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ABSTRACT: Silicon (Si)-based Schottky junction photoelectrodes = Dopant Segregation (DS)
have attracted considerable attention for photoelectrochemical
(PEC) water splitting in recent years. To realize highly efficient Si-
based Schottky junction photoelectrodes, the critical challenge is to
enable the photoelectrodes to not only have a high Schottky barrier
height (SBH), by which a high photovoltage can be obtained, but
also ensure an efficient charge transport. Here, we propose and
demonstrate a strategy to fabricate a high-performance NiSi/n-Si = . .
Schottky junction photoanode by metal silicidation in conjunction 06 08 10 12 14 16 18 NiSi Y E,
with dopant segregation (DS). The metal silicidation produces Potential (Vvs RHE) =t ==l
photoanodes with a high-quality NiSi/Si interface without a

disordered SiO, layer, which ensures highly efficient charge transport, and thus a high saturated photocurrent density of 33 mA
cm™* was attained for the photoanode. The subsequent DS gives the photoanodes a high SBH of 0.94 eV through the introduction
of electric dipoles at the NiSi/n-Si interface. As a result, a high photovoltage and favorable onset potential of 1.03 V vs RHE was
achieved. In addition, the strong alkali corrosion resistance of NiSi also endows the photoanode with a high stability during PEC
operation in 1 M KOH. Our work provides a universal strategy to fabricate metal—silicide/Si Schottky junction photoelectrodes for
high-performance PEC water splitting.
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B INTRODUCTION the deposition of the insulator layer."”*° This disordered SiO,
layer results in a poor Si/SiO, interface.”"””* Many efforts have
concentrated on reducing the adverse effects of the insulator
layers in MIS photoelectrodes.””*** Recently, Li et al.

layer of metal on Si to form a metal—semiconductor (MS) attempted to fully avoid the disordered SiO, layer on the Si
Schottky junction structure could not only protect the Si from surf%xce of a MIS photolcathode b.y epitaxially growing 2 thl;;
corrosion but also catalyze the water-splitting reaction.”® SrTiO; .Iayer on the P -Si surface via molecula'r beam epitaxy.

Nevertheless, the direct contact between the metal and Si can A peculiar cqnﬁguratlon, the nearl).r perfect ah.gnment between
create metal-induced gap states on the Si surface, which t}llle c?n;uct:ionl bands ofbthe Si and dsllega Sel};kgesl the
unfortunately leads to a relatively low Schottky barrier height P! otoinduced e ect.rons' to be transporte . v the Sr1i0; ayet
(SBH) through Fermi level pinning of Si, and thus a low via band conduction instead of tunneling. However, it is

photovoltage.7’8 To realize a high SBH, as a current strategy, an irrat.ionjal to extend such a configuration to n-Si for the
insulator layer such as TiO, ALO,, or high-quality thermal fabrication of photoanodes because of the large valence band
v 8hLU;, -

SiO, is inserted between the metal and semiconductor, which offset between the n-Si .and SrAT103. Furthermore, .there was
is known as the metal—insulator—semiconductor (MIS) still a small amount of Si suboxide between the SrTiO; and Si

architecture.””"> However, the insulator layer in the MIS

Silicon (Si)-based Schottky junction photoelectrodes have
attracted considerable attention for photoelectrochemical
(PEC) water splitting in recent years.' * Depositing a thin

EEAPPLIE!

structure also serves as a tunnel barrier for charge trans- Received: May 24, 2020
fer.”'®'” Reportedly, the overpotential for water oxidation Accepted:  August 11, 2020
linearly increased at a rate of ~21 mV nm™' with increasing Published: August 11, 2020

thickness of TiO, insulator layer.'® In addition, for a Si-based
MIS photoelectrode, the easy oxidation of Si causes the Si
surface to inevitably form a disordered native SiO, layer during
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W ACS Pu b | ications 39092 ACS Appl. Mater. Interfaces 2020, 12, 39092—39097


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengyang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangwei+She"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaoyang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoyue+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lixuan+Mu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuijuan+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuijuan+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wensheng+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c09498&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/12/35?ref=pdf
https://pubs.acs.org/toc/aamick/12/35?ref=pdf
https://pubs.acs.org/toc/aamick/12/35?ref=pdf
https://pubs.acs.org/toc/aamick/12/35?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09498?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

that resulted in a negative shift of the onset potential.”> The
adverse effects of the insulator layer could not be fully avoided,
although the introduction of the insulator layer enhanced the
SBH of the MS structure.

