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Crystalline Silicon Photocathode with Tapered Microwire

Arrays Achieving a High Current Density of 41.7 mA cm™

2

Wonjoo Jin, Youri Lee, Changhwan Shin, Jeonghwan Park, Ji-Wook Jang,*

and Kwanyong Seo*

To design a high-efficiency crystalline silicon (c-Si) photocathode, the
photovoltage and photocurrent generated by the device must be maximized
because these factors directly affect the hydrogen evolution reaction (HER). In
this study, a ¢-Si p—n junction is used to enhance the photovoltage of the c-Si
photocathode, and a tapered microwire array structure is introduced to
increase the photocurrent. When tapered microwire arrays are employed on
the front surface of the ¢-Si photocathode, a current density of ~41.7 mA cm~2
is achieved at 0 Vi, (reversible hydrogen electrode); this current density is
the highest among all reported photocathodes including c-Si, approaching the
theoretical maximum value for ¢-Si. Furthermore, a Ni foil /Pt catalyst is
introduced on the opposite side of the incident light, simultaneously serving
as an electrocatalyst to reduce side reactions in the HER and encapsulation
layer to prevent c-Si from contacting the electrolyte. Thus, a stable device is
developed using c-Si photoelectrochemical cells that have an efficiency

exceeding 97% for >1000 h.

1. Introduction

Photoelectrochemical (PEC) cells are being extensively investi-
gated for water splitting because they can directly convert solar
energy into clean, sustainable hydrogen fuel.l"!] Since Fujishima
and Honda reported the design of a PEC cell using TiO, in 1972,
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various semiconductor-based PEC stud-
ies have been conducted on materials
such as Fe,O0,, WO,, BiVO,, Ta;N,,
SrTiO;, Cu,O, crystalline silicon (c-
Si), and amorphous silicon (a-Si).>-#!
Among these materials, ¢-Si is consid-
ered a particularly promising material
for PEC applications owing to its abun-
dant availability, low cost, established
production technology, and narrow
band gap (1.1 eV), which facilitates the
efficient absorption of sunlight in the
visible spectrum.*l The theoretical
maximum photocurrent of ¢-Si photo-
electrode has been reported to approach
44 mA cm™?, exceeding the theoretical
maximum values of other materials
such as TiO, (1.8 mA cm™), BiVO,
(7.5 mA cm™2), Fe,0; (10.7 mA cm™),
and Cu,O (12.5 mA cm2).[—1] How-
ever, ¢-Si photoelectrodes are unstable,
particularly under alkaline conditions.[*®! Therefore, a high pho-
tocurrent and stable c-Si photoelectrode are necessary for its prac-
tical application.

Various studies have been conducted to minimize light re-
flection and maximize absorption by applying nano- and micro-
structures on the front surface of the device. Among various sur-
face structures, microwire arrays employed on top of ¢-Si can in-
crease the current density, approaching a theoretical maximum
of 44 mA cm=2.[1719-23] Lewis et al. reported ¢-Si microwire struc-
tures in conjunction with a Pt catalyst to achieve a photocurrent
density of 15 mA cm~2.[2*] Huskens et al. employed ¢-Si silicon
microwire structures together with a Ni-Mo catalyst to achieve a
photocurrent density of 35.5 mA cm~2.[%) In addition, a hydro-
gen evolution reaction (HER) electrocatalyst has been deposited
on top of a ¢-Si photocathode to obtain an efficient HER, and the
¢-Si microwire surface was passivated to prevent electrolyte per-
meation. However, the HER cannot efficiently occur with a small
amount of the HER electrocatalyst, and the stability of the ¢-Si
photocathode is reduced because the entire surface of the ¢-Si mi-
crowire cannot be effectively covered. Conversely, loading a large
amount of HER electrocatalyst on the ¢-Si photocathode blocks
light, thereby reducing the photocurrent density. Consequently,
the reported photocurrent density values of ¢-Si microwire pho-
tocathodes do not approach the theoretical maximum of 44 mA
cm2, and the devices have insufficient stability.[2+2]

In this study, a high-performance ¢-Si tapered microwire
(TMW) photocathode was fabricated using a ¢-Si p—n junction
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Figure 1. Schematic of the c-Si tapered microwire (TMW) photocathode and its performance. a) Energy band alignment of ¢-Si/electrolyte and ¢-Si p—n
junction under illumination and in the dark. b) Schematic illustration of ¢-Si TMW photocathodes. c) Tilted view of a scanning electron microscopy (SEM)
image. d) high-magnification top-view and e) low-magpnification top-view SEM images. f) Reflectance spectra of planar ¢-Si and ¢-Si TMW photocathodes.

and tapered microwire arrays on the front surface of the device
to maximize the optical performance. Additionally, a Pt/Ni cata-
lyst was used on the opposite side of the TMW array structure to
simultaneously serve as an electrocatalyst and an encapsulation
layer for the ¢-Si photocathode, thereby providing high stability
and efficiency. Consequently, a record-high photocurrent density
of 41.7 mA cm™ was achieved at 0 Vg, (reversible hydrogen
electrode) with a favorable onset potential of 0.6 V ;. Further-
more, this high performance was maintained for 1000 h with
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less than a 3% decrease in performance. These results demon-
strate that the proposed photocathode had the highest photocur-
rent density and stability among all ¢-Si photocathodes reported
thus far.

