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HIGHLIGHTS

Unassisted solar water splitting is

demonstrated on InGaN nanowire

photocathodes

An STH efficiency of 3.4% is

reported for single-junction

semiconductor photoelectrodes

Long-term stability of 300 h is

demonstrated without extra

passivation layers
A single-junction InGaN nanowire photocathode monolithically integrated on

silicon wafer was demonstrated to drive relatively efficient and stable solar water

splitting. A solar-to-hydrogen (STH) conversion efficiency of 3.4% was measured at

zero bias in two-electrode configuration under AM1.5G one-sun illumination. The

InGaN nanowire photocathode can operate efficiently for �300 h of unassisted

solar water splitting without using extra surface protection.
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Context & Scale

Hydrogen gas, as an alternative to

fossil fuels, is an important clean

energy source without emitting

any greenhouse gas, which can be

produced from solar water

splitting through the dissociation

of water molecules to H2 and O2

gases under solar illumination. To

date, however, there have been

no such solar water-splitting

systems for efficient and stable

hydrogen production. In this work,

we demonstrate a single-junction

cathodic approach for solar
SUMMARY

Unassisted solar water splitting is one key step of artificial photosynthesis con-

verting solar energy to chemical fuels. To date, however, there has been no

demonstration of efficient and stable semiconductor photoelectrodes without

extra surface protection for unassisted solar water splitting. In this work, we

show that a single-junction approach of p-type In0.25Ga0.75N nanowires mono-

lithically integrated on n-type Si wafers through an n++/p++-InGaN tunnel junc-

tion can drive relatively efficient and stable unassisted water splitting. A photo-

current density of 2.8 mA cm�2 was measured at zero bias versus a platinum

counter electrode in a two-electrode configuration, leading to a solar-to-

hydrogen efficiency of 3.4%. No performance degradation was observed for

�300 h of unassisted solar water splitting without using any extra surface pro-

tection layers. Such a single-junction photocathode can be further integrated

with a narrow band-gap junction, e.g., Si or GaAs, to achieve further improved

efficiency for long-term stable solar water splitting.
hydrogen production. p-Type

In0.25Ga0.75N nanowires

monolithically integrated on n-

type silicon wafers through an

n++/p++-InGaN tunnel junction

can drive relatively efficient and

stable unassisted water splitting

under simulated solar

illumination. Beyond this

demonstration, such single-

junction InGaN nanowire

structures can be integrated with

Si or GaAs bottom light absorbers

forming double-junction

photoelectrodes, which can

potentially lead to much higher

efficiency with long-term stable

operation.
INTRODUCTION

In the past decades, photoelectrochemical water splitting, which has been consid-

ered one of the most promising approaches to convert solar energy directly to

chemical fuels, has been intensively studied.1–3 To date, however, there has been

no demonstration of a highly efficient and stable photoelectrochemical device using

semiconductor photoelectrodes without extra surface protection for unassisted so-

lar water splitting.4–10 Illustrated in Figure 1 are the schematic energy band diagrams

of semiconductor photoelectrodes representing three commonly used approaches

to achieve unassisted photoelectrochemical solar water splitting,1 including the use

of single-junction,1,5 double-junction,11,12 and multiple-junction semiconductor

structures,13 which have also been referred to as single-photon, two-photon, and

multi-photon approaches, respectively.11,14 Conventional single-junction semicon-

ductor photoelectrodes often do not meet the stringent band edge positions and

thermodynamic overpotentials required for photoelectrochemical water splitting4

and, consequently, cannot drive unbiased water splitting under visible light.15–18

Therefore, double- or multi-junction structures, i.e., the so-called Z-scheme, have

been proposed and intensively studied to achieve unassisted solar water split-

ting.12,14,19 A theoretical solar-to-hydrogen conversion efficiency of �27% has

been predicted for a double-junction photoelectrode consisting of a 1.70 eV top

junction and a 1.05 eV bottom junction under AM1.5G one-sun illumination.20 While

Si, given its narrow energy band gap (�1.1 eV), scalable manufacturing, and mature

fabrication process, is ideally suited for the bottom light absorber, it has remained

extremely challenging to identify a practical top light absorber that is stable in pho-

toelectrochemical reaction and can be monolithically integrated with Si. As such,
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Figure 1. Schematic Illustration of the Energy Band Diagrams of Semiconductor Photoelectrodes for Unassisted Solar Water Splitting

(A) Single-photon approach driven by a single-junction semiconductor.

