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Development of a photoelectrochemically
self-improving Si/GaN photocathode for efficient
and durable H, production
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Development of an efficient yet durable photoelectrode is of paramount importance for deployment of solar-fuel production.
Here, we report the photoelectrochemically self-improving behaviour of a silicon/gallium nitride photocathode active for hydro-
gen production with a Faradaic efficiency approaching ~100%. By using a correlative approach based on different spectroscopic
and microscopic techniques, as well as density functional theory calculations, we provide a mechanistic understanding of the
chemical transformation that is the origin of the self-improving behaviour. A thin layer of gallium oxynitride forms on the side
walls of the gallium nitride grains, via a partial oxygen substitution at nitrogen sites, and displays a higher density of catalytic
sites for the hydrogen-evolving reaction. This work demonstrates that the chemical transformation of gallium nitride into gal-
lium oxynitride leads to sustained operation and enhanced catalytic activity, thus showing promise for oxynitride layers as

protective catalytic coatings for hydrogen evolution.

generate sustainable clean fuels using two of the most abun-

dant resources on earth—sunlight and water'. One prevailing
scheme to attain this solar to chemical energy conversion artificially
is to monolithically integrate a semiconductor material with electro-
catalysts in a photoelectrode. In this approach, while the semicon-
ductor efficiently collects the solar energy, the electrocatalyst, which
sometimes also acts as a protection layer, lowers the overpotential,
mediates the charge carrier transfer and provides active sites for the
chemical reaction at the solid/liquid interface’. However, a typical
conundrum in this field is related to the fact that efficient photoab-
sorbers are not durable (for example, Si and III-V photoelectrodes),
whereas durable materials show poor efficiency (for example, TiO,
and SrTiO;)*. Thus, it is critically necessary to develop overlayers
with a conduction (valence) band that is well aligned with otherwise
efficient but unstable semiconductor photocathodes (photoanodes)
to enable sustained and efficient operation’. Among many efficient
yet unstable light absorbers, Si is a low-cost and earth-abundant
material with a suitable band gap to absorb in the visible range, and
with high charge carrier mobility. All these properties motivate the
search for a stable coating to yield stable photoelectrodes. These
coatings are usually a combination of a charge transport layer com-
bined with a catalyst, thus promoting efficient charge collection and
separation, and preventing corrosion. Different oxide®’, nitride*",
selenide'” and sulfide"® materials have been explored for protection
of Si-based photocathodes, reaching several hundred hours stabil-
ity in the presence of hydrogen evolution reaction (HER) catalysts.
Among these, gallium nitride (GaN) is an interesting option due
to the chemically stable nature of N-rich surfaces'. GaN can be
particularly suitable as an efficient protective layer for the silicon
photocathode due to the almost ideal conduction band alignment

Photoelectrochemical (PEC) water splitting mimics plants to

of these two materials for providing optimal electron transport'>'.
While GaN has already been used in architectures with Si and Pt,
or other electrocatalysts exposed to the electrolyte, less attention
has been devoted to fundamental understanding of the Si/GaN
architectures. The origin of their long-term stability, either via an
intermediate-related self-healing effect'>", or pertaining to their
thermodynamically stable nature', still remains unclear. Thus,
there is a need to understand the fundamental aspects of GaN over-
layers for ultimate optimization of PEC cell performance®".