Therefore, realizing a high SBH from an MS structure
without blocking the charge transfer is significant for high-
performance Si-based Schottky junction photoelectrodes.
Considering this point, here, we propose and demonstrate a
strategy to fabricate high-performance NiSi/n-Si MS Schottky
junction photoanode by metal silicidation in conjunction with
dopant segregation (DS). The NiSi/n-Si structure can be
obtained by the solid-state reaction between Ni and Si, known
as metal silicidation.”**” Because of the absence of an insulator
layer, the full avoidance of a disordered native SiO, layer, and
the metallic nature of NiSi,”® highly efficient charge transport
was achieved, and thus a high saturated photocurrent density
of 33 mA cm™ was attained for the photoanode. The
subsequent DS enhanced the SBH of NiSi/n-Si from 0.71 to
0.94 eV by introducing electrical dipoles at the NiSi/n-Si
interface.”” ™' As a result, high photovoltage and favorable
onset potential of 1.03 V vs RHE was achieved. In addition, the
strong alkali corrosion resistance of NiSi enables the
photoanode to have high stability during the PEC operation
in alkaline solution. Because the metal silicidation in
conjunction with the DS technique can also be applied to
other metals (such as Co, Ir, and Pt) and Si, our work provides
a universal strategy to fabricate metal—silicide/Si Schottky
junction photoelectrodes for high-performance PEC water
splitting.

B EXPERIMENTAL DETAILS

Metal Silicidation. Single-side polished n-Si (phosphorus-doped,
1—-10 Q-cm, (100)-oriented, 450 um thickness) wafers were used in
this study. First, the Si wafers were cleaned using a standard RCA
procedure consisting of immersing the wafers in RCA SC-1 and RCA
SC-3 solutions successfully. Next, the wafers were soaked in a 5% HF
solution for 10 s to remove the oxide layer. Finally, the wafers were
rinsed using DI water and dried using a commercial spin rinse dryer in
N,. The cleaned Si wafers were immediately transferred to a
magnetron sputtering chamber (ULVAC MLH-2306RDE). A 7 nm
nickel film was sputtered on a silicon substrate through RF magnetron
sputtering with a deposition rate of 4 nm/min. The wafer with a 7 nm
Ni film was transferred into a rapid thermal process chamber (AG
Associates Heatpulse 610) and annealed at 500 °C for 30 s under N,
protection to obtain the NiSi/n-Si.

Dopant Segregation. Boron ions were implanted into the as-
formed NiSi film at 5 keV with a tilt angle of 7°. The implantation
dose is 1 X 10'5 cm™. Subsequently, the specimen was annealed at
500 °C for 30 s in N, to drive the boron dopants to the NiSi/Si
interface; finally, the DS-NiSi/n-Si was obtained.

PEC and Electrochemical Measurements. The photoelectr-
odes were packaged using previous methods.’” All the PEC and
electrochemical measurements were performed using a CHI660C
workstation in a single-compartment square quartz glass electro-
chemical cell as shown in Figure S1. The active area of the
photoelectrode is a circular region with a diameter of 7 mm. The
electrolyte used for cyclic voltammetry (CV) and chronoamperom-
etry measurements was 1 M KOH solution. The auxiliary electrode is
an Hg/HgO electrode. The counter electrode is a Pt foil electrode.
The as-prepared photoelectrodes were illuminated by a 500 W xenon
lamp coupled with an AM 1.5 filter. Before each measurement, the
light intensity was calibrated to 100 mW cm™ using a calibrated
reference Si solar cell (PVM955, PV Measurements) in air. The
electrochemical impedance spectrum (EIS) was measured in an
aqueous solution of 40 mM K;Fe(CN)g, 250 mM K,Fe(CN)g, and 1
M KCI (Note SI in the Supporting Information).”***

B RESULTS AND DISCUSSION

Glancing angle XRD and micro-Raman spectroscopy (MRS)
were used to demonstrate the formation of NiSi films. As
shown in Figure lab, the XRD peaks and the characteristic
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Figure 1. (a) XRD and (b) MRS of the NiSi film. (c) Cross-sectional
TEM and (d) HRTEM of the NiSi/n-Si.

Raman scattering peaks of NiSi clearly reveal the formation of
the NiSi film on Si.** The formation of the NiSi film can be
attributed to the solid-state reaction between the outer layer Ni
and Si at high temperature during the rapid thermal
proce:ss.26’27 The TEM image (Figure 1c) of NiSi/n-Si shows
that the thickness of NiSi film is approximately 15 nm. The
HRTEM image (Figure 1d) displays that the NiSi film was
formed directly on the Si substrate with a perfect NiSi/Si
interface and was free of a disordered SiO, layer. Because of
the full avoidance of a disordered SiO, layer and the metallic
nature of NiSi,”® this structure is very favorable for charge
transport as discussed below. The TEM images of NiSi/n-Si
after the DS show that there are no obvious damages formed
on the NiSi film during the DS (Figure S2).