(B) Two-photon approach using the Z-scheme tandem structures.

(C) Multi-photon approach by integrating multiple semiconductor junctions.
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there have been only few demonstrations of double-junction photoelectrodes, e.g.,

GaInP2/GaAs and WO3/BiVO4,
6–8,10 that can drive unbiased solar water splitting.

It is therefore highly desirable to develop a semiconductor photoelectrode that

can operate efficiently and stably under visible light and can be directly integrated

onto Si wafers. Recently, III-nitride semiconductor nanostructures, e.g., InGaN,

have shown extraordinary potential for direct solar water splitting.21–24 By varying

the alloy compositions, their energy band gaps can be continuously tuned from

ultraviolet, through visible, to the near-infrared.25 Significantly, the energy band

edge positions of InGaN can straddle water redox potentials for indium composi-

tions up to 40%–50%, which corresponds to an energy band gap of �1.7 eV.25 In

spite of these promises, however, the realization of a single-junction InGaN photo-

electrode that can drive photoelectrochemical solar water splitting stably and effi-

ciently without any external bias has remained elusive.21,22,26,27 The underlying

challenges include the corrosion and oxidation of the exposed Ga or In atoms,

which, together with the presence of surface states and defects, lead to surface

recombination and material degradation during harsh photocatalytic reaction. In

addition, conventional InGaN materials grown on Si generally exhibit very large

densities of defects and dislocations,28–30 which makes it difficult for the efficient

collection of photo-generated holes through the underlying Si wafer while simulta-

neously achieving efficient extraction of photo-generated electrons at the InGaN/

electrolyte interface.

To overcome these challenges, we have investigated a single-junction InGaN nano-

wire photocathode epitaxially grown on Si wafer using plasma-assisted molecular

beam epitaxy. The use of a nanowire tunnel junction enables the direct integration

of p-InGaN nanowire arrays on n-type Si wafer with fewer dislocations due to the sur-

face strain relaxation. Efficient charge carrier separation is facilitated by optimizing

the surface band bending of InGaN nanowires through controlled p-type (Mg)

dopant incorporation.31,32 Photo-generated electrons can readily migrate to the

lateral surfaces of nanowires to drive proton reduction due to the downward band

bending, whereas photo-generated holes are collected by the underlying Si wafer

through the tunnel junction incorporated in each nanowire. With the use of

plasma-assisted epitaxy, the surface of such nanostructures can be engineered to

be N rich, which can protect against photo-corrosion and oxidation in harsh photo-

catalytic reaction.33,34
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Figure 2. Design and Properties of In0.25Ga0.75N Nanowires for Unassisted Solar Water Splitting

(A) Schematic illustration of InGaN nanowire tunnel-junction structure grown directly on planar

n-type Si wafer. Each nanowire includes an n-InGaN, n++/p++-InGaN tunnel junction, and p-InGaN

segment. Pt co-catalyst nanoparticles were also deposited on the nanowire surface.

(B) Secondary electron SEM image of InGaN nanowire tunnel-junction structures grown on planar Si

surface. Scale bar, 1 mm.

(C) Room-temperature photoluminescence spectrum of InGaN nanowires with an energy gap of

�2.45 eV, corresponding to an indium composition of �25%.

(D) Schematic illustration of band edge positions of In0.25Ga0.75N nanowires straddling water redox

reaction potentials.
Here, we have demonstrated that an In0.25Ga0.75N nanowire photocathode grown

directly on Si wafer can exhibit relatively efficient and stable unassisted solar water

splitting. At zero bias versus Pt counter electrode, an InGaN nanowire photocathode

can exhibit an STH efficiency of 3.4%, which, to the best of our knowledge, is the

highest efficiency value ever achieved in a single-photon system for unbiased photo-

electrochemical water splitting. Significantly, stable operation for �300 h has been

demonstrated in two-electrode measurement under AM1.5G one-sun illumination.