Herein, we demonstrate that Si/GaN photocathodes can gener-
ate sustained hydrogen production with a Faradaic efficiency (FE)
of ~100% without the use of any electrocatalyst. We also perform
accelerated testing and demonstrate that the Si/GaN photocath-
ode can sustain high current density under intensified, 3.5-suns
illumination for more than 150h. We observe that under operat-
ing conditions, the photocurrent density and onset potential of Si/
GaN photocathodes self improve. Specifically, we utilize a suite of
advanced characterization techniques and first-principles calcu-
lations to elucidate the origins of this self-improving behaviour.
Under operating conditions, Si/GaN photocathodes are subjected
to a chemical transformation at the GaN surface that provides
protection and enhances the PEC performance by adding active
catalytic sites for hydrogen evolution reactions. The protected Si
photocathodes thus show a stability and FE without the use of any
electrocatalysts, as the result of a beneficial chemical transforma-
tion. This study reveals a self-improving behaviour of the Si/GaN
photocathode active for hydrogen production, and sets an inves-
tigation model for fundamental understanding of the pivotal role
of chemical transformation in PEC water splitting. The knowledge
gained from this work can provide feedback for further optimiza-
tion of PEC devices.
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Fig. 1| Self-improving behaviour of Si/GaN photocathodes. a, CA testing for 10 h under 1-sun illumination and constant bias at —0.6 V versus RHE, the
corresponding Faradaic efficiency reveals the self-improving nature of GaN. Inset: CA testing on bare Si for 5h under 1-sun illumination and —0.6 V versus
RHE, this bare Si photocathode rapidly drops down to <0.05 mA cm~=2 within an hour. b, Accelerated CA testing on bare epilayer Si/GaN photocathode at
constant bias of —0.6 V versus RHE under 3.5-sun illumination for 150 h in 0.5 M H,SO,. ¢, Photocurrent density versus applied electrochemical potential
(J-E) curves as a function of CA testing time. d, Several selected J-E curves of as-prepared Si/GaN photocathode (CA-Oh) and 4 h CA-tested Si/GaN
photocathode (CA-4 h) with different Pt photodeposition durations under 1-sun illumination.

To set a baseline for understanding the stability mechanism of
the GaN overlayer, Si/GaN photocathodes were investigated under
water reduction conditions. IrO, is used as the counter electrode
and graphite colloidal adhesive is used to connect the Si/GaN to
copper tape. This testing configuration prevents any metal contami-
nation (Supplementary Fig. 1 and Methods). Chronoamperometric
(CA) tests were conducted on different samples under 1-sun inten-
sity illumination with a constant bias of —0.6V versus the reverse
hydrogen electrode (RHE), which is sufficient to drive the HER.
In all different samples, the measured photocurrent undergoes an
increase before it achieves a steady state. Interestingly, the calcu-
lated corresponding FE also follows a similar enhancement, that
is, the FE starts at ~85% then achieves 100% once the photocur-
rent reaches its maximum (Fig. la and Supplementary Fig. 3a).
Furthermore, Supplementary Fig. 3d verifies that only hydrogen
and oxygen were produced during the CA testing. On the con-
trary, the bare n*p silicon photocathode tested under the same test-
ing conditions shows <0.1 mA cm™ photocurrent density (Fig. la,
inset). In addition, accelerated CA testing under an air mass (AM)
1.5G solar illumination at an intensified 3.5-suns intensity was per-
formed. While the photocurrent enhancement is still observed, this
accelerated test further reveals that the Si/GaN photocathode can
sustain >100mA cm™ photocurrent density for more than 150h.
This measurement demonstrates the stability of the Si/GaN photo-
cathode at a high photocurrent value and under concentrated illu-
mination conditions (Fig. 1b). So far, these photoelectrochemical
characteristics are the best reported for protected Si photocathodes
in the absence of a catalyst layer. Supplementary Table 1 summa-
rizes the up-to-date recorded efficiencies, as well as the device sta-
bility of protected Si photocathodes.

To provide further insight into the PEC performance enhance-
ment, we performed intermittent 10-h CA testing, with linear sweep
voltammetry (LSV) collected after each hour to track the changes in

PEC performance, that is, photocurrent density and onset poten-
tial. Interestingly, the photocurrent density versus applied potential
(J-E) curve shows an anodic shift over time, with an onset poten-
tial shift of more than 300mV, from —460 mVy,y: (as-prepared
sample is denoted as CA-0h) to —80mVyy;; (sample tested for 10h
is denoted as CA-10h), as shown in Fig. 1c and Supplementary
Table 2. In addition, the maximum photocurrent density (J) gradu-
ally increases and reaches a saturation of 25mA cm™2 after 3h.

