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1. Experimental Methods 

III-V Fabrication 

 Semiconductor structures were grown by atmospheric pressure metalorganic vapor phase 

epitaxy (MOVPE) on a custom-built reactor. The source gases for the semiconductors included 

trimethylgallium, triethylgallium, trimethylindium, trimethylaluminum, arsine and phosphine; 

hydrogen selenide and disilane were the sources for selenium and silicon n-type dopants; 

diethylzinc and carbon tetrachloride were the sources for the zinc and carbon p-type dopants. 

Nitrogen was included in a GaInAsN front contact layer for photovoltaic test structures, and was 

sourced from dimethylhydrazine. All sources were transported to the reactor in a 6 lpm flow of 

purified hydrogen carrier gas. 

 The structures were grown on 350 µm thick (001) GaAs:Si substrates, miscut 6° toward 

the <111>A direction. Prior to growth, the substrate was cleaved to a 20 mm x 30 mm rectangle 

and etched for 2 minutes in (2:1:10) NH4OH:H2O2:H2O followed by a rinse in de-ionized water. 

The inverted growth proceeded from a GaInP2 stop-etch layer at 700 °C, followed by a 

GaInAsN/GaAs front contact layer at 570 °C, then the GaInAsP top cell grown at 650 °C and ~3.6 

µm h–1, an Al0.3Ga0.7As/GaAs tunnel junction interconnect grown at 600 °C and 2-3 µm h–1, the 

GaAs bottom cell grown at 650 °C and ~5.8 µm h–1, and finally the Al0.3Ga0.7As back contact layer 

at 620 °C  and ~2.1 µm h–1. The structure is indicated in Table S1. Growth rates and compositions 

are nominal but are based on regular calibrations of the reactor. All layers were grown with a V/III 

ratio >10 and as high as 500, as is typical for MOVPE. The structure was cooled down to room 

temperature under an arsine overpressure. The top cell included an Al0.27Ga0.25In0.48P rear 

minority-carrier confinement layer. The bottom cell included GaInP2 front and rear minority-

carrier confinement layers. Several calibration growths were necessary to tune the composition of 
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the GaInAsP top cell, to simultaneously achieve a lattice-matched alloy with a bandgap of ~1.68 

eV, as determined by quantum efficiency measurements on single junction cells. For the 

calibration samples, lattice-matching was determined by an in-situ measurement of the stress as 

derived from the wafer curvature,1 and an ex-situ x-ray diffraction measurement of an (004) 

rocking curve. The bandgap of the quaternary was evaluated by room-temperature 

photoluminescence. Additional details can be found in refs 2 and 3. 

 After the inverted growth, a gold back contact was electroplated to the Al0.3Ga0.7As back 

contact layer. The semiconductor was bonded with a low viscosity epoxy to a silicon mechanical 

handle, the GaAs substrate was etched away with NH4OH:H2O2 (~1:2 by volume), and the GaInP2 

and GaInAsN/GaAs layers were etched away with appropriate etchants. After deposition of the 

catalyst, Shipley S1818 photoresist was used to define a mesa area and individual devices were 

isolated by standard wet-chemical etching through the semiconductor layers, down to the 

electroplated back contact. 

Table S1. Layer structure of the III-V device, including nominal thickness and carrier 

concentration. 

Layer 

Thickness 

(nm) Doping 

Approx. Carrier 

Concentration (cm-3) 

GaInAsP 25 n 2-4 * 1018 

GaInAsP 2000 p <1 * 1017 

Al0.27Ga0.25In0.48P 200 p ~1 * 1018 

GaInP 10 p ~1 * 1018 

Al0.3Ga0.7As 20 p >1 * 1019 

GaAs 12 n >1 * 1019 

Al0.3Ga0.7As 50 n ~3 * 1018 

GaInP 30 n ~3 * 1018 

GaAs 85 n ~1-2 * 1018 

GaAs 2000 p ~1 * 1017 

GaInP 300 p ~1-2 * 1018 

Al0.3Ga0.7As 200 p >2 * 1019 

Gold > 1000   
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MoS2 Deposition 

 An MoS2 coating has previously been shown to stabilize a GaInP2 top surface, providing 

motivation for pairing MoS2 with this tandem absorber architecture.4 The portion of the wafer to 

be coated with MoS2 was diced and Mesa etched.5 A shadow mask consisting of Kapton tape with 

a circular hole 1 cm in diameter was placed over the device before it was transferred to a DC 

magnetron sputter coater. A thin layer of Mo metal was deposited onto the wafer at a rate of 7.2 

nm min–1 for 30 seconds to achieve a nominal thickness of 3.6 nm. Immediately after Mo 

deposition, the wafer was transferred to a tube furnace (Mellen 1 zone) and sulfidized in 90% 

H2/10% H2S held at 150 °C for 1 h to create the MoS2 layer. The Kapton shadow mask was then 

removed, and the device was made into an electrode by covering undeposited areas with epoxy 

(Loctite E-120HP). 

