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PV Research Priorities:

Enabling widespread use of solar for 
grid reliability, resilience, and security

Lenny Tinker, PV Program Manager
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Progress and Goals: 2030 Photovoltaics Goals 

The office invests in innovative research efforts that securely integrate more solar energy into 
the grid, enhance the use and storage of solar energy, and lower solar electricity costs. 

*Levelized cost of electricity (LCOE) progress and targets are calculated based on average U.S. climate and without the ITC 
or state/local incentives. The residential and commercial goals have been adjusted for inflation from 2010-17.
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SETO’s 2030 PV Goal Across the U.S.
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A Pathway To 3 Cents per kWh for Utility PV

4100 MW(DC) One-Axis Tracking Systems With 1,860 kWh(AC)/kW(DC) First-Year Performance. 
Includes 5 Year MACRS. Horizontal Lines Indicate Low, Median, and High U.S. Solar Resources.

Improve efficiency while decreasing cost. 
Example 1: Further reduction of impurities and defects in 
multicrystalline material. 

Example 2: Improved screen-printed metal pastes. 

Example 3: Lowering manufacturing CapEx by kerfless
wafering. 
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A Pathway To 3 Cents per kWh for Utility PV

5100 MW(DC) One-Axis Tracking Systems With 1,860 kWh(AC)/kW(DC) First-Year Performance. 
Includes 5 Year MACRS. Horizontal Lines Indicate Low, Median, and High U.S. Solar Resources.

Improve upon today’s best-in-class reliability in low-cost
modules. 
Example 1: Glass polymer modules can transition to more 
durable glass-glass module construction. 

Example 2: New accelerated testing methods to provide rapid 
feedback to guide improvements in module durability.
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A Pathway To 3 Cents per kWh for Utility PV

6100 MW(DC) One-Axis Tracking Systems With 1,860 kWh(AC)/kW(DC) First-Year Performance. 
Includes 5 Year MACRS. Horizontal Lines Indicate Low, Median, and High U.S. Solar Resources.

Labor costs can be reduced by speeding up every step.
Example: Self-configuring module electronics reduce 
installation time.
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A Pathway To 3 Cents per kWh for Utility PV

7100 MW(DC) One-Axis Tracking Systems With 1,860 kWh(AC)/kW(DC) First-Year Performance. 
Includes 5 Year MACRS. Horizontal Lines Indicate Low, Median, and High U.S. Solar Resources.

O&M cost can be reduced by automation. 
Example: Automated field inspection by 
thermal and electroluminescence imaging.



energy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-office

$0.00

$0.10

$0.20

$0.30

$0.40

$0.50

$0.60

10% 15% 20% 25% 30% 35% 40%

2030 Example 
Scenario,        
50 yr life

• Cost and performance tradeoffs open up numerous possible pathways.
• All pathways require sustained, multifaceted innovation.

There are Many Technology Pathways

5Scenarios assume: 7% WACC, 2.5% inflation, $4/kW-yr O&M, 21% capacity factor
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Total-Area Module Efficiency

All curves represent 3¢/kWh LCOE in average U.S. climate
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The Great Potential for Solar with Low-Cost Storage
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6 cents/kWh by 
2020
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2010 2020 2030 2040 2050

2030 Goal + Low 
Cost Storage* 

($100/kWh in 2040)

3 cents/kWh by 
2030

* The solar-storage synergy: As solar costs come down and deployment increases, the market potential for storage 
grows.  At the same time, as storage costs decline and deployment increases, the value of solar to the grid increases as 
solar energy can be stored to better match electricity demand.
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Modern Electric Grid: Two Way Energy and Data Flow
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Goal: Centralized and distributed generation optimized with finely tuned, 2-way load balancing
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Surface passivation to increase carrier lifetime

• Al2O3 and a-Si on CdTe and Si

• Molecular passivation of perovskites

Carrier selective contacts to reduce injected current 
and recombination in Si, CdTe, and perovskite cells