To look into the underlying mechanism of this self-improving
behaviour, we first analysed the changes of the surface resistance
by carrying out electrochemical impedance spectroscopy (EIS) at
AM 1.5G 1-sun illumination, which is reported as a Nyquist plot in
Supplementary Fig. 3b. By evaluating the simulated equivalent cir-
cuit and the corresponding calculated results (inset Supplementary
Fig. 3b and Supplementary Table 3), we observe that the surface
resistance (R, decreases from 600Q to 100Q. The dramatic
variation of R, evidences that the charge transfer at the solid/
liquid interface improves over time. In addition, Mott-Schottky
analysis reveals that the flat band potential is similar after reaction
(Supplementary Fig. 4), which suggests that the flat band position is
determined by the n*p Si solar cell substrate, which is in agreement
with previous results'"”. Given that the band alignment remains
unchanged with a notable change in R, and mild changes in
other resistance (R) and constant phase element values, we hypoth-
esize that the observed self-improving behaviour originates from an
improvement in the surface kinetics of the GaN layer.

The observed self-improving anodic shift of the onset potential
and the charge transfer improvement indicate an enhanced cata-
Iytic activity of the PEC-tested GaN surface, which can usually be
obtained through the integration of a catalyst layer. Therefore, with
the unique opportunity of improving device performance while
decreasing (noble metal) catalyst loading, we studied the direct
integration of Pt catalyst onto the modified Si/GaN photocathode.
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Fig. 2 | Photoconductive AFM characterization on CA-O h and CA-10 h samples. a,c, The topography of the CA-O h sample (a) and CA-10 h sample (¢c).
b,d, Corresponding surface profile and photocurrent extracted from the line scans for the CA-Oh sample (b) and CA-10h sample (d).

A comparison between the as-prepared Si/GaN photocathode and
CA-tested surface was conducted. The initial PEC performance of
the as-prepared sample was recorded by LSV scans. Then, the CA
testing was carried out for 4h to guarantee that the maximum cur-
rent is achieved (Fig. la—c, improvement completes within the first
few hours). Pt was photodeposited on both the as-prepared sample
(denoted as S1 CA-Oh in Fig. 1d) and the 4-h CA-tested sample
(denoted as S2 CA-4h in Fig. 1d). As can be seen in Fig. 1d, the
S2 CA-4h sample only requires 5min Pt deposition (S2 CA-4h,
Pt-5min) to shift its turn-on voltage to 0.34V, while an additional
5min of Pt deposition (52 CA-4h, Pt-10min) has a J-E curve that
remains the same as for the 5min deposition case. In stark contrast,
20min of Pt deposition is needed to shift its turn-on voltage to
0.34V (S1 CA-0h, Pt-20 min), that is, the required Pt loading is four
times higher than the CA-tested sample (full J-E curves versus Pt
deposition duration in Supplementary Fig. 3c). This clearly proves
that with such a CA-tested surface we can dramatically lower the
use of platinum catalyst.

