit onto scribe 
sidewalls and create short-circuit pathways under non-optimal conditions.  Ongoing efforts aim 
to resolve this issue.  The P2 and P3 scribes are made mechanically with a tungsten-carbide tip. 
Although line-widths as low as 25 µm are possible, for initial demonstrations more course 
features have been made (Fig. 1 (b)). Interconnects with widths on order 500 µm demonstrate 
good voltage addition without minimal current loss or degradation of fill factor (Fig. 1 (c)).   
 

        
 (a)             (b)    (c) 
Figure 1: (a) Conventional (top) and printed interconnect (bottom) architecture, (b) a printed interconnect on a CIGS module 
with PVP dielectric and Ag metal, and (c) J-V traces showing voltage addition from 4 cells with printed interconnects. 

Future Work: 

Ongoing work aims to resolve the full-stack scribing problem, and to reduce the metallization 
printing temperature to achieve optimal electrical performance using more cost effective and 
practical inks.  When these items have been addressed, then attention will shift to reducing the 
interconnect width (to < 100 µm) by integrating printing & scribing hardware.  Ideally, these 
activities will involve support from at least one industry partner. 

 

P1 

P2 

P3 
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Project Title: Solution-based crystalline silicon absorbers
 

Summary: 

The goal of the solution silicon project is to develop a process to synthesize crystalline silicon 
absorber materials from ink based precursors.  This year, routes were identified to synthesize 
crystalline silicon inks and initial experiments were performed.  Films were made from inks 
consisting of organic polysilane chemicals and silicon nanoparticles with organic ligands. 

Key Accomplishments:

Most researchers in this field employ either silicon nanoparticles  [1–4] or polysilane materials 
 [5–10] as a silicon precursor, and thermal processing to induce densification either by sintering 
or a decomposition/cross-linking reaction for nanocrystal and polysilane inks, respectively.  Key 
is to activate densification at low temperature relative to the c-Si melting temperature (Tm = 1414 
°C).  Here nanoparticle inks benefit from high surface energy [11].  Alternatively, polysilane 
materials (polymers with silicon back-bone, organic or inorganic side-groups) can be processed 
into silicon films at relatively low temperatures.  Efforts have focussed on both routes.  Dense 
crystalline materials were made from nanocrystal inks (Figure 2 – left).  However, as organic 
ligands added to allow nanocrystal solubility burn-off during sintering, the ensuing volume 
reduction causes film cracking.  On the other hand, poly(methylphenylsilane) was found to yield 
relatively good film uniformity (Fig. 2 – middle).  However, high levels of residual carbon 
contamination in these materials, as well as in films cast from nanocrystal inks, evidenced by Si–
C bond absorption in FTIR analysis (Fig. 2 – right), discourage further work in these directions.  
Rather, employing inorganic polysilanes as a means to make carbon-free films directly, and/or to 
enable carbon free, solution stable, silicon nanoparticle inks, seems a more promising prospect. 
 

   
Figure 2: SEM images of silicon materials made from a silicon nanocrystal ink (left) and poly(methylphenylsilane) (middle), at 
1200 °C and 900°C, respectively.  FTIR analysis of the silicon nanocrystal ink film (right) shows appreciable silicon-oxygen 
(1000 – 1200 cm-1) and silicon-carbon (900 cm-1) bonding in the film after annealing.  Loss of absorption at 2800 – 3000 cm-1 
after annealing indicates near complete hydrocarbon burn-off. 

Future work:

Preparations with NREL EH&S personnel are in progress to allow experiments with 
isotetrasilane – a commercially available inorganic polysilane.  In addition, agreements are being 
made with an external collaborator that will allow us to begin experiments with cyclohexasilane.  
Both of these precursors have the potential to elevate the technology readiness level of silicon 
inks as a viable means for solution based crystalline silicon photovoltaics.  Furthermore, findings 
of this work will be readily publishable and of high impact.  An industry collaborator is sought to 
provide inorganic polysilanes for necessary experiments without the need to use an external 
collaborator, and at a more manageable cost, as scarce supply makes them capital intensive. 
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BAPVC Annual Project Report

Project Title: Materials and Processes for High-Resolution Printed Bus Bars
PI: Vivek Subramanian  
E-mail: viveks@eecs.berkeley.edu 

Summary:  

In this project, researchers are developing materials and processes for high-resolution bus bars 
through a combination of development of high-resolution gravure printing and development of 
advanced nanoparticle conductor inks.  In the last year, substantial progress has been made on 
improving the resolution of gravure printing.  Sub-5µm features have been realized, printed at 
printing speeds of ~1m/s.  Additionally, novel copper/silver alloy nanoparticles have been 
realized that deliver good conductivity, low silver content, and significant resistance to 
oxidation; these are promising as a replacement for silver flake currently used in PV applications 
 
Key Accomplishments:  

In the area of high-resolution printing, significant progress has been made.  Sub-5µm features 
have been realized using a custom gravure printing tool.  Features sizes as small as 2µm have 
been realized with good line edge roughness and pattern fidelity, while maintaining high printing 
speeds of ~1m/s, as shown in figure 1.  Good conductivity has been obtained using commercial 
nanoparticle inks.  A detailed physical model of gravure printing has been developed, and this 
has been used to drive optimization and improvement in gravure printing.  The process includes 
detailed fluid mechanical studies on the filling of gravure cells during inking, wiping of excess 
ink, transfer of ink, and the drying of the resulting pattern. 
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Figure 1: (left) schematic representation of overall gravure process, and (right) printed lines 
showing scalability below 5µm.
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In the area of realization of low-cost conductor inks, an initial ink family has been developed that 
combines copper and silver to realize printed alloy thin films.  Even at <20% silver content, the 
film shows excellent resistance to oxidation, and delivers good conductivity.  The oxidative 
stability is apparent in figure 2  The low silver content is expected to be critical to delivering low 
cost for the ink.  Cost modeling of the overall process is underway. 

+ + +
60 °C

Toluene

Copper

Silver

96% Cu 92% Cu 84% Cu 68% CuSynthetic ratio:  
Figure 2: (top) synthetic process, (left) typical allow nanoparticle, and (right) illustrative 
oxidative resistance of inks as a function of silver content. 

Future Work: 

In the future, researchers will investigate impact of surface topology and rigid substrates on 
gravure printability.  In the area of inks, the Cu/Ag inks will be optimized and used to 
demonstrate printed conductor patterns. 
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Thrust: Thin Film PV

Grand Challenges and Key Problems

Thin Film PV technologies have established themselves in commercial markets as a viable alternative to 
the dominant incumbent silicon-based PV products in some applications. As the global market continues 
to expand the competitiveness of thin film solutions faces four significant Grand Challenges in order to 
achieve widespread market acceptance and adoption: (1) increasing efficiency of modules (particularly 
decreasing the gap between lab scale champion cells and production modules), (2) reducing direct 
materials costs, (3) reducing capital intensity of manufacturing, and (4) design and validation for long-
term field reliability. Thin film commercial competiveness with silicon is based on a favorable tradeoff 
between its lower direct materials cost but higher manufacturing capital intensity. This tradeoff tips in 
favor of thin film PV only when low-cost capital is available, so less capital intensive manufacturing is 
key to competitiveness. The single greatest problem confronting those seeking to introduce new thin 
film technologies into the market is to rapidly establish long-term reliability in order to address the 
legitimate sustainability concerns of both investors and customers.  

Existing Projects in our Thrust 

• Bandgap Grading in CZTSSe Solar Cells and SnS, Bruce Clemens and Stacey Bent (Stanford). 
This project seeks to reduce the cost of thin film materials by developing CZTSSe and SnS 
alternative absorber materials to CIGSe and CdTe.  

• Fundamental Modeling of Chalcopyrite Solar Cells, Scott Dunham (UW). This project seeks to 
understand the native point defects and defect clusters in CIGSe and CZTSSe materials and the 
role that kinetics and processing play in their formation and may address the challenges of 
efficiency and reliability. 

• Laser Processing of CdTe Solar Cells, Chris Ferekides and Mike Scarpulla (USF/Utah). This 
project seeks to develop laser-based techniques to enhance crystallization, reduce defects, and 
improve the contacts of CdTe devices. It has the potential to addresses the challenge of reducing 
the capital intensity of manufacturing by providing low-temperature high-throughput 
alternatives to existing CdTe processing steps. 

• Advanced Evaporation Source Design, Greg Hanket (IEC). This project is focused on 
developing a better nozzle for co-evaporation of CIGSe which will allow high throughput 
processing and high efficiency modules.     

• Development of Multicolor Lock-in PL Methods, Hugh Hillhouse (UW). This project is focused 
on developing new photoluminescence methods suitable for in-line characterization of PV 
materials during manufacturing. It addresses the challenges of increasing module efficiency and 
module reliability by enabling better process control and production on on-spec material. 

• Identifying Problem Areas in CIGSe and CdTe Based PV Devices, Mark Lonergan (UO). This 
project if focused on capacitance-based characterization of defects in CIGSe and CdTe. It has 
the potential to address both the efficiency and reliability challenges. 

• In Situ Characterization of Grain Growth in Thin Film Semiconductors, Delia Milliron and Paul 
Alivisatos (UT/LBNL). This project seeks to understand the grain growth in chalcogenide 
semiconductor films starting from nanocrystalline precursors. It has potential to address the 
challenge of reducing capital costs of manufacturing by allowing solution processing routes to 
high quality absorber layers.  

• Advanced Materials Characterization, Mike Toney and Alberto Salleo (SLAC/Stanford). This 
project is developing advanced methods to characterize sub-bandgap absorption and absorber 
heterogeneity. It addresses the challenges of increasing efficiency and of reliability. 
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• Non-Equilibrium Processing of CdTe Absorbers, Colin Wolden (CSM). This project is focused 
on understanding the kinetics of processing CdTe. It has the potential to addresses the challenge 
of increasing module efficiency. 

• Applying Cation-Exchange Chemistry to Nanowire Array PV, Peidong Yang (Berkeley). This 
project is focused on developing copper sulfide nanowire PV. It may address the challenges of 
cost of materials since there is no indium or tellurium. 

