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Water splitting by using sunlight for the production of

hydrogen yields a storable product, which can be used as

a fuel.[1,2] There is considerable research into H2 generation,

namely the reduction of protons to H2 in aqueous solution

using semiconductor photocathodes.[3,4] To maximize the

photoelectrochemical (PEC) performance, the selection of

the active materials and device configurations should be

carefully considered. First, the short-circuit current density

(Jsc) should be maximized by choosing materials with high

optical absorption coefficients and low carrier recombination

rates,[5] both in the bulk and at the surface. The reflectance

should be minimized by using surface nanotexturing to

further improve light absorption.[6–8] The onset potential

(Eos) of the PEC device versus the reversible H+/H2 redox

potential should be maximized. Finally, the surface energy

needs to be controlled to minimize the accumulation of gas

bubbles on the surface of the photoelectrode. Light absorbers

with band gaps in the range of 1.1–1.7 eV provide both a good

match to the terrestrial solar spectrum and a significant

fraction of the 1.23 eV free energy required to split water.

Overpotentials associated with the electron transfer to

(solvated) protons in aqueous solution should be minimized

by improving carrier transport from semiconductor to elec-

trolyte by decorating the semiconductor with cocatalysts,

tuning band edges, and decreasing contact resistance.

p-Type Si has been extensively investigated as a photo-

cathode for photochemical hydrogen production. Planar Si

has relatively low short-circuit current densities under

AM1.5 G illumination, approximately 10 mAcm�2 (refer-

ence [9]), compared to what can be achieved in a pn junction

solar cell (> 35 mAcm�2).[10] Nanostructuring and incorpora-

tion of cocatalysts have been used to raise the short-circuit

current density to over 30 mAcm�2.[11, 12] A recent study using

n+p Si radial junction microwires reported an Eos value of

0.54 V and an Jsc value of 15 mA, leading to an overall

efficiency near 6%.[13] The onset potential observed to date

for p-Si photocathodes is less than half of the value required

for overall water splitting (1.23 V). This low onset potential

limits the performance of tandem or “Z-scheme” approaches,

which would function without external bias, as it limits the

potential overlap required for spontaneous water split-

ting.[14, 15] An ideal photocathode for use in a solar-driven

hydrogen production system without bias should have both

a high current density and a favorable open-circuit potential

versus the reversible H+/H2 redox couple.

Herein, we employ nanotextured p-InP photocathodes in

conjunction with a TiO2 passivation layer and a Ru cocatalyst

to increase both Jsc and Eos values under H2 evolution

conditions. InP has a number of attractive attributes as

a photocathode: 1) Its band gap of 1.3 eV is well-matched to

the solar spectrum; InP-based solar cells have achieved

AM1.5 G efficiencies of up to 22%.[16] 2) The conduction

band edge of InP is slightly above the water reduction

potential, thus electron transfer is favorable in this system.

3) The surface-recombination velocity of untreated InP is low

(ca. 104 cms�1 for n-type and 105 cms�1 for p-type),[17] which is

particularly important for nonplanar devices with high surface

areas, such as those explored in this study. For these reasons,

InP has been studied previously as a photocathode for both

water splitting and CO2 reduction.[18–20] Specifically, Heller

and Vadimsky reported attractive PEC performances with

current densities up to 28 mAcm�2 and conversion efficien-

cies of approximately 12% in InP photocathodes.[19] Moti-

vated by these results, we use InP as a model material system

to elucidate the role of surface nanotexturing on the PEC

device performance. We find that nanotextured InP photo-

cathodes exhibit drastically enhanced performances com-

pared to our planar cells that were processed using identical

conditions. We examine the various effects of nanotexturing
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on the device performance, including light management,

surface area, wettability, and surface potential. The findings

allow a direct comparison of devices with planar and nano-

textured InP by using the same starting substrate, identical

steps for processing, and the same measurement setups for

characterization.