With further optimization of the nanowire sizes, compositions, doping, and energy

band gap, and the monolithic integration with a bottom Si, or GaAs light absorber,

it may be possible to achieve the Z-scheme structure with a potential STH efficiency

of over 20%.1,7,11,35

RESULTS

Design and Synthesis of Single-Junction InGaN Nanowire Photocathode

Schematically illustrated in Figure 2A is an InGaN nanowire photocathode, grown

on a commercial Si wafer using plasma-assisted molecular beam epitaxy (see

Experimental Procedures). In this simplified diagram, each nanowire consists of an

n-type (Ge-doped) InGaN segment, n++/p++-InGaN tunnel junction, and p-type

(Mg-doped) InGaN segment. The top p-InGaN serves as the light absorber. The

use of n++/p++-InGaN tunnel junction can significantly reduce the resistivity

between p-InGaN nanowires and the underlying n-Si wafer, demonstrated in

Figure S1.28,36,37 Linear sweep voltammetry (LSV) measurement of p-type InGaN

nanowires directly grown on heavily doped Si substrate without using tunnel-junc-

tion structure shows a much worse fill factor due to the large resistivity between Si
2446 Joule 3, 2444–2456, October 16, 2019



substrate and p-InGaN materials, which can be further confirmed from the imped-

ance measurement (Figure S1B). Significantly, InGaN tunnel junction also enhances

the separation of photo-generated electrons and holes. Under light illumination,

photo-generated holes in p-InGaN migrate toward the p++-InGaN tunnel-junction

layer and efficiently recombine with electrons in n++-InGaN tunnel-junction layer

supplied from Si substrate. The net effect is that photo-generated holes in the p-In-

GaN segment migrate toward the photoanode through the tunnel junction and Si

substrate. Moreover, the semiconductor/electrolyte junction prevents electrons in

n-InGaN material and holes in p-InGaN material to leak into the electrolyte solution

due to the surface band bending, which further ensures that such tunnel-junction

structure functions well without shorting issues in conductive electrolyte solution.

Platinum nanoparticles were photo-deposited on InGaN nanowire surfaces (see

Experimental Procedures), which provide kinetically catalytic sites for efficient water

reduction reaction.38–40 Shown in Figure 2B is the scanning electron microscopy

(SEM) image of InGaN tunnel-junction nanowires, which have lengths of �886

(G123) nm and diameters of �112 (G36) nm. Such relatively small-diameter nano-

wire geometry was adopted to reduce charge transfer distance to catalytic sites of

photo-generated electrons in the p-InGaN segment, which is often a bottleneck

for conventional planar photoelectrodes.31,41,42 Shown in Figure 2C is the photolu-

minescence (PL) spectrum of such InGaN nanowires measured at room temperature

(see Experimental Procedures). The PL emission wavelength is �506 nm, corre-

sponding to an energy gap of �2.45 eV and an indium composition of �25%. The

relatively small full-width at half-maximum (FWHM) of�0.16 eV suggests good crys-

talline quality of InGaN nanowires.37,43,44 Illustrated in Figure 2D, the conduction

band (CB) and valence band (VB) edges of In0.25Ga0.75N can straddle the water

redox potentials with relatively large overpotentials for water splitting, which is usu-

ally a limiting factor for other single-junction semiconductors to achieve unassisted

solar water splitting.22,25,45,46

Structural Characterization of InGaN Nanowires

High-resolution electron microscopy of the InGaN nanowires confirms many of the

key features illustrated in Figure 2A—vertically continuous InGaN domains within

highly crystalline nanowires grown across a Si substrate with Pt nanoparticles

dispersed onto the surfaces; however, the actual structure deviates in uniformity,