• Electron contacts in TiO2, SnO2, ZnO

• Hole contacts in MoO3, WO3, V2O5, NiO

Tandems to enable high efficiency cells and modules

• Perovskite on Si, thin film, and perovskite

• Thin films or III-Vs on Si

• III-Vs MJ

Rapid low-cost deposition techniques

• Solution deposited perovskite cells / modules 

• HVPE

Cell, module, and system reliability to enable technologies

• Perovskite stability improvements

• Adhesion of module components

Defect characterization and mitigation to increase performance and reliability

Metallization and interconnection to lower cost and CapEx

Emerging Themes in Current PV R&D Portfolio

8
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Surface Passivation: Increase Carrier Lifetime and VOC

• Univ. of Washington            
Hugh Hillhouse
• Molecular passivation of 

perovskite active layers

• Increase in carrier diffusion 
length and PL quantum yield

• Univ. Nebraska - Lincoln 
Jinsong Huang
• Fullerene passivation of 

perovskite active layers

• Reduce trap density to increase 
VOC

PHOTOVOLTAICS

Hugh W. Hillhouse
h2@uw.edu

University of Washington, Seattle
NextGen3

06710

Rapid Development of Hybrid Perovskites and Novel Tandem Architectures

PROJECT OVERVIEWPROBLEM STATEMENT PROJECT OBJECTIVE

TECHNOLOGY OVERVIEWVALUE PROPOSITION MILESTONES

Tandem photovoltaic devices have long held the potential for higher efficiency solar energy

conversion. However, there has yet to be a high-quality low-cost high-bandgap top cell to pair with

the most efficient low-cost low-bandgap technologies (CIGSe and c-Si) that make a tandem feasible

for non-concentrating utility scale, commercial, or residential applications. Hybrid perovskites (HPs)

are an exciting new class of PV materials that have high charge carrier mobilities, long carrier

lifetimes, tunable bandgaps, and already exhibit PV efficiencies over 20% and can be solution

processed under 150 C. However, the fundamental structure-property-processing relations,

particularly for higher bandgap versions suited for tandems, have yet to be revealed. Coarsening

mechanisms and in-depth studies of the crystallization kinetics and the resulting optoelectronic

properties as a function of composition and bandgap are needed. Currently, incorporation of HPs in

a tandem cell with a chalcogenide introduces new challenges since the best performing HP devices

have absorbers with a bandgap around 1.55 eV. This is too low to effectively pair with record

efficiency CIGSe or c-Si cells to yield significant improvement in efficiency. There are two options,

decrease the bandgap of the bottom cell or increase the bandgap of the top cell. For CIGSe, after

many years of research, decreasing the bandgap (decreasing the gallium concentration) still results

in significant losses in efficiency. Thus, a major challenge to overcome in order to realize high

efficiency tandems is to develop high optoelectronic quality wider bandgap HPs. If wide gap HPs

could be developed that sustain high quasi Fermi level splitting and can be processed with good

morphology and carrier transport, a new generation of tandem solar cells (approaching 30% PCE)

could be developed that would transform the PV sector.

Multijunction solar cells based on epitaxially grown III-V materials hold the record for solar energy power conversion efficiency

(PCE). However, due to the high cost of fabricating these devices, they are typically only used for concentrator cells and space

applications. The goal of this project is to develop a high efficiency tandem solar cell that is amenable to large-scale low-cost

manufacturing. This will be accomplished by developing high optoelectronic quality high-bandgap hybrid perovskite (HP)

materials using combinatorial techniques and combining the materials with high efficiency chalcogenide bottom cells

(CuInGaSe2) using an innovative new 2-terminal monolithic tandem device architecture.