 

PtRu Deposition 

 The PtRu was deposited via flash sputtering in which the sample was exposed briefly (~2 

s duration) by a rapid pneumatic shutter actuation to achieve very low PtRu loading ~500 ng cm–

2.5 Following the sputtering, the device was Mesa etched and then epoxied into an electrode. 

 

Electrochemical Characterization 

 Electrodes were tested in a two-compartment cell using 0.5 M sulfuric acid (OmniTrace® 

EMD Millipore) electrolyte with 1 mM Triton X-100 surfactant added to facilitate H2 bubble 

detachment by reducing surface tension.6 The counter electrode consisted of a RuO2 powder 

compressed into a Pt mesh. The two compartments were separated by a proton-conducting Nafion 

membrane. Three-electrode measurements were conducted with a Hg/HgSO4 reference electrode 
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(0.5 M H2SO4), and two-electrode measurements used the RuO2 counter electrode. All LSVs were 

measured with a scan rate of 20 mV/s, starting at negative potentials and sweeping until the current 

density reached a value above –0.5 mA cm–2. The working electrodes were illuminated by a 250 

W quartz tungsten-halogen lamp with a water-filled IR filter and light shaping diffuser (Newport), 

and illumination intensity was set to ~1.3-sun using a GaInP2 (1.8 eV) reference cell calibrated to 

the AM1.5G standard.7 Optical characterization was collected with an in situ stereomicroscope 

(AM7915MZTL – EDGE, Dino-Lite). 
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Figure S1. Band diagram schematic for GaInAsP/GaAs tandem devices showing light 

absorption in the GaInAsP and GaAs semiconductors generating electron-hole pairs. Holes 

generated in the GaAs bottom cell are collected in the gold back contact and flow through an 

external wire to the counter electrode anode (RuOx) to facilitate oxygen evolution. Electrons 

generated in the GaInAsP top cell are driven to the catalyst layer on the surface to evolve H2. 

  



S8 

 

2. Additional Electrochemical Characterization 

 

Figure S2. Electrochemical characterization of the MoS2/III-V and PtRu/III-V unassisted water 

splitting devices with replicates prepared in the same batch . a). Three-electrode LSVs measured 

with a Hg/HgSO4 reference electrode and RuO2 counter electrode. Scans were collected starting 

from more negative potential and sweeping to more positive potentials with a scan rate of 20 mV 

s–1. The first 100 mV of the scan was measured with light excluded, while the remainder of the 

scan was conducted under 1.3-sun illumination. The scan was stopped when the current density 

reached –0.5 mA cm–2. Two samples for each of the MoS2/III-V and PtRu/III-V devices were 

tested with the replicate data shown in the light red and light blue, respectively. b). Two 

electrode CA measurement taken at short circuit (E = 0 V vs. RuO2) until device failure for the 

MoS2/III-V device shown in the main text (dark red squares) and a replicate device (light red 

triangles). The replicate device lasted 4.0 h until failure while the first MoS2/III-V sample lasted 

11.8, both of which lasted longer than the PtRu/III-V device. 
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3. Lamp Spectrum and Solar-to-Hydrogen-Efficiency  

 The lamp used for all PEC measurements in this work was a 250 W quartz tungsten-

halogen lamp with a water-filled IR filter and light shaping diffuser. The illumination intensity 

was set to ~1.3-sun with a GaInP2 reference cell (1.8 eV) calibrated to the AM1.5G solar 

spectrum standard such that the current produced by the reference cell equals 1.3 times that 

under the AM1.5G spectrum. The total irradiance produced by the tungsten lamp with this 

calibration is 119 mW cm–2 (overall, approx. 1.2 suns) We note that there is a significant spectral 

mismatch between the tungsten lamp and AM1.5G spectra, where there are significantly more 

photons with E < 1.8 eV in the tungsten lamp spectrum than in the solar spectrum (Figure S3).8 

Thus, this calibration of the tungsten lamp will lead to >1.3 suns worth of photons available for 

both the top cell (1.7 eV) and bottom cell (1.4 eV) (Table S2).8 In a tandem absorber system, the 

overall device current is determined by the smaller of the two currents generated in each 

junction.8 Based on the bandgaps of this tandem system, under AM1.5G illumination (1-sun), the 

bottom cell would have only 9.4 mA cm–2 worth of photons available to absorb, while the top 

cell would have 22.4 mA cm–2 (Table S2). However, this tungsten lamp setup outputs 30.8 and 