Potential Growth of BAPVC 
Analysis of how effectively the projects address the grand challenges articulated above and reviews 
from the industrial partners have identified the following areas as important areas for expansion of 
consortium capabilities to leverage the value generated by the existing investigators’ work, and to 
address risk issues critical to the consortium’s industry adoption goal:  

• Theory and Modeling. Current theory and modeling components of the thin film thrust area do 
not provide adequate collaborative device-modeling resources which in coordination with 
materials and device characterization will inform and guide the predominant materials and 
device architecture orientation of this thrust’s current research. 

• Materials Chemistry of absorbers. Currently, there is little focus on the basic materials 
chemistry of absorbers. Understanding defects and grain growth and their role is metastability, 
composition, morphology and heterogeneities present intra-grain and at interfaces and grain 
boundaries is critical to advancing device design and performance. 

• Thin Film Device Architecture. Currently, there is little effort in the thrust to develop optimal 
(optimized both in cost and efficiency potential) heterojunctions, interfaces, transparent 
conducting layers, ohmic contacts, and interconnects. Efforts are also needed to explore means 
of de-coupling processes, e.g. separating of the "activation" of the absorber layer from 
intermixing at the CdS/CdTe interface which currently occur simultaneously during the CdCl2 
treatment.  Advances on this front are crucial for both existing thin devices and the newer 
absorber materials being explored.  

• Device and Materials Stability. Collaborative research is needed to proactively test innovative 
device and materials stability under operating conditions (temperature and bias) in order to 
screen for commercial viability.  

• Device Reliability. Evaluation of packaged device reliability under combined thermo-
mechanical, electro-chemical, and photo-chemical stresses in combination with commercial or 
BAPVC-developed encapsulants is needed to quickly identify interface adhesion issues and 
screen for commercial viability.  

• Low Capital Cost Manufacturing. An expanded focus on developing new low capital cost 
processing routes to CdTe and CIGSe would help thin film technologies compete with 
crystalline silicon. 
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BAPVC Annual Project Report 

 

Band Gap Grading in Cu2Zn(Sn,Ge)(S,Se)4 Solar Cells 

Bruce Clemens 

bmc@stanford.edu 

 

Summary:   

CZT(S,Se) and CZ(T,G)Se films were fabricated from metallic precursors and characterized.  

For the former material, electronic properties of solar cells were measured to determine the nature of 

the defects present and current limitations in the films.  For the latter material, the material properties 

of films with varying compositions were measured, in particular unit cell dimensions and transmittance 

spectra. 

 

Key Accomplishments:  

CZTSSe solar cells with efficiencies between 1% to 2% have been fabricated. The solar cells 

have relatively good open circuit voltages (Voc) between 0.5 V to 0.6 V but suffer from low short 

circuit currents (Jsc) and low fill factors. This is primarily due to high series resistance in the device. 

Efforts are directed towards investigating the cause for high series resistance. 

To get a better idea of the intrinsic point defects in CZTSSe, admittance spectroscopy (low 

temperature capacitance-frequency) measurements were performed. A point defect transition level of 

0.19 eV above the CZTSSe valence band was deduced from the activation energy of inflection 

frequencies of admittance spectra (Figure 1) as a function of temperature. This is the major point defect 

contributing to p-type conductivity in CZTSSe. This relatively deep defect transition level results in 

carrier freeze-out at lower temperatures (< 250K), which is a distinguishing feature of CZTSSe as 

compared to CIGS. Considering theoretical point defect formation energies and transition levels, the 

closest match between this experimentally measured defect and theory is the CuZn antisite defect. 

The depletion width in a CZTSSe solar cell was determined through capacitance-voltage (C-V) 

measurements (Figure 2) and was found to be around 83 nm. This represents a small fraction of the 

total absorber layer thickness, and highlights an opportunity to enhance carrier collection throughout 

the entire absorber by grading the bandgap in CZTSSe. 

Various films with varying Ge/(Ge+Sn) ratios were fabricated from precursors of Cu, Zn, Sn, 

and Ge co-sputtered on soda lime glass, which were then selenized in a rapid thermal annealing furnace 

using Se powder.  This was to explore what happens to the kesterite structure with different amounts of 

substitution of Ge on Sn sites.  First it was necessary to make sure that CZ(T,G)Se films were miscible 

for any composition, and the XRD data in Figure 3 show that the lattice parameters of the resulting 

cells are fairly linear with composition, indicating that Ge is consistently incorporated into the lattice. 

Next the group hoped to demonstrate that the measured band gap also varied linearly with 

composition and was thus tunable. They expected to find that the band gap for pure CZTSe to be about 

1.0 eV, for pure CZGSe to be 1.5 eV, and for mixed compositions to be somewhere between.  

Preliminary data show that this is indeed the case, as shown in  Figure 4; as the Ge content increases, 

the cutoff wavelength for absorption decreases, indicating an increasing band gap. 
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Future Work:

In the future the group hopes to get cleaner transmission data for band gap tuning, and better 

indicators of phase miscibility.  It is also critical to get thin films with better morphology; the current 

ones involved in these results have very small grains and voids, which should be avoided.  Once these 

hurdles are overcome, the graded films will be regrown on Mo-coated soda lime glass substrates, and 

made into solar cells.  Comprehensive work will be performed to further optimize these solar cells to 

achieve higher efficiencies, in particular to avoid defects when possible. 

 
Figure 1. Admittance spectra of a CZTSSe solar cell as a function of frequency and temperature at 0 V 

DC bias. Defect transition level of 0.19 eV was deduced from the activation energy of inflection 

frequencies as a function of temperature. 

 
Figure 2. Mott-Schottky plot obtained from capacitance-voltage (C-V) measurements of a CZTSSe 

solar cell. 
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Figure 3: Lattice parameters for CZ(T,G)Se films of varying Ge/Sn composition. Parameter values in 

angstroms. Standard values for CZTSe and CZGSe from International Centre for Diffraction Data. 

 
Figure 4: Transmitted intensity for thin films of CZ(T,G)Se with varying Ge content. Dashed lines 

indicate the cutoff wavelength for absorption. 
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BAPVC Annual Project Report

Project Title: SnS based photovoltaics
PI: Stacey F. Bent 
E-mail: sbent@stanford.edu  
 
Summary:  

Phase-pure polycrystalline and epitaxial SnS thin films with good optical and electrical 
properties were deposited by vapor transport deposition. SnS solar cell devices were produced 
with a variety of buffer layers and transparent conductors. The choice of materials and deposition 
conditions were shown to significantly affect device performance. 
 
Key Accomplishments:  

The group built a reactor to deposit phase-pure SnS by vapor transport deposition, a proven low-
cost manufacturing method for CdTe-based solar cells. Both epitaxial and polycrystalline films 
were demonstrated. Electrical and optical properties, including mobility, bandgap, refractive 
index and absorption, were measured (see Figure 1). Epitaxially grown films demonstrated high 
mobility (385 cm 2V-1s-1) compared to polycrystalline films. The absorption coefficient 
measured is also high (~105 cm-1) above the SnS bandgap (1.0 eV). 
 

 
Figure 1. Refractive index and absorption coefficient derived from ellipsometry measurements. 
 
Polycrystalline SnS solar cell devices were produced with efficiencies ranging from 0.5 to 1% 
efficiency. A variety of transparent conductors and buffer layers along with their deposition 
methods were studied (see Table I). Of all the material combinations, the highest efficiency 
device consisted of SnS/CdS/ZnO/ITO.  
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Table I. Summary of transparent conductors and buffer layers used for SnS solar cells. 
Material Purpose Deposition method Result

ZnO Buffer Sputter deposition 
• Open-circuit voltages of 300 mV, but low 

short-circuit current 
• Possible sputter damage on SnS 

ZnO Buffer Atomic layer 
deposition • No rectification behavior, device shunted 

Zn(O,S) Buffer Chemical bath 
deposition 

• Low open-circuit voltage, low short-circuit 
current 

CdS Buffer Chemical bath 
deposition 

• Highest short-circuit current achieved of all 
devices, but low open-circuit voltage of 
200 mV 

AgNWs Transparent 
conductor Stamping • No rectification behavior, device shunted 

AgNWs Transparent 
conductor Spray coating • No rectification behavior, device shunted 

AZO Transparent 
conductor Sputter deposition • High shunting and series resistance 

ITO Transparent 
conductor Sputter deposition • Best performance 

  
Future Work: 

Going forward, impedance spectroscopy will be applied to elucidate why certain materials and 
deposition conditions outperform others, and in particular why chemical bath-deposited CdS 
outperforms Zn(O,S) as a buffer layer. The electrical properties at grain boundaries in 
polycrystalline SnS deposited with and without Na in the substrate will also be investigated. 
Ultimately such findings will be applied to produce solar cell devices from higher-quality, 
epitaxially-grown films. Metrics to evaluate progress in the next year include increasing open-
circuit voltage beyond 500 mV and efficiency above 5%.
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BAPVC Annual Project Report
Project Title:  Advanced Materials Characterization
PI:  Mike Toney & Alberto Salleo  
E-mail:  mftoney@slac.stanford.edu, asalleo@stanford.edu 
 
Summary: 

The Toney Group at SSRL characterizes photovoltaic materials with X-ray techniques. A 
method of determining whether CZTSe is in the kesterite and stannite phase utilizing resonant 
diffraction has been developed and CZTSe films (NREL, Utah, DuPont (future)) have been 
characterized to determine the phase distribution and level of homogeneity and correlate these 
properties with their PV performance.  The work of the Salleo group within BAPVC focuses on 
using sensitive sub-gap measurements to characterize optical absorption and defects in 
photovoltaic materials and entire PV stacks. 
 
Key Accomplishments:  

The kesterite and stannite phase are 
indistinguishable by standard XRD measurements 
because the two phases are distinguished by the 
placement of the zinc and copper atoms within the 
lattice structure.  The distinction between these two 
phases is important, as their PV properties are 
dramatically different. Modeling has been done to 
show that using resonant diffraction the ordering of 
the copper and zinc atoms can be distinguished 
(Figure 1). This modeling has been verified to be 
able to distinguish between the two phases of 
CZTSe in measurements done at SSRL. 
 
By combining the Transmission X-ray Microscope 
(30 nm resolution) ability to probe a material with 
element specificity and ability to image this 
information in a 2-D or 3-D manor it is possible to 
understand the distribution of the component 
elements with in a material and to extract out from 
this the distribution of the materials.   This 
technique has been demonstrated (Figure 2) and in 
this case the lack of homogeneity may explain the 
samples poor performance. 
 