It is generally acknowledged that surface roughness change’' and
formation of new chemical species'>'”?* are factors associated with
the improvement of PEC performance. Thus, we performed atomic
force microscopy (AFM) analysis, as well as scanning transmission
electron microscopy combined with electron energy loss spectros-
copy (STEM-EELS) and X-ray photoelectron spectroscopy (XPS),
to trace the origin of the observed PEC performance enhance-
ment. Specifically, by performing photoconductive AFM on both
as-prepared (CA-0h) and 10h CA-tested (CA-10h) samples, we
compare the surface topography as well as probe the nanoscale
origin of the macroscopic photocurrent enhancement. The surface
morphology remains similar for CA-0h and CA-10h surfaces, with
a similar surface roughness of about 12nm (Fig. 2a,c), which rules
out PEC performance improvement induced by surface rough-
ness variation. However, we confirmed a substantial difference
in the photocurrent of the CA-0h and CA-10h samples (Fig. 2).
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The overlaid topography-photocurrent maps (corresponding
topography and photocurrent images are shown in Supplementary
Figs. 5 and 6) show that the CA-0h photocathode exhibits a maxi-
mum of ~80pA at an applied bias —400 mV, whereas the CA-10h
photocathode exhibits a maximum of ~5nA without the need of an
external bias (Fig. 2b,d). The line profiles of the two maps for each
sample highlight that the enhanced photocurrent generation in the
tested sample is generated by the side walls of the grains, whereas
the top of the grain barely contributes to the total photocurrent. We
hypothesize that such location-dependent photocurrent generation
may be associated with exposed facets and crystal orientation.

To understand how tested samples changed under operating
conditions and the reason behind the increased photocurrent at the
side wall of the GaN grains, state-of-the-art aberration correction
STEM-EELS allows for analysis of crystal orientation combined
with chemical information with <1 nm spatial resolution (Fig. 3a,b
and Supplementary Fig. 7). An ~2-nm native oxide layer (high-
lighted in the white dashed line) is observed on the top surface of
the grain for the CA-0h sample, while less oxide (circled by a red
dashed line) could be found on the side wall (Fig. 3a). Interestingly,
after 10h of operation, formation of an approximately 1-nm layer
mixed with Ga, N and O at the side wall of the grain is observed
(area surrounded by the red dashed line in Fig. 3b), while the top
of the grain is covered with a Ga- and O-containing layer (no N is
seen in the areas surrounded by the white dashed line in Fig. 3b)
and no apparent change in the composition. Epitaxial GaN film
possesses a wurtzite crystal structure, where the top surface of the
grain is a polar ¢ plane (0001), while the side wall of the grain should
be a mix of non-polar ((1010) m plane and (1120) a plane and
semi-polar planes (for example, (1122), (2021), etc.), as illustrated
in Supplementary Fig. 8. Given that polarity and orientation effects
of GaN often give rise to different chemical**, electrical’>”’ and
mechanical®~** responses to external stimulus, we can reasonably
speculate that the accumulation of oxygen also has an orientation
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Fig. 3 | Chemical analysis of Si/GaN photocathode surface. a, STEM image of CA-0 h surface with insets (left to right) showing the EELS mappings of Ga
L-edge, N K-edge and O K-edge. b, STEM image of CA-10 h surface with insets (left to right) showing the EELS mappings of Ga L-edge, N K-edge and O
K-edge. c-f, O 1s core-level spectra of CA-Oh Si/GaN photocathode (c); Si/GaN photocathode after Th CA testing (d); Si/GaN photocathode after 4h CA

testing (e); and Si/GaN photocathode after 10 h CA testing (f).

preference, that is, forming on the non-polar or semi-polar planes
(side wall of the grain) rather than on the polar ¢ plane (top surface
of the grain) is thermodynamically favoured.

By connecting the STEM-EELS results to the increased photo-
current and anodic shift of the onset potential (Figs. 1 and 2), we
hypothesize the formation of an oxygen-containing GaN phase.
This hypothesis was readily confirmed by XPS. In addition to the
as-prepared sample, three different Si/GaN photocathodes were
analysed after 1h, 4h and 10h of chronoamperometric testing
(CA-1h, CA-4h and CA-10h). The XPS spectra of the as-prepared
and tested samples show similar Ga 2p and N 1s core-level spec-
tra and high signal-to-noise ratio, irrespective of the length of the
test (Supplementary Fig. 9). In contrast, more insights are gained
from O 1s spectra (Fig. 3c-f). In addition to OH-based and O-
Ga-0 species, by looking closer at the O 1s peaks, a new peak is
emerging at 531.7eV. This specific binding energy is assigned to
gallium oxynitride’*. Furthermore, compared to Ga 2p and N 1s
spectra, the signal-to-noise ratio of the O 1s spectrum is substan-
tially lower. Given that the probing depth of XPS for GaN is about
5-6nm (ref. **), such a difference in signal-to-noise ratio (Fig. 3c—f
and Supplementary Fig. 9) between O 1s and Ga 2p (or N 1s)