24.3 mA cm–2 worth of photons for the top and bottom junctions, respectively, which would lead 

to significantly inflated photocurrent values compared to a total power measurement with respect 

to the true AM1.5G spectrum. Thus, this tungsten lamp provides more than double the available 

photons to the limiting bottom junction compared to the solar spectrum (24.3 mA cm–2 vs. 9.4 

mA cm–2), even though the overall power output is 1.2 suns. This is why it is so important for 

STH calculations to take into consideration the laboratory lamp’s spectral shape, not just its 

overall power. 
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 The STH efficiency (ηSTH) is calculated by equation S1, where jSC is the current density 

with no applied bias, E0 is the thermodynamic potential of water splitting at 25 °C (1.23 V), ηF is 

the faradaic efficiency, and Pin is the incoming irradiance power density.8,9  

  𝜂STH =
𝑗SC×𝐸

0×𝜂F

𝑃in
       (S1) 

Past results involving photocathodes coated with a similar MoS2 coating as in the MoS2/III-V 

device10 and tandem III-V structures with the same PtRu catalyst layer as in the PtRu/III-V device5 

have both been shown to have a ηF of 1, so ηF is assumed to be near unity in this study. In addition, 

a lower bound for ηF can be calculated by comparing the total charge passed to the total amount of 

current that could contribute towards non-faradaic processes like corrosion. For both the MoS2/III-

V and PtRu/III-V devices, there is substantial current being generated until their respective sudden 

failure times. The continued generation of current and appearance of bubbles throughout the CA 

measurement suggests that both the top and bottom cells must be intact. The total amount of charge 

that would be required to dissolve the entirety of the 2 μm GaInAsP top cell can be estimated and 

treated as an upper bound for corrosion current. Cathodic corrosion would release 3 electrons per 

Ga or In atom,11 or 12 electrons per unit cell. GaInAsP has a lattice constant of a = 5.65 Å,12 so 

dissolution of the entire 2 μm GaInAsP would require 2.13 C cm–2. The MoS2/III-V and PtRu/III-

V devices produced 425 and 119 C cm–2, respectively, so the lower bounds for the ηF are ~ 0.995 

and 0.982, respectively. 

 Because of the excess photons available for absorption by both junctions, using the actual 

incident power (119 mW cm–2) would give an inflated value for ηSTH.8 Using these 1.2-suns as Pin 

would give ηSTH ≈ 13% and 16% for the MoS2/III-V and PtRu/III-V devices, respectively. These 

values are greater than the calculated theoretical maximum efficiency of 12% for this system, 

which is not physically reasonable.5 Thus, when estimating ηSTH, the value for Pin was taken to be 
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the power of 1-sun irradiance (100 mW cm–2) scaled by the number of suns (by photons) reaching 

the current-limiting bottom cell (2.58), or Pin ≈ 258 mW cm–2. In other words, illuminating these 

samples under solar irradiance concentrated to 2.58 suns would be expected to give similar 

photocurrent to those measured here with the tungsten lamp setup. While this estimation for ηSTH 

is not fully representative of the true efficiency under solar illumination, this conservative 

estimation allows for more accurate comparisons with other reports. Thus, the MoS2/III-V device 

demonstrated ηSTH ≈ 6.1% (jSC = –12.8 mA cm–2), while the PtRu/III-V sample exhibited ηSTH ≈ 

7.6% (jSC = –16.0 mA cm–2). The calculated maximum ηSTH for a 1.7/1.4 eV tandem PEC cell is 

12%, so these estimated ηSTH values are reasonable and physical.5 While the incident solar power 

is >1 sun by both the total power and the incident photon flux absorbable by both junctions, it is 

still in the regime where the photocurrent is expected to be proportional to the incident power due 

to the low series resistance and relatively low current densities being passed, and thus ηSTH should 

not depend on the scaling of the incident spectrum.13,14 
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Figure S3. Tungsten lamp photon flux spectrum compared to AM1.5G 1-sun spectrum. The 

shaded areas in purple and orange represent the total photon flux with energy > 1.7 eV and 

between 1.4 – 1.7 eV, respectively, which are available for absorption by the top and bottom cell. 