EIS of the samples was performed to determine the SBH
(hpn) of the NiSi/n-Si and DS-NiSi/n-Si. The Mott—Schottky
plots (C*"=V) of the NiSi/n-Si and DS-NiSi/n-Si all exhibit
good linearity (Figure 2a,b). From the intercept of the fitted
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Figure 2. Mott—Schottky plots (C>"—V) of the inverse square space
charge capacitance as a function of applied voltage relative to the
redox potential of Fe(CN)g>~/#" for the NiSi/n-Si (a) and DS-NiSi/
n-Si (b).

https://dx.doi.org/10.1021/acsami.0c09498
ACS Appl. Mater. Interfaces 2020, 12, 39092—39097


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09498/suppl_file/am0c09498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09498/suppl_file/am0c09498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09498/suppl_file/am0c09498_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09498?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09498?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

line with the x-axis, the flat band potential (Eg) can be
estimated. The Eg, values of the NiSi/n-Si without and with DS
were 0.47 and 0.67 V, respectively. Accordingly, the SBH of
the NiSi/n-Si and DS-NiSi/n-Si were determined to be 0.71
and 0.94 eV, respectively. The details of the calculation of the
SBH were shown in Note S1 (Supporting Information). After
the DS process, the SBH of NiSi/n-Si was increased by 230
meV. The higher SBH of DS-NiSi/n-Si was attributed to the
electric d'époles introduced by the B DS at the NiSi/n-Si
interface.””® During the DS process, the B dopants were first
implanted into the as-formed NiSi film. Upon subsequent
drive-in annealing, because of the limited solubility of B in
NiSi,*” soluble B dopants could not be incorporated into the
NiSi film and would instead tend to diffuse out of the NiSi film
and finally accumulate at the NiSi/n-Si interface, where the B
dopants partially substituted for the Si atoms on the Si lattice
in close vicinity to the NiSi/n-Si interface.”””' Secondary ion-
mass spectroscopy (SIMS) analysis was performed to profile
the depth distribution of boron dopants in NiSi/n-Si after DS.
As shown in Figure 3, the boron dopants accumulated at the
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Figure 3. SIMS depth profiling of boron in DS-NiSi/n-Si.

NiSi/n-Si interface after DS. As a result, these substitutional B
dopants were negatively charged, and the electric dipoles
across the interface were consequently formed.”® The electric
dipoles caused the energy band to bend upward strongly,
giving rise to an increase in the SBH.>® Scheme 1 shows the
energy band diagrams of NiSi/n-Si and DS-NiSi/n-Si and
illustrates how the energy band of Si was bent upward by the
electric dipoles.

Both the NiSi/n-Si and DS-NiSi/n-Si were used as
photoanodes for PEC water splitting. The CV curves were
measured without any iR compensation. Both electrodes were

Scheme 1. Energy Band Diagrams of the NiSi/n-Si and DS-
NiSi/n-Si”

E.
Er

NiSi/n-Si

DS-NiSi/n-Si

“The increase in SBH was due to the introduction of the electric
dipoles, which made the energy band bend upward at the NiSi/n-Si
interface.

cycled 60 times to activate the surfaces of the photoanodes
until the stable CV curves were obtained. Figure 4a shows the
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Figure 4. (a) CV curves of NiSi/n-Si (black) and DS-NiSi/n-Si (red)
in 1 M KOH solution under simulated 100 mW cm™? illumination.
(b) Electrical open-circuit potential of NiSi/n-Si (black) and DS-
NiSi/n-Si (red) in 1 M KOH solution measured in the dark and
under illumination. The difference in the OCPs between the dark and
illuminated conditions reflects the value of the photovoltage. (c)
High-resolution Ni 2p,,; XPS spectra of NiSi/n-Si under different
conditions: as-prepared, after activation (60 CV cycles in 1 M KOH
solution), and after activation plus 30 s Ar* sputtering.

CV curves of both electrodes after activation. The DS-NiSi/n-
Si photoanode exhibited a very low photocurrent onset
potential of 1.03 V vs RHE, which was 280 mV lower than
that of the 1.31 V vs RHE obtained from the NiSi/n-Si
photoanode. The large negative shift of the photocurrent onset
potential could be attributed to the increase of the photo-
voltage. It is known that the difference between the
electrochemical open circuit potentials (OCPs) of a photo-
electrode in the dark and under illumination could reveal its
photovoltage.22 Therefore, the OCPs of the NiSi/n-Si and DS-
NiSi/n-Si in the dark and under illumination were employed to
determine the respective photovoltages. As shown in Figure
4b, the difference in OCPs in the dark and under illumination
was increased from 140 mV for NiSi/n-Si to 400 mV for DS-
NiSi/n-Si. That means the photovoltage of DS-NiSi/n-Si is
260 mV higher than that of NiSi/n-Si, which shows an
agreement with the results of the CV measurement. The large
photovoltage of DS-NiSi/n-Si compared to that of NiSi/n-Si
was attributed to the high SBH of DS-NiSi/n-Si. In a Schottky
junction (MS or MIS) device, the photovoltage scales linearly
with the SBH.” The high SBH of the DS-NiSi/n-Si of 0.94 eV
indicates the strong band bending of Si and the formation of a
large built-in electric field at the Si surface. Consequently, a
high photovoltage and a low photocurrent onset potential were
achieved due to the associated enhancement in the separation
of the photoinduced electron—hole pairs.