True absorption (i.e. excluding scattering) above gap was done using photothermal deflection 
spectroscopy (PDS) in thin and thick layers.  PDS was used to measure the absorption of a thin 
(320 nm) unpatterned Si membrane and compare it to the patterned Si membrane produced by 
the Atwater group.  The results demonstrate that the pattern designed produces a 200X 
broadband enhancement, well above the Yablonovitch limit (~50X).   

Figure 2:  TXM tomography image of a CZTSe 
sample delineated by element with copper shown in 
red, tin shown in green, zinc shown in blue and 
selenium shown in gray.   
 

Figure 1: CZTSe resonant diffraction data (blue), 
model of stannite resonant diffraction (green), 
model of kesterite resonant diffraction (red). 
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The Scarpulla group is developing a laser-based technique to anneal CdTe defects using high-
power Nd:YAG radiation.  Using PDS the sub-gap of CdTe films laser-annealed in different 
conditions has been characterize. Compared to the unannealed reference signal, a reduction in 
subgap absorption around 1.2 eV was observed in all the annealed films. These preliminary 
results however were inconclusive due to a strong absorption between 0.5 and 1 eV probably due 
to the FTO underlayer. The experiments will be repeated without the FTO layer. 

 
3Sun operates an a-Si:H/micromorph tandem facility and is testing different deposition 
conditions for the a-Si:H.  
Measurements of a-Si:H cells 
with different thicknesses and 
recipes  were done using FTPS to 
determine whether the increase in 
hydrogen content affects the 
amounts and distribution of sub-
gap defects in the stack. Looking 
at the data in a semi-log scale 
reveals that the sub-gap signal 
does not depend on the hydrogen 
content (Figure 3).  

 

Future Work: 

The resonant diffraction work described here for CZTSe has been demonstrated to work and 
moving forward the goal is for additional members of the Bay Area Photovoltaic Consortium to 
be able to utilize these techniques on CZTSe films.  It is also believed that both other BAPVC 
members with CZTS and other materials could benefit from TXM characterization and moving 
forward this will be demonstrated. This will include the silver silicon interface of DuPont’s silver 
paste with the solar cell.   CIGSe will also benefit form this technique.  Work is also being done 
to developed in-situ diffraction annealing chambers capable of supporting a selenium rich 
environment for materials such as CZTSe and CIGSe.  Future work will be done on 3Sun a-Si:H 
cells to discover the origin of the sub-gap states. 

Figure 3: EQE of 4 3SUN cells showing that thicker cells generate more 
current (left). Sub-bandgap EQE of all cells showing that the shape of the 
defect DOS is independent of hydrogen content in the plasma (right). 
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BAPVC Annual Project Report

Project Title: Advanced Evaporation Source Design
PI: Gregory M. Hanket   
E-mail: hanket@udel.edu 

Summary:  

A pilot-scale evaporation source prototype incorporating an in-situ nozzle heater and concentric 
In-Ga crucibles has been designed, fabricated, installed, and operated.  The nozzle heater 
exhibits the required power dissipation equivalent to 1500ºC blackbody radiation to compensate 
for nozzle heat losses, and a mixed Ga-In vapor has been generated to deposit an In-Ga film on 
Mo/soda-lime glass substrates.  These achievements meet the Year One milestones. 

Key Accomplishments:  

Figure 1 shows the prototype evaporation source as installed in the vacuum system.  The body of 
the source is heated by a large graphite cylindrical serpentine heater, while the nozzle is heated 
by a wound tantalum filament on a boron nitride support form inserted into the nozzle of the 
graphite source.  Later generations of the nozzle heater are anticipated to utilize a miniaturized 
version of the graphite body heater to improve longevity. 
 
Two milestones were specified for year 1: 
 

1) Operation of the nozzle heater at power equivalent to blackbody radiation at 1500 ºC, the 
anticipated operating temperature of the Cu source, and 

2) Generation of a mixed Ga-In vapor. 
 
Figure 2 documents the maximum power generated by the nozzle heater – 865 W at 32V/27A.  
This meets the requirement of 874 W for a 4.46cm diameter blackbody disk radiating at 1500 ºC.  
The electrical power output is presently voltage-limited by the power supply, so the Ta filament 
diameter will be increased from 0.040 in to 0.050 in to reduce operating voltage and enable 
operation at ~1200W. 
 
Figure 3 shows a scanning electron micrograph of a Ga-In film deposited over 60 minutes at an 
estimated source temperature of 1200 ºC.  The mass of indium evaporated from the source over 
~2.5 hours at temperature was 4.5g, measured by the utilization of a removable pBN liner within 
the In crucible.  The film thickness indicated by gravimetric mass gain was 10 µm.  The 
composition measured by energy dispersive spectroscopy is 55% Ga, 45% In, while that 
measured by x-ray fluorescence is 75% In/25% Ga.  These composition measurements indicate 
that the film is not homogeneous and that Ga has segregated to the film surface.   This is not 
surprising given that the film was likely in a molten state due to heating from the source, and that 
segregation could occur during cooldown/solidification.  In the future, film thicknesses < 1µm 
will be deposited to more closely approximate the thicknesses required in Cu(InGa)Se2 device 
fabrication. 
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Figure 1.  Photograph of installed source with insulation removed.  Cylindrical main body heater 
and leads to nozzle heater(underneath) are visible. 
 

 
Figure 2.  Photograph of 865W achieved by the nozzle heater, meeting the 874W milestone 
requirement. 

Figure 3.  Micrograph of 10µm-thick Ga-In film deposited on Mo/soda-lime glass. 

Future Work: 

In the coming year, the source performance will be more thoroughly characterized for simulated 
operating stability over long deposition runs, and source design and operating parameters will be 
refined to achieve spit-free Cu evaporation of 15 g/hr.  Internal rate restricting orifice dimensions 
will be determined to achieve Ga/(In+Ga) ∼ 0.5 vapor composition.  Additional minor design 
issues have been identified related to the high current assembly and will be addressed.  Improved 
process instrumentation also will be implemented to characterize source operating stability and 
power consumption. 
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BAPVC Annual Project Report

Project Title: Development of Multicolor Lock-in Photoluminescence Methods for In-Situ 
Process Monitoring and Ex-Situ Mapping of Solar Cell Absorber and Interface Quality 
PI: Hugh W. Hillhouse   
E-mail: h2@uw.edu 
 
Summary:

The focus of the project is to develop a new photoluminescence technique to interrogate surfaces 
and buried interfaces that is robust in a manufacturing environment and will generate easily 
interpretable output so that it can be correlated to product quality or even integrated into a 
process control scheme. The first step is to build a prototype of the instrument, and we are about 
80% of the way to a fully functional prototype. We have demonstrated the excitation wavelength 
dependence in samples thus far in steady state mode (not lock-in mode). 

Key Accomplishments:  

The schematic of the full instrument set-up is shown in Figure 1. We are setting-up the 
instrument in segments and have thus far demonstrated the correct modulation of the laser 
pulses.  

 
Figure 1. Initial schematic of a standalone modulated Multicolor Lock-in PL instrument that is 
robust to drift, fouling, and noise. The optical path from the exit of the last electro-optical 
modulator to the sample to the detector may be fiber coupled to avoid alignment issues. 
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In addition, we have demonstrated the effect of excitation wavelength on several samples in 
steady-state mode. Preliminary results showing the ratio of the photoluminescence spectral yield 
at 532 nm excitation to 785 excitation show an emission-energy independent ratio of 0.3 (see 
Figure 2). 

 
Figure 2. Ratio of the photoluminescence spectral yield (PLSY) of a p-GaAs sample at 532 nm 
excitation over the PLSY at 785 nm excitation. Note: PLSY is the spectrally resolved PL 
quantum yield per unit emission bandwidth. This shows that that surface is not passivated well. 
The noise at high and low energy is due to the loss of PL intensity.  

Future Work:

Our next steps are to finish calibration of the individual components of the instrument and 
demonstrate data similar to Figure 2 in lock-in mode. We will then use the instrument to 
demonstrate its ability to detect and quantify surface quality and the quality of buried interfaces 
for CdTe and CIGSe. 
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BAPVC Annual Project Report 

Project Title: Fundamental Modeling of Chalcopyrite Solar Cells 
PI:  Scott Dunham, University of Washington, Seattle 
E-mail: dunham@ee.washington.edu

Summary:

This project deals with theoretical modeling and calculation of defect properties in CIGS and CZTS absorber 
materials. The concentrations of dominant defects are calculated based on ab initio and stoichiometric input data, 
allowing for a prediction of recombination processes which lower the cell efficiency. Calculation of defect 
concentrations together with calculated diffusion barrier heights leads to estimation of diffusivities. The long term 
goal is predictive models for defect evolution, impurity kinetics and phase transformation in these materials.

Key Accomplishments:  

A main challenge for the efficient application of thin film solar cells based on CIGS (Cu2InxGa1-xSe4) and CZTSSe 
(Cu2ZnSnSxSe1-x) is gaining a more fundamental understanding of the complex intrinsic defect behavior. A central 
part of this project deals with the calculation of concentrations of intrinsic lattice defects at given CZTS and CIGS 
stoichiometries. A method was developed that makes use of defect formation energies from ab initio calculations 
combined with mass action relations between the defects to enable calculation of concentrations of defects in all 
accessible charge states under a given set of stoichiometric constraints and processing temperature. Fig. 1(a) shows 
an example of calculated defect concentrations in the Cu-poor and Zn-rich stoichiometry range in CZTS, which is 
experimentally known to lead to cell efficiencies of 5-8%. The dominant defects at these compositions turn out to be 
the charge compensated complexes VCu+ZnCu and ZnSn+2ZnCu, as well as CuZn antisites and Cu vacancies (VCu),
both in neutral and negative charge states. 

With the knowledge of defect concentrations at different charge states, the application of Shockley-Read-Hall theory 
allows for the calculation of recombination rates for each possible ionization process having a transition energy in 
the band gap. For system in Fig. 1(a) for example, the CuZn[-/0] process is predicted to have the highest impact on 
the total recombination rate. This is due to the high concentration of CuZn compared to all other defects having 
ionization levels in the band gap, even though the CuZn[-/0] level is rather shallow. For CZTSSe, these predictions 
are compared to combinatorial experiments from the Hillhouse group. 