Figure 1a depicts the fabrication process scheme for

making InP nanopillars (NPLs). p-InP (100) bulk wafers

with a Zn doping concentration of approximately 5 �

1017 cm�3 were coated with approximately 25 nm of poly-

(methyl methacrylate) (PMMA) and treated in a reactive ion

etching (RIE) process. A CH4/H2/Ar mixture was used as the

RIE processing gas at a radio-frequency (RF) power of

150 W. During the 30 min etching process, PMMA partially

decomposes, thereby forming amorphous carbon islands,

which function as a nanopatterning mask, without the use of

any lithographic processes. After completion of the RIE step,

O2 plasma treatment and a two-minutes wet-etching step in

HCl/H3PO4 (3:1) were used to remove the surface-damaged

layers and contaminants. The resulting InP NPLs are conical

(diameters—top: 15 nm, bottom: 130 nm), approximately 400

to 600 nm tall, and have an average pitch of approximately

250 nm (Figure 1b). Next, a TiO2 passivation layer was

deposited on the InP NPLs using atomic-layer deposition

(ALD) to enhance the stability of the devices, and then a thin

film of Ru cocatalyst (thickness ca. 2 nm) was sputtered on

the surface. The final device configuration of InP NPL PEC

cells is depicted in Figure 1b inset. Figure 1c–e shows the

transmission electron microscope (TEM) images of the InP

NPLs. From the high resolution TEM image (Figure 1e) and

the corresponding diffraction pattern, the single-crystalline

structure of the InP NPLs coated with amorphous TiO2 and

Ru layers is clearly evident. The planar devices were

processed using the identical process scheme and using the

same starting p-InP substrate described above, except that

RIE was not performed on the surface.

It is important to assess the surface quality of fabricated

InP NPLs after RIE and surface-treatment processes. Photo-

luminescence (PL) spectra of a p-InP substrate with and

without RIE processing, corresponding to NPL and planar

geometries, respectively, were recorded using an excitation

wavelength of 632 nm (Figure 2a). The PL intensity and line

width are nearly identical for both samples, thus suggesting

that the optoelectronic properties of InP is preserved during

RIE and post-treatment processes. Time-resolved PL (TRPL)

measurements with an excitation wavelength of 800 nm were

performed to extract the minority carrier life time of the NPL

and planar samples (Figure 2b). From the TRPL data, at a PL

intensity of 1/e, decay times of approximately 1.7 and 1.4 ns

were extracted for the planar and NPL samples, respectively.

The TRPL data illustrate that the NPL fabrication process

does not significantly decrease the minority carrier lifetime. It

should be noted that the absorption length in InP for incident

photons with wavelengths of 632–800 nm is approximately

170–300 nm based on the bulk absorption coefficients.

Although the filling factor of the NPLs is lower than 50%,

this short absorption length as compared to the NPL height

ensures that most of the PL signal arises from the NPLs rather

than the bulk substrate.

Figure 1. a) Process flow for fabrication of InP nanopillar arrays.

b) SEM iamge of the resulting NPL arrays. Inset shows the schematic

of a PEC cell made of p-InP NPLs, a TiO2 passivation layer (thickness,

3–5 nm), and the Ru cocatalyst (thickness, ca. 2 nm). c–e) TEM

images of p-InP NPLs coated with TiO2/Ru layers. Note that for TEM

sample preparation and imaging purposes, the surface of the substrate

is coated with a thick layer of evaporated SiOx. The inset in (d) shows

diffraction patterns confirming the crystalline structure of InP NPLs.

Figure 2. a) Room-temperature PL spectra of planar (red trace) and NPL (blue) InP samples (without TiO2 and Ru surface layers). The excitation

wavelength is 633 nm. b) Time-resolved PL measurements of planar (red spectrum) and NPL (blue) samples. The monitoring wavelength is

922 nm with an excitation wavelength of 800 nm. c) Specular reflectance of planar (red trace) and NPL (blue) substrates demonstrating the

drastically reduced optical reflectivity of the NPLs as clearly evident from visual inspection (inset). The y-axes in (b) and (c) have a logarithmic

scale.
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The specular reflectances of the planar and NPL samples

in the wavelength range of 300–900 nm are shown in Fig-

ure 2c. As expected, the reflectance of InP NPL structures

(ca. 1% reflectance) is drastically reduced compared to the

planar InP wafer (ca. 30% reflectance). The low reflectance

of conical NPL arrays is attributed to the suppressed Fresnel

reflection owing to the surface texture, which acts as

a homogeneous medium with an intermediate refractive

index between air (and/or liquid) and the semiconductor.[21]

The drastically reduced reflectance of NPL arrays is also

evident in the optical photographs of the samples (Figure 2c

inset) with the NPL sample appearing black.

