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Overview

Challenges for photoelectrochemical hydrogen 
production technology:

– Materials Efficiency (AE)
– Materials Durability (AF)
– Integrated device configuration (AG)
– Synthesis and Manufacturing (AJ)

- Total budget funding: $3,000,000

- DoE share: 100%

- Contractor share: 0%

- Total DoE funds spent as of 03/2015 

(including Nat. Labs): $250k 

Budget

- HNEI (N. Gaillard)
 Absorber / p-n junction fabrication

- Stanford (T. Jaramillo)
 Surface catalysis and corrosion protection

- UNLV (C. Heske)
 Bulk/sub-surface/surface characterization

- LLNL (T. Ogitsu)
 Absorber/interface theoretical modeling

- NREL (H. Wang, T. Deutsch)
 Device validation and PEC reactor design

Partners / primary role

Barriers
- Project start date: 1/10/2014

- Project end date: 9/30/2017 *
* Project continuation and direction determined 

annually by DoE (Go/NoGo)

Timeline
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Relevance - Objectives

- Long-term goal: identify efficient and durable copper chalcopyrite-based materials which can operate 
under moderate solar concentration and capable of generating hydrogen via PEC water splitting at a cost 
of $2/kg or less. 

- This project: (1) develop new wide bandgap (>1.7 eV) copper chalcopyrites compatible with the hybrid 
photoelectrode (HPE) design, (2) demonstrate at least 15% STH efficiency and (3) generate 3L of H2 under 
10x concentration (“Type 4” PEC reactor) in 8 hours.
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Approach – Integrating experiment, computation and theory

• Integrating experiment, computation, and theory
• Making digital data accessible 
• Creating a world-class materials workforce
• Leading a culture shift in materials research 

Innovative materials discovery and development  for faster product development.  Key 
elements include:

Advanced Materials Manufacturing (AMM) / Materials Genome initiative (MGI) 

Characterization

Modeling
Accelerating materials development using 
integrated modeling, synthesis and advanced 
characterizations:

1. Bandgap calculation using reported values for 
known systems (data mining) or modeling of new 
semiconducting systems (to be uploaded to existing 
materials database),

2. Theory-guided synthesis of wide bandgap
chalcopyrites using state-of-the-art vacuum-based 
deposition tools,

3. Advanced surface and interface spectroscopy 
analyses of newly formed materials to validate 
modeling and refine synthesis.

Synthesis
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Approach – Project tasks addressing barriers

Task 1. PV-grade wide bandgap Cu(In,Ga)S2 absorbers: AE and AJ barriers
Goal: identify, develop and test new wide bandgap material systems, supported by advanced 
characterization by theoretical modeling.

Task 2. Sub-surface energetics improvement (p/n junction): AE and AG barriers
Goal: identify, develop and test new “n-type buffers” compatible with wide Eg chalcopyrites, supported by 
advanced characterization by theoretical modeling.

Task 3. Surface catalysis and corrosion resistance: AE and AF barriers
Goal: evaluate Earth Abundant MoS2 as both HER catalyst and protecting layer.

Task 4. Device certification and efficiency benchmarking: AG barrier
Goal: identify optical/electrical losses in complete HPE device made of HNEI’s CIGS and partners’ CIGSe, 
validate STH efficiency and quantify the volume of H2 generated under 10x concentration in 8 hours.

Barriers list : AE: Materials Efficiency, AF: Materials Durability, AG: Integrated device configuration, AJ: Synthesis/Manufacturing.

Key steps in PEC H2 production

Photo-current generation (solid-state),
Charge separation (solid-state),
Catalysis/durability (electrochemistry).

2

1

3
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Accomplishments – Task 1: PV-grade absorbers

Pictures of wide Eg Cu(In,Ga)S2

Potential (V vs. RHE)

HNEI’s PEC CuInGaS2 vs.          PV-grad CuInGaSe2

2. Proof of concept demonstration: sulfurization of Cu(In,Ga)Se2

S and Se fraction vs. sulfurization time in H2S

As-deposited
Annealed in S

XPS on as dep. and sulfurized CuInGaSe2

LSV measured on 700nm thick 2.0 eV CuInGaS2

Sulfur

Selenium

3 hrs

24 hrs

3 hrs

24 hrs

 Successful fabrication of photoactive CuInGaS2 with controlled composition and tunable bandgap (1.5 – 2.4eV).