Fig. 1.  (a) Concentrations of dominant defects in CZTS at Cu-poor [Cu/(Zn+Sn)=0.9] and Zn-rich conditions, a 
anion/cation ratio S/(Cu+Zn+Sn)=1.03, and at T=900 K. (b) Diffusivities of Cu into nearest cation Cu vacancies in 
CZTS as a function of temperature and stoichiometry 
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ionization levels in the band gap, even though the CuZn[-/0] level is rather shallow. For CZTSSe, these predictions 
are compared to combinatorial experiments from the Hillhouse group. 

Fig. 1.  (a) Concentrations of dominant defects in CZTS at Cu-poor [Cu/(Zn+Sn)=0.9] and Zn-rich conditions, a 
anion/cation ratio S/(Cu+Zn+Sn)=1.03, and at T=900 K. (b) Diffusivities of Cu into nearest cation Cu vacancies in 
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The knowledge of barrier heights and vacancy concentrations, calculated as described above, allows for the 
determination of the diffusivities of atomic components at a given temperature and stoichiometry (see Fig. 1(b)). 
The calculation of energy barriers with density functional theory and the nudged elastic band method leads to the 
result, that Cu diffusion into Cu vacancies via nearest cation neighbor hopping has the highest rate and controls the 
diffusion process. 

A central goal of this project is to study the influence of temperature and entropy on the stability of CIGS and 
CZTS, and the possibility of separation into competitive phases by performing Kinetic Lattice Monte Carlo 
simulations. For this purpose, a catalog of energies and diffusion barrier heights has to be provided based on ab 
initio calculations. In CIS and CIGS, the complex composed of 2 copper vacancies and one indium on copper 
antisite, having a lower formation energy than the individual components, is believed to play an important role in 
defect behavior and the existence of ordered defect phases (e.g. CuIn3Se5 or CuIn5Se8). This has a direct influence 
on band gap variation and cell efficiency. To gain insight into the characteristics of this defect, the formation 
energies of 2VCu+InCu (or GaCu) configurations in CIGS, which differ by the relative distance and position of the 
three constituents to each other, have been calculated with ab initio methods and compared (see Fig. 2 on the left). It 
can be seen, that the defect with the InCu being in a symmetry center of the two vacancies [(b)] has the lowest 
formation energy due to optimal charge compensation. In general, configurations in which the two negatively 
charged vacancies are close to each other without a positively charged InCu in between, are less favorable. In contrast 
to previous reports, we find little difference between the formation and binding energies of these complexes between 
CIS and CGS. Migration of Cu atoms into the vacancies of the defect complex is also considered (see Fig. 2 on the 
right). Since processes like these always create and fill a Cu vacancy, they only change the configuration of the 
defect complex. It is seen that the migration barrier height, calculated with density functional theory and the nudged 
elastic band method, depends on the environment of the moving Cu atoms. Thus, the mobility of a Cu vacancy 
depends on the atomic arrangement in the direction of possible movement. 

Fig. 2.  Left: Comparison of the formation energies of different configurations of the defect complex 2VCu+InCu in 
CIS (VCu: white spheres, InCu: blue spheres). The configurations differ by the distances (d0: nearest cation neighbor 
distance) and relative positions of the three constituents to each other. Right: Migration barrier heights of Cu into Cu 
vacancies belonging to 2VCu+InCu.

Future Work:

The long term goal of this project is to develop accurate models for the energies and diffusion barriers of arbitrary 
configurations based on ab initio calculations and to implement these models within large scale Kinetic Lattice 
Monte Carlo simulations. This will allow for a prediction of atomic rearrangement, stability and phase separation as 
function of temperatures in CIGS and CZTSSe systems.
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BAPVC Annual Project Report

Project Title: Identifying Problem Areas in CIGS and CdTe Based Photovoltaic Devices 
PI: Mark C. Lonergan 
E-mail: lonergan@uoregon.edu 
 
Summary:  

CdTe and CIGS devices were characterized using a variety of junction capacitance techniques 
which elucidate the spatial, electronic, and chemical properties of defects present in the absorber 
material. Because these measurements were performed on complete devices, they enable a direct 
examination of the relationship between device performance, fundamental properties of the 
absorber, and absorber growth conditions.  As such, these results are well-positioned to inform 
the effort to fabricate higher performance cells. 
 
Key Accomplishments:  

Deep level transient spectroscopy (DLTS) was performed on CIGS thin-film solar cells 
fabricated at the Institute of Energy Conversion (IEC). The spatial origin of the well known N1 
defect level, which is commonly observed in CIGS device via admittance spectroscopy (AS), has 
been a subject of much debate in the CIGS community for many years. As seen in Fig. 1, we 
were able to identify the N1 defect level using DLTS, which provided the spatial sensitivity 
needed to determine that the N1 level originated from a bulk defect in the device studied. This 
work was presented at the 2013 IEEE 39th Photovoltaic Specialist Conference [1]. 

 
FIG. 1. An Arrenhius plot of the N1-admittance feature derived from AS (red triangles) and from DLTS (blue squares). Both 
measurements exhibit the same energy, which indicates that the defect observed in DLTS and in AS are one and the same. The 
spatial sensitivity of DLTS was then used to show that the defect originated from the bulk in the device studied. 

Transient photocapacitance (TPC) and transient photocurrent (TPI) were used to study the sub-
bandgap absorption in CdTe thin-film solar cells fabricated at the IEC. These measurements 
indentified a broad defect level at EV + 1.2 eV (seen in Fig. 2), which could act as a 
recombination center in these devices [2]. The investigation of defect levels in CdTe was 
continued through collaboration with BAPVC member Colin Wolden of the Colorado School of 
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Mines.  CdTe samples from Wolden’s group provided strong evidence for an energetically deep 
defect level associated with Cu in the absorber layer (publication forthcoming). 
 

 
 

FIG. 2. TPC (closed symbols) and TPI (open symbols) of the CdTe devices studied showing significant sub-bandgap absorption, 
which indicates the presence of a defect level at approximately 1.2 eV above the valence band.  The transient photosignal of the 
three samples are shifted relative to one and other for clarity. 

Future Work: 

Electronic characterization of CIGS and CdTe devices will continue along the following lines.  
Characterization of samples from the Wolden group will clarify the role that Cu diffusion plays 
in CdTe cells. Capacitance characterization of CdTe samples from the Scarpulla group at the 
University of Utah will clearly demonstrate how laser annealing affects sub-gap densities of 
states in CdTe.  If a suitable sample set can be obtained we will also investigate the role of Cu: 
(In+Ga)  ratio in CIGS and Cu: (Zn+Sn) in CZTS.  We are hopeful that such a sample set will 
become available through the BAPVC’s other members.  Finally, it may be possible to use TPC 
to distinguish bulk and interface defects or even obtain low resolution profiles of relative defect 
density in a thin-film as has been done with DLTS.  This possibility will be explored and if 
successful may be of particular interest for CIGS devices where intentional grading of the band-
gap and Cu content is present in the highest performance devices. 
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BAPVC Annual Project Report 

Project Title: Non-Equilibrium Processing of CdTe Absorbers
PI: Colin A Wolden, Colorado School of Mines   
E-mail: cwolden@mines.edu   
 
Summary: A new ZnTe:Cu back contact procedure was developed using rapid thermal 
processing that enables both high Voc (>850 mV) and fill factor (FF>75%) without 
compromising Jsc. This robust process has been validated using absorbers fabricated by both 
vapor transport deposition (VTD) at CSM and close space sublimation (CSS) at NREL. A novel 
plasma-enhanced VTD reactor has been fabricated and assembled for extrinsic doping studies. 
 
Key Accomplishments: Figure 1 displays the J-V performance under standard AM1.5 
illumination of devices made using the RTP back contact procedure developed at CSM. The 
curves in Fig. 1a are from devices employing VTD absorbers at CSM. These cells initially show 
good Jsc, and application of an optimized 30 s RTP treatment dramatically improves FF and Voc. 
Excessive heating results in device degradation. This technique was also applied to absorbers 
deposited at NREL using CSS. In contrast, these devices display poor current density initially 
because the absorbers are highly resistive. In this case all 3 parameters systematically improve, 
and it is presumed that the RTP treatment both dopes the CdTe absorber and reduces the back 
contact barrier. The table summarizes device parameters under optimized conditions. The Voc 
and FF are nominally identical, and the higher Jsc value is attributed to CdS consumption during 
CSS deposition that occurs at higher temperature than VTD (600 vs. 450 ºC).   Detailed studies 
are underway to fully characterize these devices in order to establish the fundamental process-
property-performance relationships in these systems.

 

Absorber Voc (mV) FF (%) Jsc (mA/cm2) η (%)

CSM VTD 851.9 73.72 24.30 15.26

NREL CSS 850.6 75.02 27.05 17.26
 

Fig. 1: J-V curves of obtained using sequential RTP processing using absorbers produced by (a) 
VTD at CSM and (b) CSS at NREL. The table summarizes parameters of optimal devices.  

(a) CSM VTD (b) NREL CSS 

71

BAPVC Annual Project Report 

Project Title: Non-Equilibrium Processing of CdTe Absorbers
PI: Colin A Wolden, Colorado School of Mines   
E-mail: cwolden@mines.edu   
 
Summary: A new ZnTe:Cu back contact procedure was developed using rapid thermal 
processing that enables both high Voc (>850 mV) and fill factor (FF>75%) without 
compromising Jsc. This robust process has been validated using absorbers fabricated by both 
vapor transport deposition (VTD) at CSM and close space sublimation (CSS) at NREL. A novel 
plasma-enhanced VTD reactor has been fabricated and assembled for extrinsic doping studies. 
 
Key Accomplishments: Figure 1 displays the J-V performance under standard AM1.5 
illumination of devices made using the RTP back contact procedure developed at CSM. The 
curves in Fig. 1a are from devices employing VTD absorbers at CSM. These cells initially show 
good Jsc, and application of an optimized 30 s RTP treatment dramatically improves FF and Voc. 
Excessive heating results in device degradation. This technique was also applied to absorbers 
deposited at NREL using CSS. In contrast, these devices display poor current density initially 
because the absorbers are highly resistive. In this case all 3 parameters systematically improve, 
and it is presumed that the RTP treatment both dopes the CdTe absorber and reduces the back 
contact barrier. The table summarizes device parameters under optimized conditions. The Voc 
and FF are nominally identical, and the higher Jsc value is attributed to CdS consumption during 
CSS deposition that occurs at higher temperature than VTD (600 vs. 450 ºC).   Detailed studies 
are underway to fully characterize these devices in order to establish the fundamental process-
property-performance relationships in these systems.