morphology, and chemical homogeneity from an ideal structure. Elemental map-

ping by energy dispersive X-ray (EDX) performed from the top side of InGaN nano-

wires (Figures 3A and 3B) confirms a continuous distribution of molecular beam

epitaxy (MBE)-grown InGaN nanowires across the Si wafer. The structural details

within the nanowire array are revealed in cross-sectional, high-angle, annular dark-

field scanning transmission electron microscopy (HAADF-STEM) (Figure 3C). The

wires have a typical length of �886 (G123) nm and a diameter that grows from an

initial size of �30 (G7) nm to �112 (G36) nm at the top of the wire. As such, InGaN

nanowires tend to become larger in diameter along with the growth direction, espe-

cially after �180 nm height, and may touch the adjacent nanowires due to the

increased diameter and reduced interwire spacing.

Atomic resolution images reveal a highly crystalline order that extends throughout

the entirety of each nanowire and to a highly faceted surface (Figures 3F and 3G).

Figure 3F demonstrates the atomic crystal structure of InGaN nanowires, corre-

sponding to InGaN (0002) wurtzite lattice plane, which also confirms the <0001>

growth direction of InGaN nanowires (Figures S2 and S3).22 The periodic ordering

of atoms further demonstrates its high-quality single-crystal structure of InGaN

nanowires without significant dislocations. The flat top plane suggests an N-polar
Joule 3, 2444–2456, October 16, 2019 2447



Figure 3. Electron Microscope Characterizations of MBE-Grown InGaN Nanowires with Small-

Size Pt Co-catalyst Nanoparticles

(A and B) Top-view secondary electron SEM image (A) with SEM-EDX maps showing Ga, In, and N

presence (B). Scale bar, 200 nm.

(C) Side-view, cross-sectional HAADF-STEM image of the InGaN nanowires. Scale bar, 200 nm.

(D) Pt nanoparticles decorated InGaN nanowire surfaces, showing the dispersed deposition of Pt

co-catalyst. Scale bar, 50 nm.

(E) Ga and In concentration measured by EDX across the top section of a nanowire (acquired from

similar nanowire shown in Figure S4B).

(F) Atomic resolution HAADF-STEM images reveal highly crystalline InGaN nanostructure

preserved across the wire. Scale bar, 2 nm.

(G) Highly crystalline Pt nanoparticles deposited on InGaN nanowire surface. Scale bar, 2 nm.
surface of InGaN nanowires expected from growth in an N-rich MBE environment,

which is more stable in chemical solution for solar water splitting.33,47,48 Elemental

mapping of vertically aligned InGaN nanowires shows that growth begins with

atomically registered InGaN and GaN domains that compete before the InGaN

overtakes. The top of each nanowire is uniform, crystalline InGaN as confirmed by

EDX (Figure 3E). Despite the reduced In content toward the substrate, a vertically

continuous InGaN domain is commonly present throughout nanowires (Figure S4).

Due to the size variations, the incorporation of indium is observed to be low at the

nanowire bottom. Further optimization of the nanowire size and indium incorpora-

tion may lead to enhanced performance.

Pt nanoparticles as the co-catalyst for water reduction reaction have also been

deposited on the InGaN nanowire surfaces, shown in Figure 3D, with a disperse dis-

tribution and a small size. In addition, small-size Pt nanoparticles (<10 nm) were

deposited on InGaN nanowire surfaces, as shown in Figures 3D and 3G), to further

accelerate water reduction reaction, wherein small-size photocatalyst performs bet-

ter than bulk materials.49–51 Moreover, its lattice spacing is determined to be�2.3 Å

along the [111] direction, shown in Figure 3G, and contains facets and edges ex-

pected to behave as an efficient catalyst for proton reduction reaction (Figures S3

and S4).50,51 In summary, such highly crystalline InGaN nanowires with small-size

Pt nano-catalysts indicate the ability to perform efficient solar water-splitting
2448 Joule 3, 2444–2456, October 16, 2019



Figure 4. Unassisted SolarWater-Splitting Performance of In0.25Ga0.75NNanowire Photocathode

in Two-Electrode Configuration versus Pt Counter Electrode

(A) Linear sweep voltammetry measurement under light and dark conditions.