In addition, both samples exhibited high saturated photo-
current densities of 33 mA cm™2, which was ascribed to the
highly efficient charge transport in this configuration. First, the
full avoidance of a disordered native SiO, layer in the present
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photoanodes configuration and the metallic nature of NiSi
could facilitate the transport of the photoinduced holes from
substrate Si to the electrode surface. Second, it is known that a
highly efficient catalyst, which accelerates the injection of
photoinduced holes from the electrode surface into the
electrolyte, was also critical for high photocurrent densities
during the oxidation of water.”’ XPS and depth profiling
experiments using Ar* sputtering were employed to observe
the composition of the NiSi/n-Si photoanode under different
conditions (Note S2, Supporting Information). The high-
resolution Ni 2p,,; spectra are shown in Figure 4c. For the as-
prepared sample, the XPS data show a native oxide phase of Ni
on the surface of the NiSi film.*>*' After activation, the peaks
corresponding to nickel oxyhydroxide (NiOOH) appeared,*
which indicates the formation of NiOOH on the NiSi film
during activation in 1 M KOH solution. The NiOOH as a
highly active OER catalyst improves the kinetics of the OER at
the electrode surface.*’ After Ar* sputtering took place on the
activated sample for 30 s, the peaks corresponding to the
NiOOH disappeared, while peaks corresponding to NiSi
appeared, which indicated that the NiOOH was present only
on the surface, and the material underneath was still bulk NiSi
after the activation of the NiSi film. Obviously, the metallic
NiSi had the synergic advantages of high electrical conductivity
and OER catalytic activity after activation. Linear sweep
voltammetry measurements were performed both in 1 M KOH
and 1 M KOH + 1 M Na,SO; solution to calculate the
separation and injection efliciency of DS-NiSi/n-Si photo-
anode.* The results are shown in Figure S3a,b. The
photoanode exhibits a high injection efficiency of above 90%
and separation efficiency of above 80% at saturation voltage. As
summarized in Table S1, the DS-NiSi/n-Si photoanode with a
simple MS Schottky junction structure exhibited excellent PEC
water-splitting performance.

Furthermore, the PEC stability of the DS-NiSi/n-Si was
investigated by chronoamperometry carried out at a constant
potential of 1.7 V vs RHE in 1 M KOH solution. The results
are shown in Figure Sa. There is no noticeable decay of the
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Figure S. (a) Chronoamperometric current densities versus time
curves of the DS-NiSi/n-Si measured at a constant applied potential
of 1.7 V vs RHE in 1 M KOH solution under simulated 100 mW cm™>
illumination. (b) CV curves of DS-NiSi/n-Si before (black) and after
(red) a 20-h stability test.

photocurrent during continuous operation for 20 h, which
implies that the DS-NiSi/n-Si photoanode has high PEC
stability. The CV curves of the DS-NiSi/n-Si revealed that the
photoanode retained its high PEC activity after 20-h tests
(Figure Sb). The redox peaks in the CV curves correspond to
the Ni**/3" redox reaction.””" The increase of the peaks area
and the positive shift of the peaks could be attributed to
additional formation of NiOOH during the stability test.”” It is

reported that NiSi can be used as a competent mask material
for selective Si etching in KOH.*® The strong alkali corrosion
resistance of NiSi (or NiSi/NiOOH) film enables the
photoanode to have high stability during the PEC operation
in alkaline solution.

Bl CONCLUSIONS

In summary, we have successfully fabricated a high-perform-
ance NiSi/n-Si MS Schottky junction photoanode by employ-
ing metal silicidation in conjunction with DS. Through metal
silicidation, a high-quality NiSi/n-Si interface without a
disordered native SiO, layer was obtained, which ensures
highly efficient charge transport. The subsequent DS gives the
photoanode a high SBH through the introduction of electric
dipoles at the NiSi/n-Si interface, and thereby, a high
photovoltage was achieved. After activation in 1 M KOH
solution, the NiSi/n-Si photoanode exhibited a high saturated
photocurrent density of 33 mA cm™ and a low onset potential
of 1.03 V vs RHE. In addition, the strong alkali corrosion
resistance of NiSi endows the photoanode with high stability
during PEC operation in 1 M KOH. In future, this metal
silicidation in conjunction with the DS strategy could be
applied to the fabrication of other metal—silicides/Si photo-
anodes and photocathodes.
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