The tungsten lamp is calibrated to 1.3-sun with a GaInP2 reference diode (1.8 eV, marked by the 

dotted line). 
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Table S2. Integrated Photon flux in various energy ranges for the AM1.5G solar spectrum and 

tungsten lamp spectrum used in the measurements in this study. 

Spectrum Cell Photon Range 

Irradiance 

(W m–2) 

Photon flux  

(n photon m–2 s–1) 

J 

(mA cm–2) 
 

AM1.5G 1.8 eV 

Calibration 
E > 1.8 eV 457 1.21 * 10

21

 19.3  

 top cell E > 1.7 eV 511 1.40 * 10
21

 22.4  

 bottom cell 1.7 > E > 1.4 eV 146 0.59 * 10
21

  9.4  

 top + 

bottom 
E > 1.4 eV 658 1.99 * 10

21

 31.8  

Spectrum Cell Photon Range 

Irradiance 

(W m–2) 

Photon flux  

(n photon m–2 s–1) 

J 

(mA cm–2) 
n 

Suns  

Tungsten 

lamp, 

1.8 eV 

Calibration 
E > 1.8 eV 490 1.44 * 10

21

 23.1 1.19 

scaled to 

1.3-sun 
top cell E > 1.7 eV 625 1.93 * 10

21

 30.8 1.37 

 bottom cell 1.7 > E > 1.4 eV 390 1.52 * 10
21

 24.3 2.58 

 top + 

bottom 
E > 1.4 eV 1002 3.44 * 10

21

 55.1 1.73 
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4. Current-Limiting Junction 

 Integrated quantum efficiency data for photovoltaic test structures was used to test whether 

the top or bottom cell would limit the overall device current (Figure S4). External quantum 

efficiency (EQE), or the number of electrons collected per photon as a function of wavelength, 

was measured for a single junction GaInAsP cell and a GaAs bottom cell in a tandem 

GaInAsP/GaAs cell.3,5 The EQE for these two cells was integrated over the AM1.5G spectrum 

with no absorption losses and scaled to give a limiting current of 12.8 mA cm–2, matching that of 

the MoS2/III-V device. The integrated currents for the top and bottom cells are 21.9 mA cm–2 and 

12.8 mA cm–2, indicating that the bottom cell would be current-limiting under solar illumination. 

A similar calculation was performed with the tungsten lamp spectrum taking into account 

absorption in the MoS2 and quartz cell and scaled to give the same current of 12.8 mA cm–2.10 The 

photocurrents for the top and bottom cell are expected to be 15.4 and 12.8 mA cm–2, so the bottom 

cell is still current-limiting in the measurements presented here. Under both the solar spectrum and 

the tungsten lamp used here, the bottom cell would be limiting the overall device current, so the 

top cell potential will be pinned at open circuit potential. Thus, the durability of the III-V devices 

under the tungsten halogen lamp will have similar carrier dynamics and stability constraints as 

under solar irradiance. 
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Figure S4. Estimated spectral response for the tandem PEC device. The external quantum 

efficiencies are shown for test structures. The red data (MP607) is a single junction GaInAsP cell 

with the same structure as the top cell in our device. The blue data is for a GaInAsP/GaAs tandem. 

The solid lines show models of the EQE using available optical data for the various layers. The 

grey and orange lines show the AM1.5-global and tungsten lamp spectra, each scaled so that the 

integral of the bottom cell EQE over the spectrum yields a photocurrent of 12.8 mA cm–2 as 

measured experimentally. The table on the right shows the tandem to be bottom-limited under both 

spectra. Note that discrepancies between the model and the data lead to errors that are significantly 

smaller than the differences in the top and bottom photocurrents, in both cases. 
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5. Description of Supplemental Movies 

Supplemental Movie 1 is a time lapse of the III-V/MoS2 device surface during the 

chronoamperometry measurement, starting at 5.7 h of testing and running until 19 h, after device 

failure at 11.8 h. A frame was taken every 5 min, and the movie has 1 frame per 1 s. 

 

Supplemental Movie 2 is a time lapse of the III-V/PtRu device surface during the 

chronoamperometry measurement, starting at 0 h of testing and running until 2.25 h, concurrent 

with device failure. A frame was taken every 1 min, and the movie has 1 frame per 4 s. 
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6. Comparison of Unassisted Solar Water Splitting Devices with > 1% STH Efficiency 

 

Figure S5. Comparison of solar to hydrogen (STH) efficiency and lifetime H2 produced for high 

efficiency (>1% STH) unassisted water splitting devices with at least one photoelectrode 

integrating a catalyst and semiconductor(s). This plot includes all data in Figure 4 as well as 

systems that produced <1 mL cm–2 H2, including devices with no reported stability.15-34 Tabulated 

data are found in Tables 1 and 2 for systems that produced > 1 mL cm–2 H2 and in Tables S3 and 

S4 for systems with no reported stability or <1 mL cm–2. Datapoint labels refer to the main text 

reference #. 
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Table S3. Tabulated data of unassisted water splitting devices with >1% initial STH which produced <1 mL cm–2 lifetime H2. 