 

Absorber Voc (mV) FF (%) Jsc (mA/cm2) η (%)

CSM VTD 851.9 73.72 24.30 15.26

NREL CSS 850.6 75.02 27.05 17.26
 

Fig. 1: J-V curves of obtained using sequential RTP processing using absorbers produced by (a) 
VTD at CSM and (b) CSS at NREL. The table summarizes parameters of optimal devices.  

(a) CSM VTD (b) NREL CSS 

71



Future Work: The robust RTP back contact procedure described above has been optimized 
empirically and a goal in the next year is to complete the advanced characterization that is 
underway and produce a number of peer-reviewed papers on this topic. The studies described 
below are being carried out at CSM, our BAPVC partners at the University of Oregon, and at 
NREL through a recently awarded Non-Proprietary Partnering Opportunity (NPO).    

• Measurements of composition and microstructure (TEM, SIMS, APT) 
• Correlation to advanced opto-electronic characterization including QE, TRPL, low 

temperature PL, transient photocurrent/photocapacitance, temperature- and light 
dependent J-V 

• Reliability studies as a function of bias, illumination, temperature and potentially 
humidity through collaboration with those working on encapsulation.   

We expect to commission the PE-VTD within the next quarter. First studies will be baselines PE-
VTD materials versus thermal VTD. A key issue is that our current VTD material appears to 
produce unintentionally doped CdTe (Fig. 1a), perhaps due to exposure of heater wires within 
the VTD system. This issue should be mitigated as all heating elements for CdTe vaporization 
are external and IR lamps are used for substrate heating in the new VTD system. Once intrinsic 
CdTe has been established we will systematically investigate doping and passivation through the 
introduction of group V elements such as N2 and in situ passivation using H2S or HCl. 
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BAPVC 2013 Annual Project Report 

Project Title: Laser Processing to Improve CdTe Thin Film Photovoltaics Efficiency and 
Manufacturing
PI: M.A. Scarpulla – University of Utah 
E-mail: scarpulla@eng.utah.edu 

 
Summary  

In year 1, the project reached its overall milestone goal by demonstrating two of the four 
individual milestones as detailed in the statement of project objectives (SOPO). The back contact 
resistivity of CdTe was reduced by 20x using nanosecond ultraviolet laser irradiation (Objective 
C). Grain growth in CdTe layers was demonstrated by sub-bandgap infrared laser annealing of 
nanoscale CdTe grains (Objective A). Additionally, preliminary demonstrations show modified 
CdTe properties after IR laser CdCl treatment (Objective B).     
Key Accomplishments  

First, experimental verification of a 20x 
reduction in contact resistivity moves the 
ultraviolet laser produced back contact thrust to 
TRL 3. These data confirm predictions made as 
part our work for TRL 2 showing that a Te rich 
surface is created.  Figure 1 shows the effects of 
single, 248 nm, 20 ns laser pulses of varying 
energy densities on contact resistivity.  A paper on 
the material and device effects of cells with laser 
irradiated back contact treatment has received 
positive reviews at APL.  Next, efforts in 
recrystallization of small-grained, low quality 
CdTe have progressed to TRL 2. The project 
formed a collaboration with Dr. Naba Paudel and Prof. Yanfa Yan’s group at University of 
Toledo to obtain sputtered CdTe with smaller grains.  Figure 2 shows the results of crystal 
coherence length calculated from the (111) CdTe x-ray diffraction peak for samples annealed 
with a sub-bandgap IR laser.  Above a threshold power density, structural defects are annealed 
out and below this power threshold the results are statistically indistinguishable between starting 
and annealed material.  We are pursuing leads on the optoelectronic effects also.   

In early Dec 2013 we discussed with Michael Woodhouse of NREL the possible advantages 
for laser processes in CdTe manufacturing and discussed specifically the laser back contact 
treatment since that was the most complete topic we have demonstrated.  It was realized that the 
cost of the glass dominates the cost model and that replacing the wet back contact preparation 
step with a UV laser one would at best yield a small cost advantage, so unless reliability or 
efficiency advantages could be realized the capex for laser tools may not be justified for that 
step.  One avenue for doing this would be to investigate if the rapid thermal quenching induced 
by ns laser annealing may allow the use of dopants other than Cu, the high mobility of which is 
believed by some to be involved in panel degradation over time.  Also, a key advantage of laser 
or other transient annealing would be to allow the heating for example during the CdCl2 
treatment to be confined to the CdTe layer and thus allow the use of non-glass substrates.   

Additionally, a method for depositing CdTe from aqueous solution using lower capital 
intensive equipment was developed and preliminary IP disclosure made within the University of 

Figure 1: Contact resistivity of UV laser pulse 
treated polycrystalline CdTe. 
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Utah.  Further work is necessary to demonstrate and develop this process.  A finite element 
model for optical power input and heat flow, including evaporative cooling from surface 
evaporation of Cd and Te, was developed to predict temperature within the sample and surface 
stoichiometry.  Also, preliminary results have been obtained using a sub-bandgap infrared laser 
to improve module-quality materials. Experiments to accomplish the all-important CdCl2 
treatment step with laser annealing have been carried out, which show a clear difference of laser 
treatment in the presence of Cl.  The use of higher-aspect ratio laser spots has been put into 
practice in order to give better spatial homogeneity to the laser treatments.  Lastly, an in situ 
monitoring method has been developed.  Current work aims determine the physical processes 
responsible for the observed time-dependent changes.  

Future Work 
The commercial benefits of the pulsed laser treated 

back contact probably depend on whether or not the 
process will lead to higher efficiency or reliability. 
Experiments are underway with Prof. Ferekides’ group to 
optimize parameters and annealing conditions to 
maximize solar cell performance.  Assessments of 
reliability could be added to our project scope by the new 
RFP.  The laser recrystallization efforts, which promise 
to reduce capital intensity of manufacturing by allowing 
for lower cost deposition methods, will move towards 
TRL 3 by using above-bandgap lasers, improved and 
verified temperature modeling, and material 
characterization. The CdCl2 treatment step is known to 
play a role in grain growth for small-grained CdTe and 

thus the grain growth and CdCl2 treatment processes may become intertwined.  Investigation into 
the optoelectronic (doping and minority carrier lifetimes) of laser annealed and laser CdCl2 
treated films will commence towards an end of increased module efficiency. Laser doping and 
alloying at the back contact of CdTe is a separate thrust of our BAPVC proposal and plans have 
been made to pursue this research avenue early in the next year.  Coherent, Inc. continues to 
support this project with the loan of fiber coupled lasers. Beam combining will be used to form 
high aspect ratio laser beam to anneal larger areas for the same scanning velocity to minimize 
takt time.   

Manpower is the main bottleneck at the U of Utah to accelerating the movement of these 
promising early results on two of the laser processes towards industry readiness ahead of 
schedule and to assessing and investigating the other SOPO proposed laser processes.  The 
addition of additional funds for 1 or more graduate students to this project would greatly 
accelerate progress and provide continuity of the project upon the eventual departure of the 
current postdoc (expected within a 1-2 year time horizon).  A talented student is wrapping up a 
MS degree on laser annealing of CIGSe within the group and could begin immediately.  With 
additional manpower, we could also take on topics addressing reliability effects of our laser 
processes, laser controlled intermixing at the CdS/CdTe interface decoupling it from CdCl2 
treatment, SILAR-like deposition of CdTe for lower capex, and/or laser annealing on non-glass 
substrates.  Lastly, at the last meeting we initiated a trial experiment with Ali Javey’s group to 
assess the efficacy of laser doping of their multicrystalline InP in order to make devices.   

Figure 2: Crystallite size determined from 
x-ray diffraction vs. laser dwell time using 
a sub-bandgap 1064 nm laser.   
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BAPVC Annual Project Report

Project Title: Laser Processing to Improve CdTe Thin Film Photovoltaics Efficiency and 
Manufacturing
PI: Chris Ferekides; University of South Florida 
E-mail: ferekide@usf.edu 
 
Summary:  

This is a collaborative project between the University of South Florida (USF) and the University 
of Utah.  The aim is to develop high throughput laser-based solar cell processing techniques to 
improve manufacturability and lower the manufacturing costs of thin film PV.  Work during year 
1 focused on investigating the effects of UV laser annealing on the surface of CdTe and the 
development of a NIR laser system for the investigation of high throughput post-deposition heat-
treatments in year 2.  
 
Key Accomplishments:  

To first order the activities at USF are device-oriented while 
the work at Utah is materials based.  Laser processing takes 
place primarily at Utah; however, the team at USF has access 
to an excimer laser; a NIR laser donated by Coherent (as their 
cost-share for this project) has been received and is being 
installed.  The two key objectives are to develop laser-based 
processes for (a) the formation of an effective back contact, 
and (b) the post-deposition heat-treatment of CdTe films and 
cells.  During year one most activities focused on laser 
surface annealing and understanding its effects on material 
properties.  USF supplied CdTe samples to Utah for their 
annealing experiments, while USF focused on cell fabrication 
(with limited material analysis).  An example of a CdTe film 
annealed with an excimer laser (@ USF) is shown in Fig. 1.  
Demonstrating the onset of melting.  This melting is 
localized to the surface of the sample (a few nms), enabling 
the localized processing of the back contact.  The results 
were verified with similar experiments, analysis, and 
modeling carried out at Utah. 
 
The most important cell results obtained to-date are 
summarized in Fig. 2; the light JV for CdTe cells where the 
CdTe surface received different treatments prior to the back 
contact formation are shown: (a) blue data - no treatment, 
(b) orange data - typical Br-etch, and (c) green data - laser-
annealed.  It is clear that laser-annealing results in 
eliminating the back barrier present in the sample that 
received no treatment at all, and the overall performance is 
similar to what is achieved by the Br etch; these results 

Figure 1.  SEM micrographs of the 
surface of CdTe films before (left) 
and after annealing with an excimer 
laser (right) 

Figure 2.  CdTe cells with untreated, 
bromine-etched, and laser-annealed 
surfaces
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demonstrate that laser annealing has the potential to eliminate the need for wet chemistry, which 
could be an additional cost savings factor (to the higher throughput).  The best cell fabricated to-
date demonstrated an efficiency >13% (VOC=800 mV; FF=75%; JSC=22 mA/cm2).  The back 
contact work has focused on optimizing the laser annealing process for energy density and 
number of laser pulses. 
 