(B) Variation of the photocurrent under cyclic light and dark conditions measured at zero bias versus

Pt counter electrode.

(C) Continuous solar water-splitting experiment on In0.25Ga0.75N nanowire tunnel-junction

photocathode. The spikes correspond to brief dark current measurements, confirming that the

observed current originates from light absorption of InGaN nanowires for solar hydrogen

conversion.

(D) H2 gas production (red dots) collected from (C) compared to the theoretical maximum value

(blue curve) calculated from the electrons flowing through the circuit with a unity faradic efficiency.

All the measurements were performed in 0.5 M H2SO4 solution under AM1.5G one-sun illumination,

with a scanning rate of 20 mV/s.
application on In0.25Ga0.75N nanowire photocathode. As shown in SEM and TEM

images of such InGaN nanowires (Figures 2B, 3A, 3C, and S2), there is some non-

uniformity in nanowire size, shape, and spacing that may limit the maximum achiev-

able STH efficiency due to non-optimum light absorption, charge carrier extraction,

dopant incorporation, and/or Pt co-catalyst deposition. Such issues can be poten-

tially addressed by using the technique of selective area epitaxy to achieve uniform

InGaN nanowire arrays.

Photoelectrochemical Performance of In0.25Ga0.75N Nanowire Photocathode

Photoelectrochemical measurement of single-junction In0.25Ga0.75N nanowire

photocathode was performed in a dual-electrode configuration with a Pt counter

electrode in 0.5 M H2SO4 acidic electrolyte solution under simulated AM1.5G

one-sun illumination (see Experimental Procedures). It is important to note that

the Pt electrode is not the best one for water oxidation reaction, which provides

the opportunity to further improve the overall STH efficiency by adopting better

optimized counter electrodes. Shown in Figure 4A is the LSV measurement of our

best performing p-In0.25Ga0.75N nanowire photocathode. In addition, the measured
Joule 3, 2444–2456, October 16, 2019 2449



dark current is negligible compared to the light current, suggesting that the

measured photocurrent originates from solar energy conversion. This can be further

confirmed under chopped light illumination, shown in Figure 4B, wherein dark and

light cyclic photocurrent was continuously measured at zero bias versus counter

electrode. A photocurrent of �2.8 mA cm�2 is measured for In0.25Ga0.75N nanowire

photocathode at zero bias. Open circuit potential (OCP) measurement (data not

shown) further suggests the downward surface band bending of p-type InGaN nano-

wires in electrolyte solution, which is well suited for electron extraction to drive pro-

ton reduction reaction.52–55 Furthermore, the effect of using heavily doped silicon

substrate is also studied (see Figure S5), which does not contribute to solar water

splitting under light illumination but may lead to leakage current under negative

biasing conditions. Additional LSV measurements were performed under light using

360 nm and 700 nm bandpass filters. There was no photocurrent measured

under 700 nm light illumination at positive applied bias, whereas noticeable photo-

current was observed under 360 nm light illumination due to the PEC performance of

p-InGaN nanowires (Figure S5B). At more negative bias, such heavily doped Si sub-

strate could generate leakage current, if the Si surface is exposed to electrolyte

solution.

Compared with previous work on III-nitride photoelectrodes,22,26,27,56,57 the sub-

stantially improved onset potential and photocurrent density of the InGaN tunnel-

junction nanowire photocathode is directly related to the efficient charge carrier

separation, electron extraction, and hole collection enabled by the integration

with InGaN tunnel junction. To achieve the best cathodic performance for unassisted

solar water splitting, the growth conditions of In0.25Ga0.75N nanowires were carefully

optimized (see Experimental Procedures). It was identified that Mg doping incorpo-

ration played a critical role on the performance of InGaN nanowire photocathode

(Figure S6). The best photoelectrode performance is achieved for InGaN nanowires

using an Mg cell temperature of 210�C. Our recent studies have shown that the

downward surface band bending of InGaN nanowires can be precisely engineered

through controlled Mg dopant incorporation, which can enable efficient separation

of photo-generated charge carriers.31,32 It was also observed that surface treatment

by HCl acid solution on InGaN nanowires can further enhance the performance

significantly (Figure S7).