Photoelectrochemical measurements were performed

using a conventional three-electrode configuration with an

Ag/AgCl (saturated KCl) reference electrode and Pt counter

electrode in HClO4 (1m, pH 0.51) electrolyte. AM1.5 G

illumination was provided by a solar simulator (Solar

Light); the incident power (100 mWcm�2) was calibrated

with a pyranometer. To enable a comparison to literature, the

reference voltage was converted from Ag/AgCl (saturated

KCl) to the normal hydrogen electrode (NHE) using ENHE=

EAg/AgCl+0.198 V. Initial measurements were performed with-

out any cocatalyst. However, we found that a sputter-

deposited 2 nm layer of Ru catalyst improved the open-

circuit potential of InP cathodes by approximately 0.5 V,

although the photocurrent density level remained similar

(Figure S1 in the Supporting Information). Therefore all data

included herein was obtained with the Ru cocatalyst (thick-

ness, 2 nm).

TiO2 passivation has been used in the past to improve the

stability of Cu2O and Si photoanodes under basic condi-

tions;[22, 23] here we employ this technique to improve the

stability of InP in an acidic medium. Stable photocathodes

were formed by using a thin layer (2–5 nm) of TiO2, which was

conformably coated on InP substrates (both planar and

NPLs) by using ALD, followed by a layer of 2 nm of sputtered

Ru. In the high resolution TEM image of a TiO2-coated NPL

sample (Figure 1e) it can be seen that the interface between

the InP and the conformal TiO2 is well-defined.We found that

a 5 nm TiO2 layer was optimal in terms of protecting the InP

surface while not adversely affecting the PEC performance. A

photocathode consisting of p-InP NPLs coated by 5 nm of

TiO2 and 2 nm of Ru operates for more than four hours at

a stable cathodic photocurrent of approximately 37 mAcm�2

(Figure 3a). The SEM images in Figure S2 in the Supporting

Information also show that the shape and morphology of the

TiO2-protected NPLs remain unchanged after PEC measure-

ments. The results clearly indicate the high stability of the InP

NPL photocathodes. TiO2 coating also improved the stability

of the planar InP, but there was a decline from an initial value

of 27 to less than 18 mAcm�2 after four hours. The perfor-

mance decline for planar InP, however, coincides with the

visual observation of an excess amount of H2 bubbles

accumulating on the planar InP surface; these bubbles

interfere with the diffusion of the electrolyte to the photo-

cathode (Figure 3b). In contrast, H2 gas molecules do not

stick to the surface of the InP NPLs and desorb quickly from

the surface owing to the low surface energy of the InP NPLs

(Figure 3c). The improved H2 desorption is an important

advantage of the nanotextured surfaces with controlled

surface wetting properties. Specifically, the measured contact

angle of HClO4 (1m) electrolyte droplets on planar InP (q=

578) is larger than that of InP NPLs (q= 08 ; Figure 3d,e). The

use of surfactants for removal of bubbles on PEC devices was

reported, however, surfactants can be readily reduced or

oxidized during the measurements.[12] Instead of surfactants,

the nanotexturing of surfaces reported herein can be bene-

ficial for enhancing the cell efficiency by reducing adverse

effect of H2 bubbles. Notably, given the enhanced wetting

properties of the InP NPL arrays, the overpotential may also

be reduced compared to planar InP samples owing to the

formation of a more intimate electrolyte–semiconductor

interface.

Figure 4a shows the PEC performance of p-InP photo-

cathodes with planar and NPL configurations. Here, the

surface is coated with 5 nm of TiO2 and 2 nm Ru cocatalyst.

The NPL cell shows a higher current density (ca. 37 mAcm�2)

than our planar InP (ca. 27 mAcm�2) owing to the increased

absorption of above band gap photons. This high current

density for NPLs is at the theoretical limit given the band gap

of InP.[24] Note that while the AM1.5 G simulated solar

spectrum used here was calibrated with a reference diode, an

uncertainty in the exact spectrum and small variation between

different setups always exist. In this regard, we used identical

measurement setups for both planar and NPL samples to

elucidate the effect of nanotexturing on the PEC device

performance. The observed Eos value of 0.73 V (vs. NHE) and

Jsc of 37 mAcm�2 for NPLs are comparable to state-of-the-art

Figure 3. a) Long-term stability test of the photocurrent level of a

p-InP/TiO2/Ru photocathode in HClO4 (1m) for both planar (red

circles) and NPL (blue) samples. The applied potential was 0.23 V (vs.