AE / AJ barriers

AMR2013
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Accomplishments – Task 2: Sub-surface energetics
1. Effect of n-type “buffers” on chalcopyrites PEC properties

a. CdS (20 nm)/annealing (150oC in air)/Ru n.p. (PVD)

b. CdS (20 nm)/annealing (150oC in air)/etch in HCl/Ru n.p. (PVD)

+ 400 mV Stable

Homojunction

CuGaSe2

Cd-doped subsurface

CGSe:Cd/CGSe structure 
after etch of CdS layer

Ru (HER)

 Crucial role of both surface Cd doping (homojunction) and CdS layer (heterojunction) demonstrated for CuGaSe2

AE / AG barriers

+ 800 mV Unstable
“Heterojunction”

CuGaSe2

CdS
Cd-doped subsurface

Cd diffusion promoted by
CuGaSe’s Cu-poor surface

Ru (HER)
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2. Identifying new buffers with optimum properties for wide EG chalcopyrites (CBO = 0 eV)

Take home messages: 
- Cadmium sulfide surface energetics are not optimum for wide bandgap chalcopyrites,
- New buffers must be identified, synthesized, characterized and tested.

0.46 (±0.1) eV0.86 (±0.1) eV

VBO = -1.06 (±0.15) eV

CBO=-0.45 (±0.15) eV

2.47 (±0.15) eV

1.76 (±0.15) eV
EF

interface
CdS/Cu(In,Ga)S2

surface
Cu(In,Ga)S2

surface

Wide EG Cu(In,Ga)S2/CdS
(previous study, not this program)

APL 86, 062108 (2005)

CuIn(S,Se)  surface2
CdS/CuIn(S,Se)

heterojunction
2 thick CdS/CuIn(S,Se)

surface
2 

CBO = 0.0 (±0.15) eV 

VBO = 1.0 (±0.15) eV 

1.4 (±0.15) eV
2.4 (±0.15) eV

CBM CBM

VBM

VBM

EF

Narrow EG CuIn(S,Se)2/CdS
(previous study, not this program)

EuPVSEC17 (2001), p.1261

a. Advanced surface and interface characterization

Accomplishments – Task 2: Sub-surface energetics AE / AG barriers

Narrow EG CISe (1.0eV) Intermediate EG CGSe (1.6eV) Wide EG CGS (2.4eV)

CBO ≈ +0.1 eV CBO ≈ -0.46 
eV

b. Theoretical modeling

CBO ≈ -0.84 
eV



!$"

0 100 200 300 400 500
0

1

2

3

4

5

6

CuGaSe
2
 failure

Epoxy failure  

 

C
ur

re
nt

 d
en

si
ty

 (m
A

.c
m

-2
)

Time (hours)

0.5M H2SO4 / AM1.5G 
1.7V vs. RuO2

,--./01234/5673"8"9:3;"$<"MGAT:-5"-:7:1R323P-.AA.32.6"A53237:6-5"

!D",3353326@"745".A2@26".T"-4:1-.0RA275"04.7.-.AA.32.6"

,O"P",k"C:AA25A3"

,U`#+!$",U`#+!$"

H2 @ CuGaSe2!

O2 @ RuO2!

6"1$7879:;<;$=>$2/?71@($7A@B$".2$=4@B7C=8$

:D"M7:6B:AB"=OF"75373"26"1:C.A:7.AR"

i276533"

,d5A"\M>""
26"B:A;"

,d5A"\M>""
G6B5A"12@47"

,2A?5l0.35B"

K:#S$""
T.A/5B"

M5S#""
57-45B"

Om?MI9e"m=M"HneY\>L" IY?MI9e"mOM"HM,\M,"n",\MJ"g5A;515RL" IY?MI9e",7/D"=A533GA5"m=M"H,\ML"

D=BE7C=8$=>$/8;F7G9@$?7(HI$7F$2?1@$;/B>7J@$

!+"//"

.9@E@8FK;4@J<LJ$G=8M<8N$@O=9/C=8$/8M@B$".2$=4@B7C=8$

Q?>"

,U!D&"

[b""[#"

FO"

FKM5"H(&"6/L"
,G"H("6/L"

M2Y"H!++"6/L"

M2"
m?A:R"

[#MS%"

CD",BN:6-5B"3GAT:-5P2675AT:-5"-4:A:-75A2V:E.6"

,U!D&K"P"+D&U"[#MS%"



14

Accomplishments – Task 3: Surface catalysis/corrosion resistance AE / AF barriers

2. Surface Protection of CGSe with molybdenum disulphide – synthesis and characterization
a. Synthesize MoS2 on CdS/CGSe

Step 1: Evaporate 5 nm of Mo
Step 2: Sulfurization in tube furnace at 200°C H2S | H2

2 nm MoS2 shells have protected MoO3 nanowires for 10,000 CVs

b. Activity and stability of MoS2/CdS/CGSe in 0.5M H2SO4

MoS2/CdS/CGSe stability testCdS/CGSe stability testActivity of MoS2

Take home messages: 
- Suite of advanced characterization methods develop to understand corrosion mechanisms and test surface protection strategies,
- Formation of unstable Ga2O3 at chalcopyrite surface identify as a possible cause of photocorrosion,
- MoS2 HER catalyst can effectively protect materials from degradation: MoO3, Si, CdS…etc.