At zero bias, the STH efficiency is determined to be �3.4%. Compared to the con-

ventional three-electrode configuration with a reference electrode, the presented

two-electrode measurements demonstrate unassisted solar water splitting perfor-

mance.14,16,17,27,58,59 The incident photon-to-current conversion efficiency (IPCE)

of InGaN nanowire photocathode has been measured in two-electrode configura-

tion at zero bias (Figure S8). We have further performed continuous, unassisted solar

water-splitting measurements on such InGaN photocathodes (Figures 4C and 4D),

where solar water-splitting photocurrent and H2 gas production were measured at

zero bias. The spikes in Figure 4C correspond to a brief dark current measurement,

which was conducted intentionally to confirm the observed current originates from

light absorption of InGaN nanowires for solar water splitting. Figure 4D shows the

course of H2 gas production (red dot) versus time, which is further compared

with the theoretical value (solid blue line) calculated from the number of photo-

generated electrons flowing through the circuit (see Supplemental Experimental

Procedures). It is seen that the measured and calculated H2 gas production, i.e.,

half of the photo-generated electron density, agree well, confirming a nearly unity

faradic efficiency wherein all extracted photoexcited electrons drive solar water

reduction reaction efficiently.21,60
2450 Joule 3, 2444–2456, October 16, 2019



Figure 5. Long-Term Stability Evaluation of Single-Junction p-In0.25Ga0.75N Nanowire Photocathode for Unassisted Solar Water Splitting

Photocurrent retention measured for �300 h of unbiased solar water splitting versus Pt counter electrode. Brief dark current measurements were also

shown after 90, 160, 250, and 300 h of stability testing, respectively. The measurement was performed in 0.5 M H2SO4 electrolyte solution under AM1.5G

one-sun illumination.
Long-Term Stability for Unassisted Solar Water Splitting

Long-term stability evaluation of such In0.25Ga0.75N nanowire photocathode for un-

assisted solar water splitting was further performed at 0 V versus Pt counter elec-

trode in 0.5 M H2SO4 electrolyte solution under simulated one-sun illumination.

Shown in Figure 5 is the measured photocurrent retention ratio over time. No signif-

icant performance degradation was observed for �300 h, demonstrating excellent

photoelectrochemical stability of InGaN nanowire photocathode. After 90, 160,

250, and 300 h stability test, the average measured dark currents (�15 mA cm�2,

�13 mA cm�2, �13 mA cm�2, and �17 mA cm�2, respectively) are negligible

compared to the photocurrent, which suggests that the measured photocurrent

originates from solar-to-hydrogen conversion during the stability testing. Moreover,

another H2 gas production was measured after stability testing, shown in Figure S9,

which agrees well with the calculated values with a nearly unity faradic efficiency.

Therefore, we can reasonably conclude that during the stability testing, the faradic

efficiency is nearly unity wherein all the photocurrent drove H2 gas production. For

comparison, conventional Si and III-V photocathodes generally require the use of ex-

tra surface protection to achieve enhanced stability.16,18,61 Structural properties of

In0.25Ga0.75N nanowires were characterized during the long-term stability measure-

ments, and no obvious degradation was measured (Figure S10). After a long-term

solar water-splitting experiment, a portion of Pt nanoparticles may be lost (Fig-

ure S11). The loss of some Pt co-catalysts may reduce the efficiency of charge carrier

separation and proton reduction, which ultimately leads to degraded performance

for the InGaN photocathode during solar water splitting. In addition, the underlying

Si wafer may not be perfectly covered by Ga(In)N (Figure S12), which may also be a

significant issue for long-term stability during solar water-splitting experiment.
DISCUSSION

Previously, InGaNmaterials have been studied for photocatalytic water splitting and