In order to achieve this goal, we will: (1) use combinatorial experimentation to rapidly discover compositions and processing

conditions that yield high optoelectronic quality films of hybrid perovskites with the ideal bandgap (1.74 eV) to pair with record

efficiency CIGSe (1.13 eV bandgap); (2) engineer the interfaces, ETMs, and HTMs, to achieve better band alignment and

passive interfaces for the HP top cell; (3) develop low resistance transparent interconnection layers between the HP top cell

and chalcogenide bottom cell; and (4) integrate the new top cell architecture with bottom cell. Using solution processing routes,

our team has fabricated single junction CIGSe devices over 12% PCE and hybrid perovskite devices (1.6 eV bandgap) with

12% PCE (at the start of the current project). With the unique combinatorial facilities for solution processed PV materials and

the team’s experience with chalcopyrites, hybrid perovskites, electron and hole transport materials, interface engineering, and

device physics, we are poised to achieve the goal of a low-cost high-efficiency tandems.

The workplan is focused on achieving the following two overarching objectives: (1) developing high-bandgap hybrid perovskite

(HP) films with high optoelectronic quality and good morphology and (2) developing high-efficiency tandem solar cells from HPs

and chalcogenides. The workplan is broken down into 6 focused tasks over the 4-year planned project duration.

Task 1: Develop Combinatorial Spray Coating Method for Hybrid Perovskites

Task 2: Develop High Bandgap Hybrid Perovskites with High QFLS and Stability

Task 3: Optimization of Hybrid Perovskite Film Morphology

Task 4: Develop High Bandgap Single Junction Hybrid Perovskite Solar Cells

Task 5: Develop Interconnects for the Top and Bottom Cells

Task 6: Development of Tandem Hybrid Perovskite / Chalcogenide Solar Cells

Year 1 will include starting on Tasks 1-5 and completing Task 1. This first task is focused on developing the combinatorial spray

coating method for HPs. The other major tasks (Tasks 2-5) are focused on using combinatorial methods to improve

optoelectronic quality, improvements of film morphology, reducing the lead content, development of single junction devices, and

top/bottom cell connection layers. Year 2 will continue Task 2 and include a study to reveal the role of hydrogen bonding. Task 3

continues, and Task 4 is down-selected to focus on one of two contact fabrication methods. In Year 3 we will continue Task 2-5

and start Task 6, which is focused on pulling together the material quality and morphology improvements with expertise from the

single junction devices and preliminary recombination layers to make tandem cells. Year 3 is also a timeframe where feedback

from different tasks may be felt. For instance, the newer compositions discovered from Task 2 will be optimized for morphology

(Task 3) and single junction device performance (Task 4). Year 4 will be the culmination of the project and will draw from the

materials, morphology, and device expertise to focus on driving the tandem cell efficiency higher to meet the project target.

Fig. Practical Tandem Efficiency –

Derating of theoretical maximums with

the experimental parameters (ratios of

actual Voc, Jsc, and FF to detailed

balance Voc, Jsc, and FF) from record

CIGSe and future well-performing HP. If

we combine a record efficiency CIGSe or

c-Si cell with the current best performing

HPs, the tandem efficiency will only

reach 19.5% (see the red dot), which is

smaller than the CIGSe single junction

device (20%, indicated by a dashed

green contour). We must develop wider

bandgap HPs with similar or better

optoelectronic quality.

CARRIER TRANSPORT & RADIATIVE EFFICIENCY 

ARE LINKED IN HBRID PEROVSKITES

Above: Four distinct regimes of material changes

happen during photodegradation of MAPbI3.

Photoluminescence brightening often coincides

with losses in carrier transport, and degradation.

R.J. Stoddard, F.T. Eickemeyer, J.K. Katahara, and H.W. Hillhouse, J. Phys. Chem. Lett. 2017, 8, 3289-3298.

𝐿𝐷 =
𝜎𝑝ℎ 𝑘𝑇

2 𝑞2 𝐺

Above: Addition of additives in-situ during

crystallization (such as TOPO and TEA) improves

the radiative efficiency carrier diffusion length for

high bandgap (FA,Cs)Pb(I,Br)3.

