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CONSPECTUS: Photoelectrochemical water splitting is a promising [@ Light Absorption] [@ Interfacial Defects]
avenue for sustainable production of hydrogen used in the chemical 5
industry and hydrogen fuel cells. The basic components of most

* Insulator  Semiconductor

photoelectrochemical water splitting systems are semiconductor l}ght e \ ;-
absorbers coupled to electrocatalysts, which perform the desired " =
chemical reactions. A critical challenge for the design of these systems

is the lack of stability for the majority of desired semiconductors under N 1)
operating water splitting conditions. One strategy to address this issue

is to protect the semiconductor by covering it with a stabilizing o ; Lt

. . . . o 4 » -
insulator layer, creating a metal—insulator—semiconductor (MIS) A @ h*
architecture, which has demonstrated improved stability. In addition to ks

enhanced stability, the insulator layer may significantly affect the [@ Insulator Thickness] [@ e’/h* Selectivity ]

electron and hole transfer, which governs the recombination rates.

Furthermore, the insertion of an insulator layer leads to the introduction of additional insulator/electrocatalyst and insulator/
semiconductor interfaces. These interfaces can impact the system’s performance significantly, and they need to be carefully
engineered to optimize the efficiencies of MIS systems. In this Account, we describe our recent progress in shedding light on the
critical role of the insulator and the interfaces on the performance of MIS systems. We discuss our findings by focusing on the
concrete example of planar n-type Si protected by a HfO, insulator layer and coupled to a Ni or Ir electrocatalyst that performs the
oxygen evolution reaction, one of the water splitting half-reactions. To improve our fundamental understanding of the insulator
layer, we precisely control the HfO, insulator thickness using atomic layer deposition (ALD), and we perform a series of rigorous
electrochemical experiments coupled with theory and modeling. We demonstrate that by tuning the insulator thickness, we can
control the flux and recombination of photogenerated electrons and holes to optimize the generated photovoltage. Despite
optimizing the thickness, we find that the maximum generated photovoltage in MIS systems is often significantly lower than the
upper performance limit, i.e., there are additional losses in the system that could not be addressed by optimizing the insulator
thickness. We identify the sources of these losses and describe strategies to minimize them by a combination of improving the
semiconductor light absorption, removing nonidealities associated with interfacial defects, and finding alternative insulators with
improved charge carrier selectivity. Finally, we quantify the improvements that can be obtained by implementing these specific
strategies. Our collective work outlines strategies to analyze MIS systems, identify the sources of efficiency losses, and optimize the
design to approach the fundamental performance limits. These general approaches are broadly applicable to photoelectrochemical
materials that utilize sunlight to produce value-added chemicals.

B KEY REFERENCES e Hemmerling, J.; Quinn, J; Linic, S. Quantifying Losses

. ) o o and Assessing the Photovoltage Limits in Metal—
e Quinn, J; Hemmerling, J; Linic, S. Maximizing Solar Insulator—Semiconductor Water Splitting Systems.
Water Splitting Performance by Nanoscopic Control of Adv. Energy Mater. 2020, 10, 1903354 Using Ir/

the Charge Carrier Fluxes across Semiconductor— HfO,/n-Si MIS systems as a case study, this work
Electrocatalyst Junctions. ACS Catal. 2018, 8, 8545—

8552." This study experimentally and computationally
demonstrated significant photovoltage enhancements in Received: January 29, 2021
metal—insulator—semiconductor (MIS) photoelectrocata- Published: April 1, 2021
lysts by precisely modulating the thickness of the insulator

layer, which tunes the charge carrier fluxes and

recombination. The studied MIS systems were Ni/Hf O,/

n-Si performing the oxygen evolution reaction.