NHE). b, c) Optical images depicting the effect of H2 bubble formation

on the surfaces of the planar and NPL samples, respectively, during

PEC measurements. d, e) Surface contact angles of HClO4 (1m)

droplets on p-InP/TiO2 samples with a planar (d) and an NPL (e)

platform.
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InP homojunction solar cells (AM0, Jsc= 34 mAcm�2, Eos=

0.87 V).[25] Notably, the photocurrent from InP NPLs was

generated at a more positive potential (0.73 V vs. NHE)

compared to the planar InP (0.5 V vs. NHE). The improved

onset potential could be attributed to a combination of factors

that are explained later herein. The overall performance of

the planar cells that were fabricated using our process

schemes are lower than those reported by Heller and

Vadimsky[19] This comparison suggests that additional

improvement in the efficiency of the planar and NPL cells

may be possible in the future through further process

optimization.

We note that in previous reports, Si nano/micro wires have

shown favorable onset potentials Eos, but lower current

densities compared to planar Si.[13] The lower current density

might be due to the carrier recombination loss from increased

surface area of Si wire arrays. In contrast to those reports, InP

NPLs show favorable Eos values with increased current

density over planar InP owing to the low surface recombina-

tion velocity of carriers in InP, even without surface treatment

as depicted from TRPL measurements (Figure 2b).

Overall PEC performance was evaluated by computing

the photon-to-energy conversion efficiency of the PEC cell

(hcell) according to the following equation,[26]

hcell ¼
Ein � Eout H

þ=H2ð Þ

I0

� �

100% ð1Þ

where I0 (100 mWcm�2 for this study) is the impinging light

power, Ein is the applied bias vs. NHE, and Eout(H
+/H2) is the

voltage of the redox couple vs. NHE, in this case Eout(H
+/

H2)=�0.03 V. This equation assumes an ideal Pt counter

electrode with no overpotential losses for water oxidation.[27]

The maximum H2 production efficiency for the p-InP NPLs

reaches approximately 14% at an applied bias relative to

a perfect anode of approximately 0.5 V (Figure 4b). This

efficiency value exceeds that of our planar control sample that

was processed by using identical steps and measured using the

same setup; the planar sample exhibits a maximum efficiency

of approximately 9% (Figure 4b).

In our InP/TiO2/Ru photocathodes, p-InP serves as the

absorber layer. Photogenerated electrons in InP are trans-

ported to the n-TiO2 interface owing to band bending. The

TiO2 layer is too thick (2–5 nm) for the electrons in InP to

tunnel through an expected barrier that arises from the

conduction-band mismatch of InP/TiO2. Instead, we speculate

that electrons are transported through the amorphous TiO2

through tail or defect states. Pinholes may also contribute to

the transport of electrons through the thin TiO2 layers.

Subsequently electrons are consumed in a redox reaction at

the electrolyte interface with the help of Ru cocatalysts. The

enhanced efficiency of the NPLs arises from a combination of

increased current density and onset potential Eos. Given the

improved photon management properties of the NPLs with

reduced optical reflectance (Figure 2c), the increased current

density is expected to be the reason for the enhanced

efficiency of the NPLs. The cause of the observed Eos

enhancement for the NPLs, however, is less clear. Three

effects may contribute to this trend: 1) NPLs have a higher

photoelectrode–electrolyte junction area compared to planar

devices for the same sample size. As a result, NPLs exhibit

a lower overpotential owing to lower local current density

compared to the planar substrate. A similar hypothesis was

reported for Si photocathodes.[28] Moreover, the higher

wettability of the electrolyte on the NPL InP surfaces

(Figure 3d,e) could lower the overpotential compared to

planar surfaces owing to an improved electrode–electrolyte

interface. 2) Possible surface n-doping of NPLs and surface

state passivation[29] is induced by the RIE process. Incorpo-

ration of carbon atoms into the surface along with hydrogen

passivation of Zn acceptor atoms near the surface by RIE[29]

can induce an ultrashallow n-doping of the InP NPL surface.