CIGS / HYBRID PEROVSKITE TANDEM PV RECORD QUASI-FERMI LEVEL SPLITTING FOR 

HIGH BANDGAP HYBRID PEROVSKITES

Semi-transparent MAPbI3 top cell device and a CuInSe2

bottom cell result in a stabilized 

4-terminal tandem efficiency of 18.8%.

Likewise, a MAPbI2.4Br0.6 device and a Cu(In,Ga)Se2

bottom cell result in a stabilized 4-terminal tandem 

efficiency of  17.7%.

A.R. Uhl, Z. Yang, A.K.-Y Jen, and H.W. Hillhouse. J. Mater. Chem. A. 2017, 5, 3214-3220.

Details to be added

Milestone Description Date

M.4.1.2 Single Junction High Bandgap HP Solar Cell with PCE > 12%, 6/30/16

M.5.2 Interconnection with current density > 18 mA/cm2, Rs < 9.3 Ω-cm2, T > 70% in NIR 6/30/16

M.2.1.6 Quasi-Fermi Level Splitting of > 85% of SQ Limit for 1.72 eV < Eg < 1.76 eV 6/30/16

M.6.1 Tandem solar cell that exceeds SJ solar cell 3/31/17

9
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Selective Contacts: Metal Oxides on Si, a-Si on CdTe

• Univ. California Berkeley                                   
Ali Javey
• Dopant-free asymmetric 

heterocontact (DASH) silicon solar 
cells 

• Utilizing TiO2/Ca electron contact

• MoO3 hole contact, a-Si passivation

• Arizona State Univ.                          
Zack Holman
• Doped a-Si hole contact on CdTe

• Utilizing doped MgCdTe passivation
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in ref. [6] with a similarly fabricated device (this work) fea-

turing both a larger rear contact fraction (6.25% vs 1.26%) and 

a 3.5 nm TiO2 passivating interlayer between the Ca metal and 

the underlying c-Si absorber material. The TiO2 passivating 

interlayer has increased the open circuit voltage of the device 

by nearly 30 mV to 681 mV, an increase in Voc that is reflected 

in the increase in device efficiency by 1.5% absolute to 21.8%, 

making this device the most efficient c-Si solar cell with a TiO2 

heterocontact fabricated to date. Remarkably, this increase in 

efficiency is achieved without an increase in series resistance, 

but rather a decrease in Rs from 0.8 W cm2 for the directly 

metallized cell to below 0.5 W cm2. This is indicative of reten-

tion of the low contact resistance (rc » 5 mW cm2) despite the 

addition of the TiO2 interlayer, as shown in the contact resist-

ance data of Figure 2b, and also due to the application of the 

contact to a larger area. As the thin TiO2 interlayer is trans-

parent to IR wavelengths we measure no change in Jsc, while 

the increase in fill factor (FF) is a direct consequence of both 

the lower Rs losses and higher Voc.

Despite the significant increase in Voc measured on the pas-

sivated PRC cell, it is apparent from the superposition of the 

measured efficiency data on to the modeled curves of Figure S1 

(Supporting Information) that the recombination rate at the Si/

TiO2 interface has increased markedly after the thermal evapo-

ration of the overlying Ca layer. The minority carrier lifetime 

data of Figure 1 for a 3.5 nm thick TiO2 passivating layer corre-

spond to a J0c of »5 ´ 10-14 A cm-2. On the cell level the J0c value 

increases to a value of J0c < 1 ´ 10-11 A cm-2, an increase of »2.5 

orders of magnitude. Improving the J0c value, either by a dif-

ferent choice of passivating interlayer, or through the insertion 

of a thin SiO2 layer, as per ref. [11] remains critical to achieving 

device efficiencies competitive with other passivated contact 

technologies. Another pathway to higher efficiencies may lie in 

replacing the Ca layer with a less reactive, low work function 

material. Nevertheless, the device presented here represent the 

first n-type c-Si passivated partial rear contact cell and conclu-

sively demonstrates the benefits of such a device architecture.