© 2021 American Chemical Society https://doi.org/10.1021/acs.accounts.1c00072

W ACS Publications 1992 Acc. Chem. Res. 2021, 54, 19922002


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Hemmerling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aarti+Mathur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suljo+Linic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.1c00072&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/54/8?ref=pdf
https://pubs.acs.org/toc/achre4/54/8?ref=pdf
https://pubs.acs.org/toc/achre4/54/8?ref=pdf
https://pubs.acs.org/toc/achre4/54/8?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00072?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf

Accounts of Chemical Research

pubs.acs.org/accounts

U
L -1t N i L1
4 = . -
© ,\ - ] —-— = == - - ==
o | 2 ob--FHHHHE--HEEE R o L ~=-{-HH /H,
g m L P | |l
= T - Ut L T m——— M
35— Z i M -0
° - —
> = -
e} L 2 1f - M M ¥
- > M — M
qz) g ’:->>>-_->_-”"'—"_' """"""""""""" 7 A== S | il | i = ] it _' 10T ()1 “1()
E6- 2 - . 1
e = 5 = - M M
> [ 5 - M
o0 3]
St —
2 7 °
5 - ~
L 3r i
8
L 4t H [ 1
O
[ OOOMO"O—’ - ,,‘O'—. S e ooz 0 a S n o rlm'?m"'u q,# gi,—’,&
7282220089009 9572 Ze5e%8<S LLALL R B 520
cE & o2 > 28 2% S E s IS CRl
S &é}dg»jﬁgmml—a g ee §<83g38 NOggeNsd
56

Figure 1. Properties of various semiconductors used for photocatalytic water splitting. The green and blue columns are the valence and conduction
band edge positions, respectively. The red and black bars are the oxidation and reduction potentials of each semiconductor. Values are relative to
the normal hydrogen electrode and the vacuum level for pH = 0, temperature of 298.15 K, and pressure of 1 bar. Under the water splitting
conditions, the semiconductor will self-oxidize if the oxidation potential is above the OER redox potential and the semiconductor will self-reduce if
the reduction potential is below the HER redox potential. Reproduced with permission from ref 9. Copyright 2012 American Chemical Society.

quantified the competing recombination mechanisms and
the upper performance limits for MIS photoelectrocatalysts.
Specifically, nonidealities from defects at the interfaces were
demonstrated to result in significant losses.

Quinn, J; Hemmerling, J; Linic, S. Guidelines for
Optimizing the Performance of Metal—Insulator—Semi-
conductor (MIS) Photoelectrocatalytic Systems by
Tuning the Insulator Thickness. ACS Energy Lett.
2019, 4, 2632—2638.% This study explored bilayer-metal
MIS photoelectrocatalysts in which the inner metal was
optimized for generating photovoltage while the outer metal
performed the hydrogen evolution reaction. The optimal
insulator thickness was dependent on the junction properties
of the inner metal.

Hernley, P. A; Chavez, S. A;; Quinn, J. P.; Linic, S.
Engineering the Optical and Catalytic Properties of Co-
Catalyst/Semiconductor Photocatalysts. ACS Photonics
2017, 4, 979-985." This work demonstrated that
embedding platinum nanoparticle electrocatalysts into a
semiconductor rather than depositing them on the semi-
conductor’s surface results in significantly improved light
absorption and photoelectrocatalytic performance.

B INTRODUCTION

Materials that have received the most attention in photo-
electrochemical water splitting consist of a light-absorbing
semiconductor coupled to an attached metal electrocatalyst. In
these water splitting systems, the semiconductor produces a
photovoltage upon absorbing incident sunlight, and this
voltage is used by respective electrocatalysts to drive the
hydrogen evolution (HER) and oxygen evolution (OER) half-
reactions. While the thermodynamic requirement to split water
is 1.23 V, a minimum of ~1.6 V is required when considering
kinetic losses associated with the two half-reactions.”

1993

Several studies have analyzed the optimal semiconductor
band gaps required to achieve the necessary voltage to split
water with high efficiency. Based on reasonable assumptions
about the inherent efficiency losses, a single semiconductor
photoelectrochemical system has a maximum solar-to-hydro-
gen (STH) efficiency of ~12% for a band gap of ~2.2 eV.®’
Similar analyses have shown that by using dual semiconductor
light absorbers, the STH efficiencies can approach 25% for
combinations of semiconductors with band gaps between 1
and 1.4 eV for the bottom absorber and between 1.7 and 2.1
eV for the top absorber.”” Tandem systems can reach higher
efficiencies because they absorb a higher fraction of the solar
spectrum. These tandem systems are a promising approach to
achieve the Department of Energy ultimate STH efficiency
target of 25%.°