2. Results and Discussion

c-Si has been extensively studied as a suitable photocathode
material for the HER because its conduction band edge position

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Properties of the ¢-Si TMW photocathode. a) Hydrogen evolution reaction -V curves of Ni foil and Pt sputtered on Ni foil versus a reversible
hydrogen electrode (RHE). b) Linear sweep voltammetry (LSV) curves of ¢-Si electrolyte junction and ¢-Si p—n junction (planar ¢-Si and ¢-Si TMW photo-
cathodes). ¢) Comparison of onset potential (V) and photocurrent density at 0 Vg (Jo)- d) Evolution of hydrogen gas during the chronoamperometry
test at 0 Vgye. All photoelectrocatalytic performances were measured under one sun illumination (AM 1.5 G) in 0.5 M H,SO,.

is more negative than the potential required for the
HER.[12-14242627] However, ¢-Si exhibits a low PEC efficiency
owing to the relatively low photovoltage (~0.2 V) formed at the
c-Si/electrolyte heterojunction.?#28-3%] To enhance the photo-
voltage, a ¢-Si p—n junction has been recently investigated as an
alternative to the c-Si/electrolyte heterojunction.!'*26-28311 The
photovoltage of the ¢-Si p—n junction is relatively high (>0.6 V)
compared to that of the c-Si/electrolyte heterojunction owing to
the energy difference between quasi-Fermi levels that are formed
through Fermi-level splitting in the p—n junction under light illu-
mination; thus, relatively high-voltage photocathodes have been
reported.[1*26271 As shown in the energy diagram in Figure 1a,
the c-Si/electrolyte junction exhibits a low photovoltage (0.2 V)
because c-Si directly forms a heterojunction with the electrolyte.
In contrast, when using a ¢-Si p—n junction, a high photovoltage
(>0.6 V) is observed because of the energy difference between
the quasi-Fermi levels formed through Fermi-level splitting. In
addition to the p-n junction, TMW arrays were placed on top of
¢-Si to maximize light absorption by ¢-Si; to minimize optical
hindrance, the electrocatalyst was placed on the rear side of ¢-Si
(Figure 1b). The TMW arrays can effectively maximize the ab-
sorption of ¢-Si because the effective refractive index (n) gradually
increases from air (n = 1) to ¢-Si (n = 4). This gradual increase in
n enables the effective reduction of reflection in the wavelength
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range of 300—1000 nm, which can be absorbed by c-Si. The
¢-Si TMW photocathode was fabricated as follows: Initially, the
¢c-Si microwire array was fabricated via photolithography and
deep reactive-ion etching. Subsequently, a tapered structure was
formed using an isotropic Si etchant in a wet etching process.
The detailed fabrication process is described in the Experimental
section and Figure S1 (Supporting Information). As shown in
the scanning electron microscopy (SEM) image (Figure 1c),
the dimensions of the fabricated TMW array were: diameter =
2 um, length = 20 um, and spacing = 1 um. Particularly, the
TMW array was fabricated in an embedded form to ensure
high mechanical stability, which facilitated the reproducible
fabrication of the photocathode with TMW arrays (Figure 1d,e).
As visually confirmed in the optical photograph in Figure S2
(Supporting Information), the ¢-Si TMW surface appears blacker
than planar ¢-Si with SiN, as an additional anti-reflection coating
(ARC) layer, demonstrating that the surface reflection of the ¢-Si
TMW specimen is substantially reduced. The optical character-
istics of the fabricated ¢-Si TMW arrays were analyzed using an
ultraviolet-visible-near-infrared (UV-vis-NIR) spectrophotome-
ter. The average reflectance of ¢-Si TMW arrays was extremely
low (1.2%) across the entire range of 300—1000 nm that ¢-Si can
absorb light compared to that (14.8%) of planar ¢-Si with SiN,
(Figure 1f).

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Stability of the ¢-Si TMW photocathode. a) Schematic of the ¢-Si TMW photocathode. b) LSV curves of the ¢-Si TMW photocathode for long-
term durations c) Photovoltaic performance measurements in the long-term periods. d) Historical trends in the reported ¢-Si photocathode photocurrent
densities and stability. All photoelectrochemical performances were measured under one sun illumination (AM 1.5 G) in 0.5 M H,SO,.
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Currently, the catalyst with the highest performance for the
HER is Pt.32] However, Pt is an expensive noble metal, which is
an economic obstacle to its use. Therefore, to minimize the use of
expensive Pt catalysts, a 10-nm-thick Ptlayer was sputtered on top
of Ni instead of using pure Pt as the catalyst. The electrochemical
measurements of Ni and Pt/Ni are shown in Figure 2a, and Vy
of Pt/Ni (—0.04 V) is similar to that of Pt alone (—0.03 V) and
considerably higher than that of Ni alone (—0.21 V).