2.4. Structure and Composition of the Contact

The composition and stoichiometry of the as-deposited TiO2 

ALD layer has been analyzed by X-ray photoelectron spectros-

copy (XPS). The survey scan (not shown) identified peaks in 

the spectra associated with Ti, and O elemental species as well 

as carbon contamination from the organic precursor. The Ti 

2p core level spectrum, displayed in Figure 4, shows the peak 

positions of the Ti 2p1/2 (464.5 eV) and Ti 2p3/2 (458.7 eV) elec-

tron spin orbitals, a spin-orbit splitting of 5.8 eV, characteristic 

of Ti4+ species in TiO2,
[22–24] evidence of a stoichiometric as-

deposited TiO2 layer. The O1s spectrum (inset) has been decon-

volved into two singlets: a main peak at 530 eV with a small 

shoulder at 531.6 eV. The main peak (O1s A) is representative 

of the direct oxygen (O2-) bonding to the Ti4+ in stoichiometric 

Adv. Energy Mater. 2017, 1602606

www.advenergymat.de www.advancedsciencenews.com

Figure 3. a) Schematic of the passivated, partial rear contact (commonly 

known as “PERC”) solar cell structure fabricated in this study. b) One sun 

J–V curves of the PRC solar cells fabricated with and without a passivating 

TiOx interlayer. Note that the TiOx cell has a higher rear contact fraction 

(fc = 6.25%) compared to the reference cell without the TiOx (fc = 1.26%).

Figure 4. XPS of the ALD titania prior to metallization indicating a near 

stoichiometric atomic ratio of TiOx, where x » 2 (inset: the O1s spectra).
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Tandems for High-Efficiency Cells

• National Renewable Energy Lab 
Adele Tamboli
• Developing 3T III-V/Si cells 

• Initial 3T GaInP/Si dual junction cells 
demonstrating 25.3%

• Flexible microspheres in adhesive  for 
electrical connection

• National Renewable Energy Lab 
Kai Zhu
• Low gap perovskite of 1.25 eV

• Wide gap perovskite of 1.75 eV

• Full perovskite tandem

(a) (b)

2T 4T

3T

n-type
p-type
metal
TCA/TJ
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Tandems for High-Efficiency Cells

• Stanford
Michael McGehee
• 1 cm2 perovskite on n-type Si
• Stable performance over test 

time
• Developing tandems on n- and 

p-type Si

• Univ. of Michigan                     
Stephen Forrest
• Low gap polymer with non-

fullerene acceptor
• Tandem achieved 15% PCE
• Semitransparent devices for 

BIPV applications

12
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Rapid Low-Cost Deposition

13

• National Renewable Energy Lab 
Aaron Ptak
• Dynamic Hydride Vapor Phase Epitaxy 

(D-HVPE) is a rapid growth technique 
to lower the costs of III-V cells

• Atomically- and chemically-abrupt 
interfaces

• Greatly expanded the growth 
temperature range 

• Solar cell quality is insensitive to 
growth rate, which has implications 
on throughput and cost

VOC = 1.053 V
JSC = 27.44 mA/cm2

FF = 84.3%
eff. = 24.34%
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Defect Characterization and Mitigation

14

• National Renewable Energy Lab 
Wyatt Metzger
• Moving away from standard Cu 

doping on Cd sites, and placing 
Group V elements such as P on Te
lattice sites

• Techniques and dopants explored: 
VTD at IEC / NREL, CSS, N cracking, P, 
As, and Sb dopants, Bridgman 
material from WSU, Zn alloying…

• Radiatively limited lifetimes and 2 
orders of magnitude greater hole 
density were achieved in single 
crystals

• Improved absorber properties lead 
to world record Voc relative to 
standard processes (histogram)

CdTe (circles) can achieve hole density and radiatvely
limited lifetimes commensurate with high-performance 
GaAs (dashed line)
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Perovskite Cell Reliability