suggests that all the samples are predominantly composed of GaN,
while only an ultrathin layer of oxynitride presents at the surface.
Altogether, these data support that such an oxynitride generates the
considerable enhancement of the photocurrent generated at the side
wall of the GaN grains (Fig. 2c), and is the key factor that leads to
the self-improving behaviour.

To better understand how the experimental observation of the
self-improving PEC performance, as well as the sustained opera-
tion of Si/GaN photocathodes, correlates to the presence of gallium
oxynitride, we performed density functional theory (DFT) calcu-
lations for different GaN surfaces. We note that the top surface of
our sample is (0001), whereas the side wall of the grain consists
of semi-polar and non-polar planes. For simplicity, our simula-
tions were carried out for the (0001) ¢ plane and (1010) m plane
that represent the top and side wall of the system, respectively (see
Supplementary Fig. 8 for GaN crystal structure).

First, to understand the role of oxygens on the stability of GaN,
we considered several representative surface models and computed
their formation energy (see Methods). For the (0001) orientation,
we found that a full replacement of nitrogen atoms of either surface
or subsurface bilayers by oxygens (Fig. 4a, red and green lines) leads
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Fig. 4 | DFT calculation on N-polar c plane and non-polar m plane. a,b, Calculated formation energy of (0007) ¢ plane (a) and (1070) m plane (b) GaN
surfaces with different oxygen configuration within the anion- and cation-rich limits: ideal GaN surfaces of ¢ plane and m plane; configurations with 100%
replacement of nitrogen by oxygen on the surface c plane and m plane; 100% replacement of nitrogen by oxygen in the subsurface bilayer ¢ plane and m
plane; and configurations with 50% replacement of nitrogen of the surface and subsurface bilayers by oxygens c plane and m plane. In both cases, the ideal

surface is chosen as the reference.

to a higher stability compared to the as-prepared surface. The same
conclusion was achieved when nitrogen in these bilayers is simul-
taneously, but partly (50%), replaced by oxygen (Fig. 4a, blue line).
Overall, we found that the configuration with all surface nitrogen
substituted by oxygen exhibits the highest stability. This is consis-
tent with previous studies™ and current STEM results, which indi-
cate a strong likelihood of forming an oxide layer on the topmost
(0001) surface.

Interestingly, our calculations show that the effect of oxygen
substitution is rather different for the non-polar (1010) surface. For
this orientation, we found that the most stable structure is instead
obtained by partial oxygen substitution (50%) of nitrogen in both
surface and subsurface bilayers (Fig. 4b, blue line). A higher stability
of this structure over the one with all the surface nitrogen replaced
by oxygens (Fig. 4b, red line) is related to the ability to form sur-
face Ga with a higher oxygen coordination (1.5 versus 1.0). Our cal-
culations suggest that the topmost layers of the (1010) orientation
favour a mixture of all three species (Ga, O, N), in stark contrast
to the (0001) orientation, where they are more likely to consist of
Ga and O only. This finding is in line with a previous study show-
ing that surface charge localization and hopping can lead to the
formation of N-O species and gallium oxynitride on the non-polar
plane®. It also supports STEM-EELS evidence that the gallium
oxynitride-like composition is more likely to form on the side wall
of GaN grains.