Architectures consist of photoelectrodes and/or catalysts without a separate, wired photovoltaic. Semiconductor materials are shown in 

black, catalysts are in red, and protecting/contact layers are in blue 

(Photo)cathode (Photo)anode Configuration 
Initial 

STH (%) 

Stability 

(h) 

Average J 

(mA cm–2) 

Charge Passed 

(C) 

H2 Produced 

(mL cm–2) 

First 

Author 
Year Ref # 

Ni/Si FeOOH/BiVO4 
Two wired 

photoelectrodes 
2.5 2 1.2 8.5 0.99 Ding 2014 72 

Pt/TiO2/CdS /CGIZS CoFeOx/BiVO4 
Two wired 

photoelectrodes 
1.1 1.2 0.65 2.8 0.33 Hayashi 2018 73 

Pt/CdS/CIGS NiOOH/FeOOH/BiVO4 
Two wired 

photoelectrodes 
3.7 0.17 2.7 1.6 0.19 Kobayashi 2018 74 

Rh/GaInP2/GaInAs RuO2 Monolithic 14 0.033 11.5 1.4 0.16 May 2015 75 

Pt/TiO2/Al2O3/CdS/CIGS NiOOH/FeOOH/BiVO4 

Two wired 

photoelectrodes 
1.0 0.5 0.72 1.3 0.15 Chen 2018 76 

Pt GaSbxP(1-x) Wired catalyst 1.6 0.06 1.4 0.3 0.04 
Martinez-

Garcia 
2018 77 

Pt Au NP/Fe2O3/Si Wired catalyst 6.0 0.67 --   Wang 2014 78 

Pt/Ti/pn-GaAs IrOx/Ti/np-GaAs 
Two wired 

photoelectrodes 
13.1 --    Kang 2017 79 

Pt/pin-Si/pin-Si RuO2 Wired catalyst 2.9 --    Sakai 1988 80 
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Table S4. Tabulated data of unassisted water splitting devices with >1% STH which produced <1 mL cm–2 lifetime H2. Architectures 

consist of at least one photoelectrode, wired photovoltaic(s), and a wired catalyst. Semiconductor/PV materials are shown in black, 

catalysts are in red, and protecting/contact layers are in blue 

(Photo)cathode (Photo)anode Photovoltaic 
Initial 

STH (%) 

Stability 

(h) 

Average J 

(mA cm–2) 

Charge Passed 

(C) 

H2 Produced 

(mL cm–2) 

First 

Author 
Year Ref # 

Pt (FeOOH/NiOOH)/BiVO4 OPV 2.2 1 1.7 6.1 0.7 Peng 2017 81 

Pt/Ti/Si DSA Perovskite 17.6 0.11 14 5.6 0.6 Karuturi 2020 82 

NiMo FeNiOx/Al2O3/Fe2O3 Perovskite 1.9 0.83 1.5 4.4 0.5 
Morales-

Guio 
2015 83 

Pt Ru(bda)L2/DSSC OPV 1.5 1 1 3.6 0.4 Wang 2020 84 

Pt/Ti WO3 DSSC 1.91 0.5 1.6 2.8 0.3 Park 2006 85 

Pt CoOx/BiVO4/WO3/SnO2 Perovskite 3.5 0.172 3 1.8 0.2 Baek 2016 86 

Pt/TiO2/AZO/CdS/CIGS DSA Perovskite 6.3 0.0253 5.0 0.5 0.1 Luo 2015 87 

Pt CoPi/BiVO4 Perovskite 2.5 0.0424 1.5 0.2 0.03 Chen 2015 88 

Pt CoPi/SnOx:Fe2O3 Perovskite 3.4 0.0175 2.5 0.2 0.02 Gurudayal 2017 89 

Pt/Ti/TiO2/HIT-Si IrOx HIT-Si/HIT-Si 12.2 --    Tan 2019 90 

Pt CoPi/Fe2O3 DSSC/DSSC 1.36 --    Brillet 2009 91 

1 2-sun illumination 
2 chopped illumination for 15 min (10 min illuminated) 
3 chopped illumination for 3 min (1.5 min illuminated) 
4 

 chopped illumination for 5 min (2.5 min illuminated)
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