15

• National Renewable Energy Lab 
Joe Berry
• Show substantial stability 

improvements for devices without 
encapsulation

• 94% of T0 after 1000 hours under 
illumination and load in air

• Stanford                                
Michael McGehee
• Encapsulated perovskite devices 

passed qualification tests

• Damp heat, thermal cycling, UV 
illumination
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PV Module and System Reliability
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backsheet

• National Renewable Energy Lab 
Nick Bosco
• Adhesion testing setup and test 

developed with Stanford

• Testing delamination in 
encapsulants and backsheets

• National Renewable Energy Lab 
Peter Hacke
• Combined Accelerated Stress 

Testing (CAST) system

• Study the role that combinations 
of different stresses have on 
accelerating degradation modes
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DuraMat: Durable Module Materials Consortium
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•Bring national laboratory and university
infrastructure together with photovoltaic (PV) 
supply chain and manufacturing industry to 
accelerate development of durable packaging 
materials and technology transfer

•6 national laboratory capability development 
projects, 8 university projects, and 3 collaborative 
industry-lab projects, funded in FY17

•13-member PV Industry Advisory Board guides 
strategic and technical direction of consortium

Computation & Analysis

 Data Analytics
 Predictive Simulation
 Technoeconomic Analysis

 Accelerated Testing
 Field Deployment
 Materials Characterization

Combined accelerated stress testing at 
NREL to identify PV degradation modes 

Industry University

Research strategy integrates six capability areas across 
DuraMat that accelerate PV material design, informed by 
industry partners to meet SETO technology goals

Advanced Module Materials

https://www.duramat.org/
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January 2018 Request for Information (RFI)
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Technological Research Priorities

Characterization and Modeling Techniques

Module Packaging and Reliability

SETO Portfolio Evaluation

Download RFI summary report on SETO website:
https://energy.gov/eere/solar/downloads/pv-innovation-roadmap

https://energy.gov/eere/solar/downloads/pv-innovation-roadmap
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RFI Responses by Institution
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Industry

National
Lab

University

Government Non-Profit

89 responses

https://energy.gov/eere/solar/downloads/pv-innovation-roadmap

https://energy.gov/eere/solar/downloads/pv-innovation-roadmap
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Highlighted Technical Challenges Identified in RFI

20

Silicon
• Wafering: crucible, kerfless, gas-to-wafer 
• Light-, potential-induced degradation
• Tandems: top cell, 3/4-terminal design

CdTe
• CdSeTe defect/doping behavior
• Back contact passivation
• Polycrystalline interfaces

CIGS
• Metastability response to heat and light
• Alkali role in degradation, passivation
• New wide-band-gap buffer layers

Perovskites
• Stability: separating moisture and light
• Architectures: lightweight, glassless
• Defect and dopant control

III-V
• Low-cost substrate reuse
• Low-cost epitaxial lift-off
• Multijunction efficiency, optical gains

Module
• High-performance glass alternatives
• Improved edge seals
• Durability of coatings, encapsulants

https://energy.gov/eere/solar/downloads/pv-innovation-roadmap

https://energy.gov/eere/solar/downloads/pv-innovation-roadmap
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American-Made Solar Prize

Up For the Challenge?

The American-Made Solar Prize is a $3 million prize competition 
designed to accelerate and sustain American solar innovation 
through a diverse and powerful support network of resources.

Visit americanmadechallenges.org to learn more

IDEATE
An ongoing ideation 
process to propose, 
discuss, and rate solutions 
for technical challenges in 
the solar industry.

COMPETE
Entrepreneurial individuals and teams 
compete in contests to solve difficult 
challenges in the solar industry and 
can win cash prizes and valuable 
resources needed to succeed.

EMPOWER
Partners join the American-
Made Network to support 
competitors as they rapidly 
develop solutions and can win 
performance payments.  

SUBMIT BY OCTOBER 2 SUBMIT BY OCTOBER 5 ONGOING

21
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Lenny Tinker
lenny.tinker@ee.doe.gov

Questions?