Following the demonstration of the above described cell performance, a webinar was scheduled 
with Michael Woodhouse of NREL, during which the laser process and its impact on 
manufacturing costs were discussed.  Although it was not possible to determine the exact cost of 
the laser process during the webinar (as equipment costs were not available at the time), one of 
the key conclusions of the webinar was that the costs for the various module manufacturing steps 
for today’s CdTe technology are quite low, and new processes should aim at improving 
throughput (similar to the laser processing being developed under this project) along with
efficiency. Future work will examine whether this particular laser-based contact can yield 
improved efficiencies over conventional processing. 
 
Work on the post-deposition heat treatment was put on hold during year 1, as the installation of 
the NIR laser was not complete in time.  The laser has been received from Coherent and the 
optics as well as an x-y stage for sample movement are in development and should be available 
for year 2. 
 
Future Work: 

Future work (year 2) will focus on two main goals:  (a) better understand the effects of surface 
annealing with UV lasers and optimize device performance beyond what was achieved in Year 1, 
and (b) bring on line the NIR laser to begin development of a high throughput post-deposition 
CdCl2-based annealing for CdTe cells. 
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BAPVC Annual Project Report  
 
Project Title: In Situ Characterization of Grain Growth in Thin Film Semiconductors 
PI: Delia Milliron   
E-mail: dmilliron@lbl.gov 	  
 
Summary:
   
Thin film absorbers are prepared from solution processed nanocrystals of the same composition, 
including CZTS, CIGS, and CIS. A thermally-induced metastable-to-stable crystal phase 
transition is leveraged as a driving force for grain growth and surface chemistry is under 
development that can supplant conventional selenization processes. Materials evolution during 
processing is followed by x-ray diffraction, Raman, and SEM and the resulting microstructures 
are now being correlated with electrical properties of the materials. 
 
Key Accomplishments:
 
The work undertaken during the past year involved the successful development of solution 
syntheses of CZTS, CIGS and CIS nanocrystals with tight control over their composition, shape, 
and crystal structure. These nanocrystals have been used to study grain growth through thermal 
treatment routes, applying both in-situ and ex-situ methods (Figure 1). Both in-situ and ex-situ 
studies show that thin films of absorber materials with average grain sizes up to one micron can 
be accessed from few-nanometer size crystallites without the need of traditional high temperature 
selenization process. Significant time was spent in order to optimize the annealing procedure. 
This required cross section SEM analysis with simultaneous x-ray diffraction and Raman 
analysis. These results represent the first report of grain growth without selenization from these 
compound semiconductor nanocrystals. Also a new insights into the role of surface chemistry in 
influencing grain growth has been gained by surface functionalization of these nanocrystal with 
chalcogenidometallate clusters (ChAMs) and the impact of this functionalization on the grain 
size and electronic properties has been also started.  
 

 
 
Figure 1: (a) Real-time analysis (in-situ) of phase transition and grain growth of compound 
semiconductor nanocrystals by XRD. (b) & (c) SEM images shows the micron thick nanocrystal 
film obtained through drop-casted method on Mo-coated substrate and subsequent thin film 
formation with micron size grain achieved after annealing at low temperature.  
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Future Work:
 
The future work will be focused in optimization of the grain growth process over device scale 
areas with controllable thickness and grains to form good absorber layers, which will be further 
used to fabricate full PV devices. Hall measurements will be correlated with microstructure and 
applied to interpret the characteristics of the PV cells. Systematic studies will be carried out to 
correlate the metastable-to-stable phase transition of the nanocrystals and it’s relationship to 
grain growth, all as a function of the surface (ligand) chemistry. We will continue to employ in 
situ x-ray diffraction, ex situ SEM analysis, and Raman spectroscopy to follow to course of these 
transformations. 
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BAPVC Annual Project Report

Project Title: Applying Cation-Exchange Chemistry to Nanowire Arrays for Efficient Solution-
Processed Solar Cells 
PI: Peidong Yang – UCB, Chemistry 
E-mail: p_yang@berkeley.edu 
 
Summary:

This group is developing solution-processed sulfide-based nanowire array solar cells that take 
advantage of improved charge collection and light-trapping effects in nanowire arrays. 
Previously, this group used a cation-exchange reaction to form core-shell, CdS-Cu2S single-
nanowire solar cells with excellent fill factor (~81%) and VOC (>0.6V).1

 

 Within the past year, 
this group has developed the ability to make working CdS-CuxS core-shell nanorod array solar 
cells, and this group has also initiated efforts to model these solar cells. 

Key Accomplishments:

In the past year, this group has synthesized CdS nanorod arrays on conductive fluorine-doped tin 
oxide (FTO) substrates through a hydrothermal method, which can be used as substrate for the 
creation of CdS-CuxS core-shell nanowire solar cells. As shown in figure 1, after protection 
layers are added to prevent shorting of the p-type CuxS to the n-type contact, the CdS nanorod 
array can be dipped into an aqueous Cu+ solution to perform cation exchange to yield an array of 
CdS-CuxS core-shell nanorods. The phase and thickness of the CuxS can be controlled by 
varying the cation exchange temperature and time. While optimization of the devices is still 
ongoing, the initial devices exhibit a photoresponse. A plot of the I-V characteristics of one 
initial device is shown in figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Schematic for the fabrication of the CdS-CuxS core-shell nanorod array solar cells. 
Fig. 2 Plot of IV characteristics of an initial nanorod array solar cell 16 x 16 µm in area. 
 

1 Tang, J., et al. Nature Nanotech. 6, 568 (2011).  

1. 2. 

VOC: 0.46 V 
FF: 72.8% 
Jsc: 2.4 mA/cm2 
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Work is underway to model the CdS/Cu2S heterojunction and the performance of the nanorod 
array solar cell following previous reports. The description of the CdS/Cu2S heterojunction is 
carried out by a pseudospectral method that can calculate electronic energies, electron densities, 
wavefunctions, and band-bending diagrams while accounting for local and nonlocal electronic 
effects.2 After coding the program, an example plot of the electron density in a CdS-Cu2S core-
shell nanorod is shown in figure 3. With this data, it will be possible to calculate the effect of 
variables such as nanorod radius, length, and carrier concentration on the efficiency of a 
photovoltaic device systematically as has been demonstrated with homojunction nanorod solar 
cells.3

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Plot of electron density in CdS-Cu2S core-shell nanorod. The carrier concentration of the 
Cu2S and CdS are fixed at 1019 and 1017 cm-3 respectively while the core CdS has a diameter of 
150 nm. 

Future Work: 

Future work will build on the successful fabrication of a nanowire array photovoltaic devices. 
This group will optimize performance by controlling the chemistry of the formation of the p-n 
junction, the geometry of the nanowire array, and the design of the electrical contacts to improve 
short circuit current density. 

2 Long, A.W.; Wong, B.M. AIP Advances. 2, 32173 (2012). 
3 Kayes, B.M.; Atwater, H.A. J. Appl. Phys. 97, 114302 (2005). 

3. 
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Thrust: Module Reliability, Encapsulation and Barrier Films

Fernando Novoa and Reinhold Dauskardt (Stanford), Reliability and operational lifetimes. 
Rachel Segalman and Jeffery Urban (Berkeley), Composite encapsulation layers. 

Bernard Kippelen and Samuel Graham (Georgia Tech), Hybrid barrier films. 
Laura Bruckman and Roger French (Case Western), Performance & lifetime rediction. 

 
Grand Challenges and Key Problems

The impact of high-volume and cost-effective PV technologies depends critically on their reliability and 
durability over extended operating lifetimes. Successful commercialization also requires accurate PV 
lifetime predictions and related product warranties over time periods (> 20 yrs) far in excess of other 
device technologies. Ironically, despite optimistic forecasts for the impact of cost-effective PV 
technologies, uncertain degradation mechanisms, the lack of testing metrologies, poor accelerated 
testing protocols, incomplete certification procedures, the almost complete lack of science-based kinetic 
degradation models, and uncertain lifetimes currently present significant barriers for success.  

Characterizing the stability and reliability of PV materials during manufacturing, deployment and in-
service, including barrier-films and encapsulants, is necessary not only to design accelerated testing 
protocols to standardize PV module requirements, but also to provide the fundamentals for the design of 
improved PV materials and product designs. The currently available barrier films are either too 
expensive or are not proven to provide sufficient protection to PV technologies. The coupled thermo-
mechanical, electro-chemical, and photo-chemical degradation mechanisms that determine the reliability 
and operational lifetimes of PV technologies are still not well understood.  Module field failures and 
degradations including cracking, delamination, potential-induced degradation, and light-induced 
degradation are still commonplace.   
 

Existing Projects in our Thrust
Leveraging our internationally recognized device reliability capabilities, this thrust provides the 
scientific basis, metrologies, and statistical tools needed to characterize, model and predict coupled 
thermo-mechanical and photo-chemical degradation processes in PV technologies.  Simultaneously, this 
thrust integrates its research findings into the development of new structures and materials for low-cost 
encapsulant and barrier film technologies for PV systems. 

At Stanford, Fernando Novoa and Reinhold Dauskardt have developed scalable metrologies to 
characterize coupled thermo-mechanical and photo-chemical degradation of materials and interfaces. 
The effects of manufacturing and operating environments including mechanical stress, flexing and 
bending, thermal cycling, temperature, moisture, and in-situ UV light have been studied. Molecular 
bond rupture kinetics and associated defect evolution rates have been characterized under the combined 
effects of mechanical stress, temperature, moisture and in-situ UV light. Physics-based kinetic models 
have been developed to describe the kinetics of degradation and defect evolution, which can be used to 
provide estimates of lifetimes that take into account the evolution of pre-existing defect populations. 