To evaluate the performance of the ¢-Si TMW photocathode,
a current—voltage (J—V) curve was obtained using linear sweep
voltammetry (LSV) (Figure 2b). The ¢-Si TMW photocathode ex-
hibited a current density of 41.7 mA cm™2, ~16% higher than
that of the planar ¢-Si photocathode with an ARC layer (36.1 mA
cm™2). This improvement is primarily attributed to the low re-
flectance of the ¢-Si TMW photocathode (Figure 1f), and it is fur-
ther supported by the J-V curve of the ¢-Si p—n junction-based
solar cell (Figure S3, Supporting Information). Moreover, as de-
picted in the energy diagram (Figure la) and consistent with
the abovementioned findings, the ¢-Si p—n junction (both pla-
nar ¢-Si and ¢-Si TMW photocathode) exhibited a higher V
(~0.6 V) than that of the conventional ¢-Si/electrolyte heterojunc-
tion. Figure 2c provides a distinctive comparison of Vo and sat-
uration photocurrent density at 0 Vyyyp (J) from the LSV curve
for the various ¢-Si photocathodes presented in Figure 2b. Both
the p—n junction-based planar ¢-Si and ¢-Si TMW photocathodes
demonstrate V) values of ~0.6 V, which is higher than that of
the ¢-Si/electrolyte junction (—0.1 V). Additionally, |, of the ¢-Si
TMW photocathode is higher than that of the planar p—n junc-
tion ¢-Si photocathode and ¢-Si/electrolyte junction. When mea-
sured under 0 Vi conditions using gas chromatography, the
¢-Si TMW photocathode exhibited a hydrogen production rate of
0.78 mmol cm=2 h~!, ~15% higher than that of the planar ¢-Si
photocathode (Figure 2d), which is consistent with the current
density presented in Figure 2b,c.

The ¢-Si TMW photocathode was subjected to a long-term
stability test to evaluate its encapsulation effectiveness. The
schematic of the ¢-Si TMW photocathode provides a detailed view
of the device structure (Figure 3a). Initially, we arranged the c-
Si photocathode with TMW arrays facing a glass substrate using
optical glue (NOA 63). During this process, the durability of the
TMW arrays on ¢-Si was confirmed without any mechanical is-
sues, owing to the embedded structure (Figure 1d). Subsequently,
we affixed Pt-sputtered Ni foil with Ag paste on the rear side of
the ¢-Si photocathode to protect the entire rear surface from the
electrolyte. Finally, to completely prevent any chemical reactions
of ¢-Si with the electrolyte, the side area of the device was en-
capsulated with an epoxy resin. Figure 3a depicts a schematic of
the ¢-Si TMW encapsulated photocathode. This design intrinsi-
cally eliminates direct contact between ¢-Si and the electrolyte,
markedly enhancing the stability of the ¢c-Si TMW photocath-
ode. Repeated LSV measurements were conducted for 72 h at
24-h intervals to confirm that V,y and J, remained nearly un-
changed; these parameters retained ~97% of their initial values
(Figure 3b). Furthermore, we continuously measured the pho-
tovoltaic performance of the ¢-Si TMW photocathode, including
short-circuit current density (Jyc), open-circuit voltage (Vo ), fill
factor (FF), and overall efficiency, for over 1000 h. All photo-
voltaic factors were stable within 97% of their initial values un-
der AM 1.5 G illumination (Figure 3c). Particularly, our device
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exhibited an extremely high long-term stability (1000 h) and the
highest photocurrent (41.7 mA cm~2) compared to those reported
for other ¢-Si photocathodes (Figure 3d, Table S1, Supporting
Information).[182831.33-57]

3. Conclusion

We successfully demonstrated a high-efficiency ¢-Si TMW pho-
tocathode employing a ¢-Si p—n junction, which addressed
the challenge of low photovoltage observed in conventional c-
Si/electrolyte heterojunctions. In addition, the TMW structure
on the front surface of ¢-Si maximized the light absorption of
the photocathode, substantially enhancing the photocurrent den-
sity. The current density at 0 Vyyp of the ¢-Si TMW photocath-
ode reached 41.7 mA cm~2, which is the highest value among all
photocathodes reported thus far, including ¢-Si photocathodes.
Furthermore, we confirmed that Ni foil can serve as both a cat-
alyst and an encapsulation layer on the rear surface of the ¢-Si
photocathode. Consequently, a ¢-Si TMW photocathode with a
high photocurrent density (41.7 mA cm™2) and long-term stabil-
ity (1000 h) was obtained.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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