Moreover, phosphorous atoms can be removed from the

surface during RIE, thereby resulting in the formation of an

electron-rich layer owing to the donor-like behavior of

phosphorous vacancies.[30] This effect was elucidated by

Mott–Schottky measurements (Figure S3 in the Supporting

Information), where a shift of approximately 70 mV in the flat

band potential is observed for NPL samples compared to the

planar samples. As a result, a more favorable surface band

bending is obtained in RIE-processed InP NPLs. 3) NPLs

have different exposed surface orientations compared to the

planar (100) wafers; these might have superior electron-

transfer and surface-chemistry characteristics.[31] However,

the crystal orientation effect is not expected to be dominant in

the system explored here, because the InP surface is coated

with an amorphous TiO2 layer. Overall, the onset-potential

improvement for InP NPLs is expected to be a combination of

Figure 4. PEC performance of p-InP photocathodes. a) J–E data for

planar (red trace) and NPL (blue) samples measured in HClO4 (1m,

pH 0.51) under chopped illumination. b) Corresponding photon–

energy conversion efficiency calculated by using Equation (1) for

planar (red trace) and NPL (blue) samples.
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the various effects described above with the first two

mechanisms playing a more dominant role.

In summary, p-InP NPL arrays were fabricated by

a simple self-masking RIE process, and approximately 14%

energy conversion efficiency was achieved with a Ru cocata-

lyst. High stability is obtained by passivating the surface with

3–5 nm of TiO2 deposited by ALD. PL and TRPL measure-

ments show that the high optical quality of InP is preserved

during the NPL fabrication process. Compared to the planar

controls, the NPL arrays exhibit drastically improved solar-

driven hydrogen generation. Specifically, higher current

densities approaching the theoretical limit and more favor-

able onset potentials are observed through surface nano-

texturing. Furthermore, the lowered surface energy of the

NPLs results in fast desorption of H2 bubbles from the surface

of InP; this property yet presents another important charac-

teristic of an efficient PEC device. In the future, the reported

NPL fabrication process and PEC device architecture can be

applied to thin film InP (ca. 1 mm thick) to decrease the

material cost.
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1. Back contact formation to the p-InP wafer 

Ohmic back contacts to p-InP were made by evaporating ~5-nm thick Zn (99.999% Zn 

powder) followed by e-beam evaporation of 50-nm Au. Subsequently, annealing was 

performed in N2 atmosphere at 400 oC for 1 min. 

2. InP NPL fabrication 

PMMA (C0.4) was spin-coated on a p-InP wafer at 6000 rpm for 4sec, and post-baked at 

105°C. InP was etched by ~0.5 µm using a gas mixture of CH4, H2 and Ar. The gas flow 

rates of CH4, H2 and Ar were 10 sccm, 40 sccm and 10 sccm, respectively. The power was 

150 W, pressure was ~100 mTorr, and etch time was 30 min. 

3. Atomic Layer Deposition of TiO2 

TiO2 passivation layer was deposited using a commercial ALD system (Picosun Sunale) 

with cycles of titanium tetrakis isoproposide (0.2 sec pulse), N2 purges (5sec), and water 

vapor (0.1 sec pulse). The ALD deposition was carried out after heating the sample substrate 

at 250°C. The deposition rate was 0.2~0.3 Å /cycle. 
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PEC measurements of p-InP samples without Ru co-catalyst 

 

Figgure S1. J-E measurements of planar and NPL PEC cells without Ru co-catalyst measured in 

1M HClO4 (pH 0.51) under chopped illumination. As compared to devices with Ru (Fig. 4), the 

cells here show significantly smaller Eos, demonstrating the importance of Ru co-catalyst. 
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Stability of p-InP NPL PEC devices 

 

 

 
Figgure S2. SEM images of InP NPLs with 5-nm TiO2 passivation layer before (a) and after (b) 

4hr PEC test with bias 0.23 V vs NHE in 1M HClO4, corresponding to the measurement shown 

in Fig. 3a. 
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Mott-Schottky measurements  

  

Figure S3. Mott-Schottky measurements for (a) planar p-InP sample and (b) InP NPLs 

fabricated by the described RIE process in 1M HClO4 under dark conditions.  A flat band 

potential shift of ~70 mV is observed for the NPL sample, corresponding to increased surface 

band bending, arising from surface n-doping effects induced by the RIE process. 
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