At Berkeley, Rachel Segalman and Jeffery Urban have developed a new architecture for encapsulants 
constructed from block copolymers and hygroscopic nanocrystals. These block copolymers, which 
consists of hydrophobic and hydrophilic segments, self-assembles easily and incorporates the 
hygroscopic nanocrystals into the hydrophilic domains. The hydrophobic domains acts as a barrier to 
water vapor, and the hygroscopic nanocrystals trap any permeated water reducing the overall transport 
rate.  
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At Georgia Tech, Bernard Kippelen and Samuel Graham are developing low-cost hybrid barrier film 
technologies based on the fabrication on polymer surfaces of high quality ceramic films deposited by 
either atomic layer deposition (ALD), more conventional chemical vapor deposition techniques, or 
combinations thereof. The effects of electrostatic interactions at the interfaces formed between multiple 
layers are investigated to improve the environmental stability of the hybrid ALD films. The thermo-
mechanical properties of these barrier films are being characterized using the metrologies developed by 
the Dauskardt group. 

At Case Western, Laura Bruckman and Roger French use statistical pathway-diagrams to correlate 
observed PV degradation modes to existent stressors, relate these modes and mechanisms to known 
physical processes, and quantify their rates both within and between wide ranges of stress levels. System 
performance loss is quantified in terms of stresses and responses, which provides useful diagnostic 
information for continuous system improvement and performance forecasting. These techniques have 
been applied to identify the mechanisms of degradation of acrylic used in CPV applications. 
Concurrently, the Dauskardt group is characterizing and modeling the photo-degradation processes in 
the same type of acrylics. 
 
Potential Growth of BAPVC 
Our reliability thrust will aggressively develop existing and new collaborations within the BAPVC 
community, NREL and the broader PV industry that will involve supporting reliability characterization, 
testing samples and materials, optimizing materials, transfer of metrologies, predicting operational 
lifetimes, developing cost models for these technologies, and validating with field exposures.  The 
ultimate intent is to establish a significant BAPVC reliability capability and broadly support initiatives 
in the BAPVC by being intimately involved in the early stages of PV device and module development, 
so that inevitable challenges with regard to manufacturability, device degradation and reliability can be 
addressed in a fundamental and rational way, rather than becoming insurmountable technological 
obstacles.  

Possible research growth opportunities in our thrust include: (1) Expansion of current work to 
characterize, model and predict coupled thermo-mechanical and photo-chemical degradation processes 
in PV technologies to include electro-chemical processes like those responsible for potential induced 
degradation (PID).  (2) Development of multi-layer thin-film mechanics and degradation models for 
cell, interconnect, and encapsulant interfaces in PV module packaging technologies, both cell-based and 
monolithically-integrated.  (3) Connecting these models  with detailed transport models for photons, 
electrons, phonons, and ions in a hierarchical fashion, in order to predict other failure modes. 
(4) Analysis and development of a database of thermo-mechanical, electro-chemical, and photo-
chemical degradation properties of materials for benchmarking BAPVC innovations, to guide field 
testing, and inform computer simulations. (5) Refinement of standardized reliability testing capabilities 
for the broader BAPVC community, re-designing testing for field exposed samples and 
calibration/validation of kinetic degradation models and lifetime prediction procedures using in-service 
and field-exposed data.  
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BAPVC Annual Project Report 

Project Title: Photovoltaic Encapsulant and Backsheet Debonding 
PI: Reinhold Dauskardt  
E-mail: dauskardt@stanford.edu  
 
Summary:  

A fracture-mechanics metrology was developed to measure the debond energy of photovoltaic 
encapsulation systems.  The debond energies of encapsulants (EVA, PVB) and backsheets (TPT-
PVF) were measured as a function of temperature.  The kinetics of encapsulant and backsheet 
interfacial debonding were characterized as a function of mechanical stress, relative humidity, 
and environmental temperature. To elucidate the mechanisms of environmental debonding, a 
viscoelastic fracture-kinetics model, which provides the basis to assess long-term encapsulant 
and backsheet stability, was developed and validated. 
 
Key Accomplishments:  

The Dauskardt group developed scalable metrologies to characterize the coupled thermo-
mechanical and photo-chemical degradation mechanisms of photovoltaic encapsulation systems. 
The effects of operating environments, including mechanical stress, flexing and bending, thermal 
cycling, temperature, moisture, and in-situ UV light were investigated. 

A single cantilever beam (SCB) testing 
technique was developed to quantify 
debonding in backsheets and 
encapsulants. To measure the debond 
energy, the glass substrate of an 
encapsulation specimen (Fig 1) was fixed 
to a testing table using a spring clamp. An 
elastic beam (Poly-methyl-methacrylate, 
or Titanium), was then bonded to the 
specimen as shown in Fig. 1. An incision 
was made with a blade at the edges of the 
beam (through the full thickness of the 
backsheet and underlying encapsulant).  
A loading tab with a ruby bearing was 
then bonded to one end of the beam to facilitate mechanical loading. The loading tab was 
connected to an adhesion test system (Delaminator, DTS, Menlo Park, CA) consisting of a linear 
actuator (displacement-controlled) in series with a high-resolution mechanical load cell.  To 
initiate backsheet debonding, a tensile force was applied on the loading tab until the debond 
length (distance from the loading tab to the debond front) was ~15mm.   

Using the newly developed SCB technique, the Dauskardt group measured—for the first time—
the debond energy, Gc, of the EVA-Glass interface, shown in Fig. 2, which decreased linearly 
with environment temperature, T, from 2.25 to 1.8 kJm-2 in the 20 to 50°C range.  At 
temperatures close to the Tm of EVA(60°C), the value of Gc decreased abruptly (six-fold) to 0.3 
kJm-2.  The values of Gc of the PVB-Ti interface (0.6 to 0.5 kJm-2) were much lower than those 
of EVA-Glass in the same temperature range, and only slightly higher than those of EVA-Glass 
at high temperature (T>Tm). 

 
Fig.1. [right] Single Cantilever beam (SCB) specimen. 
Mechanical load is applied to one end of an elastic beam 
bonded to the encapsulation specimen [left] Side view of 
the SCB specimen.  Dotted lines represent 1mm-wide cuts 
at the contour of the beam through the backsheet and 
encapsulant.  
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To characterize the effect of temperature and 
moisture on the kinetics of encapsulant 
debonding, the debond growth rates of EVA-
Glass and PVB-Ti were measured as a 
function of debond driving force, G, 
environment temperature, and relative 
humidity, RH. The debond rates as a function 
of G and RH are shown in Fig. 3.   The 
debond growth curves were shifted to lower 
values of G at higher values of RH. 
Debonding was, however, more sensitive to 
moisture changes in dryer environments: the 
value of G corresponding to da/dt =100 µm/s 
decreased 250 J m-2 from 10 to 25% RH, but 
only 150 J m-2 from 40 to 55%.  The 
similarities between the effects of RH and 
temperature (shown elsewhere) on debond 
growth suggest a common debonding 
mechanism through the plasticization of the 
debond-tip of the polymer layer.  To better 
understand the effect of T, G and RH on 
debond growth, a viscoelastic fracture-kinetics 
model was developed. The model, which 
includes the plasticizing effect of moisture on 
EVA, is shown in dashed lines in Fig. 3 to 
describe the debond rates as a function of RH.  
This model can be used to provide estimates 
of lifetimes and the evolution of pre-existing 
defects in the PV module. The debonding 
experiments were performed with the SCB 
load-relaxation technique in a chamber of 
controlled environment at 30°C. 

 

Future Work: 

The Dauskardt group will characterize the effects of encapsulant composition, (i.e. ratio of vinyl 
acetate in EVA), on the debond energy and encapsulant debonding kinetics. The group will also 
develop multi-layer thin-film mechanics and degradation models for cell, interconnect, and 
encapsulant interfaces in PV module packaging technologies. Additionally, the group will refine 
the developed reliability testing capabilities for the broader BAPVC community, re-designing 
testing for field exposed samples and calibration/validation of kinetic degradation models and 
lifetime prediction procedures using in-service and field-exposed data. 

 
Fig.3. Interfacial debond growth rate of EVA-Ti as a 
function of debond driving-force, at five selected values of 
environment relative humidity, RH.  The debond growth 
rates were shifted to lower values of G with increasing RH  
 

 
Fig. 2. Debond Energy of EVA-Glass and PVB-Ti 
interfaces as a function of temperature.  The debond 
experiments were conducted using the single cantilever 
beam technique in a chamber of controlled environment at 
40% relative humidity. 
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BAPVC Annual Project Report

Project Title: PV Module performance & Lifetime Prediction: Inserting New Technologies 
Without Lifetime Penalty
PI: Roger H. French, Kenneth D. Singer, Jiayang Sun, Guo-Qiang (GQ) Zhang 
E-mail: rogerfrench@case.edu 

Summary:  

A data science approach is being developed for the 
performance and lifetime prediction (PLP) tool from 
modules in Cleveland, OH. Accelerated study protocols 
are being developed on materials and mini-modules that 
elucidate key degradation modes. The PLP tool is being 
developed using semi-supervised generalized structural 
equation modeling (semi-gSEM) for statistical analytics 
to understand degradation pathways and to rank order 
key degradation modes. 
 
Key Accomplishments:  

The comprehensive reliability physics model (1) 
proposed for BAPVC utilizes both real-world data from 
modules for time series analysis (1a) and accelerated study data for materials, components, mini-
modules and modules (1b) to elucidate key degradation mechanisms. The insights from real-
world and accelerated exposures are investigated using statistical analytics based on chemistry 
and physics using semi-gSEM to develop the PLP tool (1c) (Figure 1). 
 
TSA (1a) was performed on modules on the SDLE SunFarm using a data science approach and 
statistical methodology such as hierarchal cluster analysis. New variables that give rise to power 
production difference not identified by module nameplate properties. The TSA research gave 
insights into statistically handling of seasonal variations as well as correlating power production 
with weather data to understand the exact conditions seen by the PV modules1,2,3

 

. Collaborative 
work was initiated with HelioVolt for TSA of real-world exposed modules. Now the group is 
beginning to engage with SunPower for TSA of their real-world exposed modules.

Study protocols (1b) have been developed for many different materials of PV modules. Domain 
science and statistical analytics are being used to inform ASPs for the highest information 
content on degradation mechanisms4 ,5

1 Hu, Y., M.A. Hosain, T. Jain, Y.R. Gunapati, L. Elkin, G.Q. Zhang, R.H. French. “

. 