HBr splitting.21,23,26,31,32,57 In this work, we have demonstrated, for the first time, the

use of InGaN photocathodes to achieve unassisted photoelectrochemical solar wa-

ter splitting in a two-electrode configuration under AM1.5G one-sun illumination.
Joule 3, 2444–2456, October 16, 2019 2451



Photoelectrochemical performance of a single-junction In0.25Ga0.75N nanowire

photocathode is further compared with that of previously reported semiconductor

photoelectrodes (Table S1). It is seen that high-efficiency photocathodes, using

Z-scheme structures, are generally unstable, with stability limited to a few hours in

two-electrode measurements, i.e., unassisted water-splitting experiments. Rela-

tively long-term stable operation has been reported for photoelectrodes with the

use of extra surface protection,18,62 but these studies were generally performed in

a three-electrode configuration, i.e., not unassisted water splitting. The measured

stability of �300 h for InGaN nanowire tunnel-junction photocathode stands out

to be the best reported stability for single-junction photoelectrodes achieving unas-

sisted photoelectrochemical solar water splitting (Table S1).

The realization of a single-junction InGaN photocathode with relatively high efficiency

and long-term stability is attributed to the following factors: (1) high crystallinity and

significantly reduced dislocations for nanowire structures grown directly on Si, (2) rapid

separation of photo-generated charge carriers by optimizing the nanowire surface

band bending through controlled Mg dopant incorporation, (3) efficient collection of

photo-generated holes with the use of tunnel junction, (4) light trapping effect of the

nanowire morphology for enhanced light absorption, and (5) N-terminated surfaces

that can protect against photo-corrosion.33,63 In addition, duringepitaxy of InGaNnano-

wires, a thin (�20 nm) InGaN layer is also formed on the Si wafer, which can protect the

InGaN-Si interface from photo-corrosion (Figure S12). Further improved performance is

expected by replacing the Pt counter electrode with IrOx or RuOx electrodes to have

more efficient water oxidation22,64–69 and by optimizing the energy band gap of InGaN

to enhance the photocurrent density. The device stability can also be improved by opti-

mizing the deposition of co-catalysts.

In summary, we have demonstrated that a single-junction, InGaN nanowire photo-

cathode integrated directly on Si wafer can drive relatively efficient and stable solar

water splitting. An STH efficiency of 3.4% is measured at 0 V versus Pt counter elec-

trode in 0.5 M H2SO4 electrolyte under AM1.5G one-sun illumination. The InGaN

nanowire photocathode can operate relatively efficiently for �300 h without addi-

tional passivation layers in unassisted solar water splitting. Significantly, such sin-

gle-junction InGaN nanowire structures can be readily integrated with Si or GaAs

bottom light absorbers to form a double-junction photoelectrode, which can poten-

tially lead to STH > 20% with long-term stable operation. As shown in the SEM and

TEM images (Figure 3), the InGaN nanowires look uniform overall but still have some

variations in size and shape, which may limit the maximum STH. For example, light

absorption on such InGaN nanowires may not be optimized. Charge carrier extrac-

tion may become less efficient if the nanowire size is too large and bulk recombina-

tion becomes dominant. In addition, the shadowing effect of nanowires may affect

the uniformity of Mg doping and Pt co-catalyst deposition. These effects could limit

the STH efficiency. In future work, such issues can be possibly addressed by using the

special technique of selective area growth on patterned substrates, which can lead

to the fabrication of uniform InGaN nanowire arrays. By further optimizing the

epitaxy process and the size of nanowires, it is possible to minimize the formation

of defects and dislocations due to the efficient surface strain relaxation.
EXPERIMENTAL PROCEDURES

Molecular Beam Epitaxial Growth of InGaN Nanowires

p-InGaN nanowire tunnel-junction structures were grown on n-type Si wafer (heavily

doped, resistivity < 0.005 Ohm,cm) by plasma-assisted MBE in a nitrogen-rich
2452 Joule 3, 2444–2456, October 16, 2019



environment. The optimized growth parameters include a substrate temperature at

675�C, gallium (Ga) beam equivalent pressure (BEP) of 5E-8 Torr, indium (In) BEP of

6E-8 Torr, nitrogen flow rate of 1 sccm, and plasma power of 350 W. Firstly, n-type

InGaN nanowire template was grown for 1 h using a germanium (Ge) source as the

n-type dopant with a Ge cell temperature of 1,050�C. Then n++/p++-InGaN tunnel-

junction nanostructure was integrated atop by growing 10 min n++-InGaN doped by

Ge at 1,080�C and 15 min p++-InGaN using magnesium (Mg) with a Mg cell temper-

ature of 290�C. Subsequently, a p-type InGaN segment with a Mg cell temperature

of 210�C was grown to serve as the light absorber.