Unstable StabilizedAnodic Vonset shift with MoS2
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Collaborations

- US DoE PEC working group: white papers (metal oxides and chalcopyrites) and standardized test protocols,

- International Energy Agency/HIA/Annex 26: collaboration with international institutes and universities including 
the Institute for Solar fuels (HZB), Delft University, University of Warsaw (Poland)...etc, 

- University of Louisville (M. Sunkara) / Jozef Stefan Institute-Slovenia (M. Mozetic): U.S./European project on 
physical vapor deposition of nanostructured PEC materials.

Project-specific collaborations:

- EMPA (A. Braun): in-situ characterization of phase transformation during CIGS synthesis (TASK 1),

- Columbia (D. Esposito): spatially resolved UV-vis analysis on composition graded chalcopyrites (TASK 1),

- University of Los Andes-Colombia (S. Barney): reactive sputtering of ZnOS buffers (TASK 2),

- AIST-Japan: provide narrow bandgap CIGSe PV drivers (supported by METI-DoE clean energy plan) (TASK 4),

- University of Bordeaux-France (A. Rougier): development of temperature-resistant TCOs as intermediate layers 
for multi-junction CIGSSe solar cells and PEC devices (TASK 4),

- UC-Irvine (S. Ardo): Faradaic efficiency measurement on wide bandgap CIGS systems (TASK 4).
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Remaining challenges & barriers / Proposed future work

Task 1. PV-grade wide bandgap Cu(In,Ga)S2 absorbers 
Challenges/Barriers: controlling elemental composition profile in PV-grade 1.8-2.0eV CIGS.

Proposed Future Work: evaluate the impact of sulfurization annealing process (RTP vs. slow ramp, sulfur pressure) on gallium and indium 
profile, supported by theory and advanced characterization teams.

Task 2. Sub-surface energetics improvement (p/n junction)
Challenges/Barriers: free electron losses (Eg-Voc) appear to be greater with sulfide than selenides.

Proposed Future Work: with input from the theory team, we will evaluate post deposition treatments (naF, KF) to passivate surface 
defects and develop alternative buffer layers. CIGS/buffer interface will be characterized at UNLV.

Task 3. Surface catalysis and corrosion resistance
Challenges/Barriers: coating a pin-hole free 5nm-thick MoS2 layer on a rough polycrystalline CIGSSe film is challenging.

Proposed Future Work: we will replace our current MoS2 deposition process (Mo evaporation followed by H2S sulfurization) with highly 
conformal deposition techniques, including MOCVD and ALD, and measure durability of our MoS2-coated PEC materials. 

Task 4. Device certification and efficiency benchmarking
Challenges/Barriers: achieving STH efficiency > 15% requires minimal electrical, kinetic and optical losses throughout the device.

Proposed Future Work: we will perform a complete loss analysis of our proposed HPE device, identify weaknesses and explore path for 
optimization.
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Project summary

Relevance

Approach

Accomplishments

Collaborations

Proposed future 
work

Create the first all-chalcopyrite HPE device with low-cost, PV-grade and durable thin film 
materials to meet DoE’s efficiency and durability targets.

Focus on the development of wide bandgap chalcopyrite PEC materials, identify compatible 
buffers to improve energetics (p-n junction), evaluate Earth-abundant MoS2 as both HER and 
protection layer and assess the STH efficiency of the complete HPE device.

(1) Identified 3 chalcopyrite material systems with optimum optical properties for PEC H2
production, (2) successfully fabricated PV-grade 1.55eV CIGS absorbers generating 13 mA/cm2

(in both PV & PEC integration), (3) demonstrated the crucial role of the CdS buffer on HER turn 
on voltage and identified alternative buffer materials for wide EG chalcopyrites, (4) developed 
new in-situ advanced characterization methods to elucidate photocorrosion and tested MoS2 as 
a protective layer and (5) established solid-state requirements for both bottom and top cells in 
order to meet DoE’s short (15%) and long (25%) term goals.

Project-specific collaboration with U.S. and international teams to address barriers in each of 
the 4 technical tasks.

(1) Continue development of PV-grade and demonstrate at least 10-12 mA/cm2 with 1.8eV CIGS 
(FY15 Go/NoGo), (2) fabricate, characterize and test ZnOS as an alternative buffer and 
demonstrate Voc > 750 mV (FY16 Go/NoGo), (3) continue development of conformal MoS2
coating using ALD or MOCVD processes to meet 500 (FY15), 750 (FY16) and 1,000 (FY17) hour 
durability targets and (4) validate the 1.5eV/2.0eV HPE structure and measure its STH efficiency. 
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Technical back-up slides
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