Global SunFarm 
Data Acquisition Network, Energy CRADLE, and Time Series Analysis.” IEEE Energytech, 1–5, 2013.  
2 Hu, Y., Y. Xu, T.J. Peshek, J. Sun, R.H. French. "Data Science Approach to Time Series Analysis of 
Real-World PV modules" PV Module Reliability Workshop, Denver Co. 2014. 
3 Hou Y., Y.R. Gunapati, Y. Hu, P. Zhao, R.H. French, G.Q. Zhang. "Energy-CRADLE: An Hbase 
infrastructure for data-driven energy research." Case Engineers Week. 2014. 
4 Wheeler, N.R., L.S. Bruckman, J. Ma, E. Wang, C.K. Wang, I. Chou, J. Sun, and R.H. French. 
“Statistical and Domain Analytics for Informed Study Protocols.” 1–7. IEEE EnergyTech, 2013.  

Figure 1: The CRPM consists of task 1a 
(real-world), 1b (ASP studies), and 1c 

(PLP tool) which is then utilized in 
tasks 2 a, b, and c. 
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The PLP tool (1c) uses our semi-
gSEM methodology to understand 
the relationships between stresses, 
degradation mechanisms, and 
overall performance loss and was 
applied to c-Si modules under 
accelerated conditions (damp heat 
and UV preconditioning). The 
semi-gSEM methodology was 
then applied to acrylic 
degradation of importance to CPV 
and MAPV type technologies, to 
understand degradation pathways 
in this material. The statistical 
pathway diagram shows that the 
added UV light stabilizers 
(iIAD2, iIAD2p) prevents the degradation by irradiance of the fundamental absorption edge 
(iIAD1) and thereby reduces the optical performance losses through yellowing (YI)6

 
 (Figure 2). 

Key degradation modes can be mitigated (2) with the PLP tool by guiding cost reduction 
opportunities (2a), new technology insertion (2b) and 
apply the PLP tool to other technologies (2c) (Figure 1). 
Research on PV backsheets and PET suggests that 
hydrolytically stabilized PET may not be necessary 
because PET does not appear to hydrolyze in real-world 
conditions. Using nonstabilized PET could be a key way 
to reduce the cost of modules (2a).  This work is in 
partnership with Dupont.  

Current metallization techniques are being 
investigated in mini-modules in order to understand the 
front side silver and interconnect degradation. This 
information will be applied to novel metallization type 
techniques to help with new technology insertion (2b). 
 The PLP tool was initially applied to thin film 
technology (2c) with silane interfacial layers on TCOs.  
The silane is shown to increase the lifetime (decrease of 

resistivity) of these TCOs7 (Figure 3).  This is work is in partnership with Underwriter Labs. 

5 Wheeler, N.R., Y. Xu, A. Gok, I.V. Kidd, L.S. Bruckman, J. Sun, R.H. French. “Data science study 
protocols for investigating lifetime and degradation of PV technology systems.” IEEE 40th PVSC 
Conference. Denver, Co., June 8-13 2014 (Submitted). 
6 L.S. Bruckman, N.R. Wheeler, I.V. Kidd, J. Sun, R.H. French; “Photovoltaic lifetime and degradation 
science statistical pathway development: acrylic degradation”. Proc. SPIE8825, 2013. 
7 Lemire, H.M., K.A. Peterson, S. Sprawls, K. Singer, I.T. Martin, R.H. French. “Degradation of 
transparent conductive oxides:mechanistic insights across configurations and exposures”, Proc. SPIE 
8825. 2013. 

 

 
 
 
Figure 3: YI compared to Resistivity 
for AZO in open-faced cyclic, and 

damp heat, and silanized damp heat. 

 
Figure 2: Statistical pathway diagram UV stabilized acrylic 

degradation in the irradiance only QUV exposure showing the 
UV stabilizers are degrading due to irradiance.
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Future Work: includes information extraction for the retained sample library. Refining of the 
semi-gSEM methodology will be conducted to include not only Markovain relationships 
between variables. The group is pursuing future research with Purdue and Georgia Institute of 
Technology members of BAPVC.
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BAPVC Annual Project Report 

Project Title: Composite encapsulation layers 
PI: Jeffrey Urban   
E-mail: jjurban@lbl.gov  
 
Summary:  

We are setting up an in-house WVTR measurement system, and have obtained preliminary 
results, using our encapsulating materials (composite of PS-P2VP block copolymer and MgO 
nanoparticles). Also, we are exploring another type of composite encapsulating layer, with 
commercially available base materials, to improve the property and processability. The basic 
idea is similar to the current system, incorporating hygroscopic inorganic nanoparticles into 
laminate copolymers. The hydrophobic copolymer (cyclic olefin copolymer, COC) has excellent 
water vapor barrier properties, and hygroscopic particle (MgO and CaO) is able to absorb any 
moisture which leaks through temporarily, and later release these water molecules under dry 
conditions. The group is expecting do provide a scalable, new encapsulating material with better 
properties, in both performance and price. 
 
Key Accomplishments:  

The group has used a composite of PS-P2VP copolymer, composed of hydrophobic and 
hydrophilic parts, and hygroscopic MgO nanoparticle. We performed an optical WVTR test, 
using Ca layer underneath their encapsulating material as a detection material, as shown in 
Figure 1. The calcium layer was fairly stable, exposed to 85°C/85% humidity condition over 530 
hours.  

 
Figure 1. Change of Ca layer under PS-P2VP block copolymer layer, exposed to 85 °C/85% condition (a) for 
15 min and (b) for 530 hrs. 
 
In addition to the previous material, we also tried another composite of hydrophobic copolymer 
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Figure 2. UV-vis spectrum of a composite of COC and MgO. 
 

Future Work: 

We will confirm our WVTR data in-house by comparing with data obtained from a certified 
WVTR testing company, and plan to submit a paper with the results on this first material system 
(PVP/MgO). Furthermore, we will keep developing the second material system based on the 
COC which promises better results. We will also focus on enhancing the dispersibility of 
nanoparticles inside polymer matrix, and test both mechanical and optical properties as well as 
WVTR with multi-layer system in collaboration with other BAPVC members.  
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Project Title: Tailoring Electrostatic Interactions to Produce Hybrid Barrier Films for 
Photovoltaics 
PI: Bernard Kippelen and Samuel Graham   
E-mail: kippelen@gatech.edu   

Summary: 

The Kippelen and Graham groups developed alumina/zirconia, alumina/titania, alumina/hafnia 
nanolaminate films, synthesized at low processing temperatures by using atomic layer 
deposition, that show improved water barrier properties over single alumina layers.   Use of an 
hydrophobic amorphous fluoropolymer layer was found to improve barrier properties by 
planarizing and covering substrate defects. Nanolaminate films synthesized on amorphous 
fluoropolymer layers display water vapor transmission rates estimated to be around 10-6 

g/m2/day.  
 
Key Accomplishments:  

The Kippelen and Graham groups investigated the barrier properties of alumina/zirconia, 
alumina/titania, alumina/hafnia nanolaminte films, synthesized at low processing temperatures 
(100 oC) by using atomic layer deposition (ALD). Nanolaminate films were synthesized by  
alternating 5 ALD cycles of alumina and 5 ALD cycles of a second metal-oxide a total of 20  
times. Alumina and nanolaminate films of similar thickness were first synthesized on top of a 
ZnO film to conduct photoluminescence (PL) studies. Water-induced quenching of the PL of 
ZnO was used for an initial comparison of the barrier properties of the alumina and nanolaminate 
films.  Samples were immersed in deionized (DI) water at room temperature for 10 days and the 
PL measured as described in Fig. 1a). Fig. 1b) displays the PL spectra of encapsulated ZnO films 
before and after water immersion. The PL of the alumina/ZnO film completely disappears upon 
water immersion while the PL signal of the nanolaminate/ZnO films remains relatively 
unchanged. This result clearly demonstrates the superior barrier properties of nanolaminate films 
over neat alumina films.  

He-Cd Laser(325 nm)

Barrier layer
ZnO

Si Substrate

Photoluminescence

a)

b) Initial Post 10 day immersion

 
Fig. 1 a) Schematics of sample geometry used for PL studies and a picture that illustrate water 

immersion. b) PL spectra of ZnO films encapsulated with various barrier layers. 
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The Kippelen and Graham groups investigated the use of polymer coupling layers to planarize 
and cover substrate surface defects. Amorphous fluoropolymers such as CYTOP™ enabled 
nanolaminate layers to display improved barrier properties. Two hundred cycles of alumina were 
used as a seed layer to compensate for the delayed nucleation of the nanolaminate films on 
CYTOP™. Use of a seed layer enabled the alumina to fill in the pores and provide a more 
favorable surface chemistry for the nucleation of the nanolaminate film; resulting in reduced 
H2O and O2 permeation compared with nanolaminate films without the alumina seed layer. The 
barrier properties of nanolaminate/CYTOP™ films were studied by encapsulating calcium 
sensors deposited on glass substrates and exposing the samples at 50 °C to an atmosphere having 
85% relative humidity inside an environmental chamber for 10 days. Fig. 2a) displays a 
schematic of the test sample geometry. Fig. 2b) displays images of typical calcium sensors before 
and after environmental exposure. Regions with no particles or surface defects display 
remarkable protection of the barrier films to the Ca sensors whereby a water-vapor transmission 
rate on the order of 10-6 g/m2/day can be inferred.  

Top view

Ca 100 nm films

Cytop (~200nm)

(for nucleation delay on Cytop)

ALD nanolaminates (NL)
5 cycles Al2O3 / 5 cycles ZrO2 or HfO2

Glass substrate

HfO2 or ZrO2

Al2O3

Al2O3/ZrO2 Al2O3/HfO2

: 20×
a)

b)

 
Fig.2 a) Schematics of sample geometry used for Ca tests. b) Images of Ca samples before and 

after exposure to an atmosphere having 85% relative humidity at 50 °C. 
 
Future Work: 

The Kippelen and Graham group's will optimize most the promising nanolaminate/polymer 
barrier system and implement barriers onto PEN substrates while addressing particle and surface 
defect generation. They will optimize barrier films for optical transmission and ultrabarrier 
performance using MOCON and Ca testing at   85 °C/85%RH. In addition, they will investigate 
methods for improving the mechanical properties of the barrier layers.  They will engage other 
BAPVC members and industry to develop a strategy to test and implement barrier films using 
spatial ALD methods in Year 3.   
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