Data in Figure 1 show that there are many semiconductors
that meet the band gap requirements for high efliciency
tandem systems.” Among investigated systems, silicon (Si)
with band gap of 1.1 eV is the prominent choice for the lower
band gap semiconductor because of its earth abundance, low
cost, and extensive commercial use.'”'! A critical challenge in
the application of Si and almost all semiconductors with
desirable band gaps is their corrosion under water splitting
conditions. Figure 1 shows the oxidation and reduction
potentials for various semiconductors, suggesting that most
semiconductors are not stable under the conditions of water
splitting, i.e., there is a thermodynamic driving force to change
their chemical and therefore optical (light absorption)
properties.g'12

Over the past decade, it has been shown that oxide
insulators can be introduced to protect some semiconductors
against corrosion. In these systems, a stabilizing insulator layer
is placed between a semiconductor and a metal-based
electrocatalyst forming so-called metal—insulator—semicon-
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ductor (MIS) device architectures."”'* One of the first MIS
water splitting systems used a TiO, insulator layer to stabilize
Si."> Since this work, many protective insulators have been
utilized in Si-based MIS photocatalysts, including Al,O5,"""*
HfO,,'* $i0,,""7%¢ SrTi0,,*” Ti0,,">**7*° and ZrO,.>’ The
widespread deployment of these insulators was enabled by
atomic layer deposition (ALD), which is a layer-by-layer
growth technique to deposit conformal and pinhole-free layers
of materials with sub-nanometer precision.”'>"**”~%

In addition to improving stability, the incorporation of an
insulator layer introduces additional factors, including the
insulator thickness as well as metal—insulator and semi-
conductor—insulator interfaces, which can impact the overall
system performance. A fundamental understanding of the
impact of these factors on the performance of MIS photo-
electrocatalysts is critical for their future development. In this
Account, we discuss our recent work' > where we combined
modeling and experimental studies to shed light on the
underlying mechanisms by which the introduction of an
insulator affects water splitting performance. Specifically, we
demonstrate the importance of (1) tuning the insulator
thickness to modulate the recombination of electrons and
holes, (2) minimizing interfacial defects, and (3) designing
new insulators with improved charge transfer selectivity. In
addition to the critical role of the insulator, we also discuss
how the properties of the metal and semiconductor layers can
be tuned to maximize performance and reach the practical
limits. While this Account focuses on Si-based MIS photo-
electrocatalysts for the OER, our approach and findings are
broadly applicable to other photoelectrochemical devices.

B PHOTOVOLTAGE AND RECOMBINATION

Figure 2 illustrates the equilibrium electronic structure of a
metal/semiconductor (MS) system with a planar metal
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Figure 2. Energy band diagrams of a MS system with an n-type
semiconductor and high work function metal immersed in an
electrolyte. (a) System in the dark at equilibrium (V, = 0, J,.. = 0).
The reverse saturation current (J) is governed by the barrier height
(¢py)- (b) Hluminated system in quasi-equilibrium at the open-circuit
potential (V,.) such that there is no catalytic current (J o = Ju = 0).
The photovoltage (Vpl1 = V,.) is defined by the splitting of the
electron/hole quasi-Fermi levels (E, Eg,).

electrocatalyst in direct contact with a planar n-type semi-
conductor in the dark and under illumination. Upon contact,
electrons exchange between the metal, semiconductor, and
electrolyte until their Fermi levels (E,, E, and E;) are
equilibrated. For the equilibration of an n-type semiconductor/
metal interface, electrons will transfer from the semiconductor
to the metal, leaving behind a positively charged depletion

1994

region. This charge redistribution leads to band bending in the
semiconductor and an electric potential barrier (V};, and ¢y, in
Figure 2a), which promotes the transport of holes and impedes
the transport of electrons to the metal electrocatalyst. The
electric potential barrier height (¢,) reflects the difference
between the metal work function (Fermi level, E,) and the
semiconductor conduction band edge (Eg,) (see Figure 2).
Upon illumination, the MS system generates a photovoltage
(Von), which is a critical performance metric for photo-
electrocatalysts. The generated photovoltage is influenced by
the flux of electrons (J,) and holes (J,) across the MS junction.
In general, the relationship between photovoltage and the flux
of charge carriers can be captured using the illuminated diode
equation, which describes the net current (J,..) between the

net
semiconductor and electrocatalyst as a function of voltage.