Second, we move onto an assessment of catalytic activity. We
base our descriptor on the free energy of adsorption of hydro-
gen, which is the key reaction intermediate for both the HER and
hydrogen oxidation reaction. In particular, it has been suggested
that the absolute magnitude of the free energy of hydrogen adsorp-
tion should be minimized to maximize the reaction (|AG,y| ~ 0).
Here, examination of adsorption sites of the most stable surface of
the non-polar plane (Fig. 4b, blue line) shows that |AG,g| yields a
value of 0.12-0.16 eV on Ga (Supplementary Fig. 10c,d), compared
to a corresponding value of 1.07eV obtained for the pristine sur-
face (Supplementary Fig. 10a). On the other hand, N sites of the
two surfaces yield a similar |AG,q4s| of 0.31-0.39 eV (Supplementary
Fig. 10b,e). The results show that the surface with partial nitro-
gen substitution by oxygens is more active than the pristine one,
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indicating that transformation in the surface composition is proba-
bly responsible for the improved performance of the GaN-protected
photocathode.

To advance the application of solar water splitting for renewable
energy, a tremendous amount of work has been applied to the devel-
opment of cutting-edge coatings for long-term stability and high
efficiency, whereas more effort needs to be focused on the funda-
mental study of the stability/degradation mechanisms of materials.
In this work, we report Si/GaN photocathodes for sustained hydro-
gen production with 150h stability under 3.5suns and a ~100% FE
without electrocatalyst. By employing state-of-the-art photocon-
ductive AFM, STEM-EELS and XPS characterization techniques,
we show the presence of a thin oxynitride-like layer, which forms
over time on Si/GaN photocathodes within the first few hours of
operation. Such gallium oxynitrides, as for other reported oxyni-
trides (TaON, HfON, perovskite oxynitride, etc.) that have hybrid-
ization of the N 2p and O 2p orbitals®*, possess better catalytic
properties and perform a similar role in the electrocatalyst for better
mediating charge transfer. The DFT simulation results were in line
with experiments in which replacing the nitrogen atoms by oxygen
to form oxynitride can passivate the surface for further stability,
whereas the newly formed oxynitride can also provide more active
sites for HER, leading to improved PEC performance. Comparing
with other III-V semiconductor materials, which often suffer
from photocorrosion issues®*, the findings from this work prove
the uniqueness of GaN as a stable and efficient protective layer via
formation of oxynitride during hydrogen production. This work
also sets a prototype for fundamental understanding of the stability
mechanism of protective layers in PEC water splitting applications,
and the knowledge gained provides feedback for the development of
further improved designs of durable and efficient photoelectrodes.
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Methods
DFT simulations. The DFT calculations were performed with the
generalized gradient approximation”, using the plane-wave pseudopotential
QUANTUM-ESPRESSO package*. Ultrasoft pseudopotentials were used to
describe the interaction between valence electrons and ionic cores*, where Ga
3d electrons were explicitly treated as valence electrons. The wavefunctions and
electronic density were expanded in a plane-wave basis set truncated at a cut-off
energy of 30 Ry and 240 Ry, respectively. The surface was modelled using a repeated
slab geometry using a (2 X 2) unit cell with a thickness of seven GaN bilayers,
where the Ga-terminated bottom side was passivated by pseudo-hydrogen with
a charge of 1.25e. In addition, the (1010) surface was modelled using eight GaN
atomic layers with a lateral dimension of 9.57 A x 10.38 A. A vacuum width of
at least 15.0 A was introduced between consecutive slabs, and a k-point mesh of
5x5x1and 2X2x 1 was used to sample the surface Brillouin zone for the polar
and non-polar surfaces, respectively.