Deposition of Pt Co-catalyst Nanoparticles

Pt co-catalyst nanoparticles were deposited on InGaN nanowire surface by using a

photodeposition method. In a vacuum-sealed chamber, the InGaN nanowire sample

was immersed into a precursor solution including 55 mL deionized water, 11 mL

methanol, and 10 mL 0.2 M H2PtCl6 solution. After pumping the chamber down for

10 min, InGaN nanowires were irradiated under 300 W xenon lamp through a quartz

lid for 30 min. The sample was then rinsed in deionized water and dried using N2 gas

for subsequent photoelectrochemical measurements.

Photoelectrode Preparation

The platinized InGaN tunnel-junction nanowire integrated on Si wafer was further

prepared as the photocathode for solar water-splitting measurements. A thin layer

of In-Ga eutectic solution was first applied on backside of Si substrate forming metal

contact, where a copper wire was connected using silver paste (Ted Pella, Fast

Drying Silver Paint). The sample was then mounted to a glass slide using epoxy

(Great Planes, 6-Minute Pro Epoxy), which sealed the sample back and edge with

only InGaN nanowires exposed. The sample cured in air until stably mounted for

any following measurement. It is important to minimize the surface area (<5%)

covered by epoxy for measuring photoelectrode surface area accurately.

Photoelectrochemical Measurements

Photoelectrochemical measurements were conducted in a two-electrode configura-

tion using a platinum counter electrode in 0.5 M H2SO4 electrolyte solution equip-

ped with a solar simulator (Newport, LCS-100) with AM1.5G filter, which shows

one-sun intensity. Light intensity of one sun was confirmed using a calibrated refer-

ence cell (Newport, 91150V). An electrochemical potentiostat instrument (Gamry,

Interface 1010) was used to perform all the photoelectrochemical measurements,

including linear sweep voltammetry, chronoamperometry, and OCP tests. The pro-

duction of H2 gas from solar water splitting on InGaN nanowires was analyzed by in-

jecting 1 mL gas sampling into a gas chromatograph (Shimadzu, GC-8A). InGaN

nanowire samples were treated in concentrated HCl acidic solution (Sigma-Aldrich)

for 5 min before any photoelectrochemical measurement. The tested InGaN photo-

cathodes have areal sizes in the range of 0.05�0.1 cm2. For the three-electrode

configuration, an additional Ag/AgCl reference electrode was used (in saturated

KCl, E(vs. RHE) = +0.197 V + E(vs. Ag/AgCl) + 0.059 3 pH at 25�C).34

Structural and Optical Characterization

Photoluminescence spectroscopy of InGaN nanowires was performed using a He-Cd

325 nm excitation laser. SEM images were taken with a secondary electron (SE) de-

tector using a Hitachi SU8000 system (5 kV), Tescan MIRA3 system (15 kV), and a

JEOL IT500 SEM (10 kV) with an EDX detector. High-angle, annular dark-field scan-

ning transmission electron microscopy (HAADF-STEM) images were collected using

a JEOL 3100R05 microscope with Cs aberration corrected STEM (300 keV, 22 mrad)
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with a camera length of 15 cm. The quantitative STEM-EDS analysis was performed

using a JEOL 2100 probe-corrected STEM equipped with a horizontal ultra-thin win-

dow Si-Li X-ray detector (EDAX, active area�30 mm2). Samples for STEM character-

ization were prepared using bladed exfoliation or in cross-section view by mechan-

ical wedge polishing.
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