The relative surface formation energies with respect to the pristine N face
surface were computed as:

Here, A is the surface area, E,, is the total energy of the configuration under
consideration, whereas E, is the total energy of the pristine N face surface. In
addition, y; is the chemical potential of the ith species, and An,, Ang, and Any
are the excess or deficit of O, Ga and N atoms with respect to the reference,
respectively. We assume that the surface was in equilibrium with bulk GaN,
for example, g, + tiy = Eg.n» Where Eg,y is the total energy of bulk GaN. For
oxygen, we focus on results of u, corresponding to the value in $-Ga,O,, that
is, 2Ug, + 3uo= | AG,gs |, where Eg,,0, is the total energy of the bulk p-Ga,0,,
which was determined using a monoclinic unit cell containing 20 atoms (space
group C2/m). In this way, the surface formation energy is a function of y,, which
varies between i, (bulk) + AH(GaN) < ug, < tg,(bulk). Here, we obtained a value
of AH(GaN)=—1.0eV for the heat of formation (AH) of bulk GaN, in good
agreement with previous studies™.

Material growth. For this study, p-type 2-inch Si(100) double-sided polished
wafers (from WRS Materials, thickness, 254-304 pm; resistivity, 1-10 €2 cm)

were spin-coated (speed, 3,000 r.p.m; time, 20's) with liquid phosphorous dopant
precursor (from Futurrex) on one side to form the n*-Si, and liquid boron dopant
precursor (from Futurrex) on the other side to form the p*-Si. Subsequently, the
thermal diffusion process was conducted at 950 °C for 240 min under nitrogen gas
flow in an AE Engineering tube furnace. After annealing, the precursor residue

on the Si wafers was removed by soaking in buffered hydrofluoric acid (BHF)

10:1 solution (J. T. Baker) for 10 min and then rinsing with deionized water. The
wafers were dried using a nitrogen gun. Further performance details of the Si solar
cell substrates used in this study are discussed elsewhere''. A 100-nm n*-GaN
quasi-epilayer was grown on the n*p Si substrates using a Veeco GEN II radio
frequency plasma-assisted molecular beam epitaxial (PA-MBE) growth system.
Before the growth, Si wafers were cleaned using standard protocols with acetone/
methanol/water and subsequently with 10:1 BHF solution>''. Nitrogen-terminated
thin GaN quasi-film on Si was grown for 30 min at a substrate temperature
~735°C, Ga beam equivalent pressure of ~2.2x 1077 torr, Ge cell (n-type dopant)
temperature of 1,050 °C, a nitrogen flow rate of 0.45 standard cubic centimetres per
minute (sccm) and 350 W plasma power. From secondary ion mass spectroscopy
measurements, the growth rate of films was ~220nmh~" and average Ge
concentration was 2 X 10'® atoms per cubic centimetre.

Supplementary Fig. 2 shows the photoluminescence peak position of the
as-grown GaN quasi-epilayer on Si at ~365nm, consistent with the wurtzite form
of GaN from previous reports*. The peak at ~386 nm corresponds to the cubic
form of GaN, which is due to the low temperature growth step during the MBE
growth on a lattice mismatch Si-(100) substrate®. The carrier lifetimes of the Si/
GaN photocathode at 365 nm and 386 nm were ~0.13 ns. This value is in good
agreement with previous measurements, which show group III nitride carrier
lifetimes of <1ns (ref. *°). The electrical conductivity of N-terminated GaN is
~1-10Q7'cm™', and has been previously studied”. The flat band position of the Si/
GaN photocathode is between 0.4 and 0.55eV versus RHE'"*.

Working electrode preparation. The back side of the Si/GaN sample was etched
using HF vapour for 2min to remove the silicon oxide and the fluorine that was
weakly bonding to the surface and which temporarily prevented the surface being
oxidized during the sample transfer to the sputtering chamber. A thickness of
50nm of Al and 300 nm of Au were sputtered onto the silicon side and annealed in
a tube furnace backfilled with Ar at 450°C for 10 min to form an ohmic contact.
Then, a graphite colloidal adhesive (Ted Pella PELCO isopropanol-based graphite
paint) was used to connect the Al/Au side to a copper foil.

Photoelectrochemical testing. Continuous chronoamperometric testing. The
GaN/silicon photocathode was tested in a compression cell filled with 0.5M

H,SO, electrolyte (pH 0.4). The test was performed by using a three-electrode
photoelectrochemical cell configuration, with IrO, as counter electrode and a
saturated calomel electrode as the reference electrode. A 10-h chronoamperometric
test was carried out at a constant bias of —0.6 V versus RHE. To exclude metal
contamination as a possible cause of the observed photocurrent enhancement,
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three different counter electrodes (that is, platinum, IrO, and carbon rod) were
used for comparison. As shown in Supplementary Fig. 1a, the self-improving
behaviour was observed irrespective of the counter electrode. A small amount

of Pt was detected on the working electrode when using the Pt counter electrode
(Supplementary Fig. 1b). However, no metal contamination was observed on the
working electrode when running the measurements in the presence of a carbon
rod or IrO, counter electrode (Supplementary Fig. 1c). Interestingly, we found that
Ag paste contaminated the working electrode even in the presence of a protective
epoxide, as revealed by Supplementary Fig. 1d. Therefore, we used only a graphite
colloidal adhesive as the conductive adhesive to connect copper tape to the sample.
The temperature was checked every 2h to guarantee that long-time continuous
irradiation will not induce a large temperature increase, which usually contributes
to the increase of catalytic activity of many semiconductor materials.

Intermittent chronoamperometric testing. LSV and EIS were performed before the
CA test to record the initial PEC performance of the material. CA with a constant
bias at —0.6 V versus RHE was then performed for 1h, followed by another LSV
and EIS to capture the PEC performance after 1-h of CA modification. This was
process was repeated to continuously monitor the change in PEC performance up
to 10h of CA testing.

Hydrogen evolution reaction. Continuous 10-h CA testing under simulated AM
1.5 illumination and constant bias at —0.6 V versus RHE was conducted on four
Si/GaN samples to confirm the repeatability. The gas products were analysed using a
gas chromatograph (Agilent 7890A). The cycle time for each injection was 7.5 min.
Calibration curves for H, were obtained with a three-point calibration curve at 100,
1,000 and 9,918 ppm. Dry N, carrier gas with a flow rate at 1 sccm was purged into
the electrolyte and brought the gas products into the gas chromatograph*.

Photoconductive AFM. Photoconductive AFM measurements were conducted

on Si/GaN samples before (as-received, AR) and after 10h of CA testing

(modified surface, MS) using a commercial AFM system (Bruker Dimension
Icon). PeakForce TUNA mode was used to acquire the morphology and current
simultaneously. A PtIr conductive probe with spring constant of 2.8 N m~" was used
for the scanning. A white light source was used to illuminate the surface during

the acquisition®.

X-ray photoemission spectroscopy. Surface chemical composition and valence
band structure of GaN were obtained by XPS on a Kratos Axis Ultra DLD

system at a take-off angle of 0° relative to the surface normal. An Al Ka source
(hv=1,486.6eV) was used to excite the core-level electrons. A pass energy of
20eV was used for the narrow scan of core levels and valence band spectra, and a
step size of 0.05eV and 0.025 eV, respectively. The spectral fitting was conducted
using CasaXPS analysis software. The binding energy scales of all core levels were
corrected to the N 1s of Ga-N bond at 397.8 eV (ref. ™).

STEM-EELS spectroscopy. STEM and EELS measurements were conducted on

a double-aberration-corrected TEAM I microscope at the National Center for
Electron Microscopy, operating at an accelerating voltage of 300kV. EELS mapping
was collected on a Gatan Continuum K3 camera with a 120-pA probe current.

Data availability

The data that support the findings of this study are available at HydroGEN Data
Hub (http://datahub.h2awsm.org/). Additional data reported in the Supplementary
Information are available from the corresponding authors upon request. Source
data for Figs. 1-4 are available at https://datahub.h2awsm.org/project/about/
photoelectrochemically-self-improving-si-gan-photocathode.
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