A ) B 1}

nkT (1)
Here, ], is the photocurrent density, which is the total hole
current (J,) generated from solar absorption in the semi-
conductor. These holes ultimately drive the OER at the
electrocatalyst. J, is the electron current that reaches the metal
by crossing the electric potential barrier. Since e”/h*
recombination in metals is very fast, this is essentially a
recombination current. J is the dark saturation current, q is the
elementary charge of an electron, V, is the applied voltage
defined as the difference between the semiconductor majority-
carrier Fermi level and the solution Fermi level (this voltage
can be applied using a potentiostat, and it is affected by the
photovoltage generated upon illuminating the semiconductor),
n is the ideality factor (n = 1 is ideal, n > 1 is nonideal), k is the
Boltzmann constant, and T is temperature. J, is a key
parameter governing the electron current and therefore the
e~ /h"™ recombination rates as well as the generated photo-
voltage. The expression for ], depends on the system
architecture. For MS systems with Si semiconductor, the
dominant recombination mechanism is due to the recombina-
tion in the metal, and J; can be analytically expressed by eq 2.*’

J, = A*T? exp[—qib)

]net = ]h + ]e = ]ph - ]S[EXP(—

kT 2)

Here, A* is Richardson’s constant.

B IMPACT OF THE INSULATOR

It has been widely demonstrated that eqs 1 and 2 capture the
relationships between photogenerated current and voltage in
MS systems. We wanted to understand how the introduction
of a thin insulator between the metal and semiconductor
impacts the performance. To answer this question, we
fabricated Ni/HfO,/n-Si MIS photoelectrocatalysts in which
HfO, served as an insulator to protect n-Si under OER
conditions. HfO, was deposited using ALD, and its thickness
was manipulated by controlling the number of ALD cycles.'
The photovoltage generated by the MIS system was measured
as the voltage shift (evaluated at a current of 1 mA/cm?)
between the illuminated MIS system and an electrocatalyst
control that employs the identical electrocatalyst. The data in
Figure 3a show that photovoltage gradually increased as the
HfO, thickness increased from 0 to 2.1 nm (0 to 22 ALD
cycles) and decreased for thicker HfO,. Specifically, tuning the
HfO, thickness improves the photovoltage by 400 mV (up to
~480 mV) compared to the sample without HfO,; that is, in

https://doi.org/10.1021/acs.accounts.1c00072
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Figure 3. (a) Cyclic voltammetry in 1 M KOH of Ni/HfO,/n-Si MIS systems with different HfO, thickness and a Ni/p-Si electrocatalyst control.
The inset shows the photovoltage measured at 1 mA/cm? as a function of the HfO, thickness. (b) Modeled current—voltage response as a function
of tunneling probability (HfO, thickness). Adapted with permission from ref 1. Copyright 2018 American Chemical Society.

(a) (b) ©)
Metal <i. Semiconductor Metal ,i_> Semiconductor Metal I Semiconductor
Vi
Pe
i Ecs
- 74 0 b IV"ES -
bb
Ppidear| | Pojidear || & _ g
= Sy =v b= 3
2 5 Ecs 2|7 Pbideat — Vil| @
(= n c [
Em X = | En..%N\=1v .Y -
E Eyp
Pn
E VB

Figure 4. Energy band diagrams of a MIS system with an n-type semiconductor and high work function metal. (a) Ideal system (n = 1) in the dark
at equilibrium (V, = 0, J,. = 0). (b) Ideal system (n = 1) in the dark at the flat-band potential (V, = V). (c) Nonideal system (n > 1) with
positively charged defects at the insulator/semiconductor interface. These defects cause an insulator voltage drop (V;) which ultimately lowers the

barrier height and photovoltage.

addition to improving the stability of the system, the insulator
layer also improved the generated photovoltage.

To explain these results, we developed a comprehensive
finite-difference time-domain (FDTD) model that iteratively
solves the two governing equations for the transfer of charge
carriers in these systems, Poisson’s and the continuity
equations.””*" The Butler—Volmer equation was employed
to model the electrochemical OER rates (], in Figure 2) as a
function of the electrocatalyst voltage. An important boundary
condition for this system of equations is the flux of charge
carriers between the metal and semiconductor, which is
influenced by the insulator. Since HfO, is a tunnel insulator,
meaning that charge moves through the insulator via tunneling,
we modeled the e /h* fluxes assuming the tunneling
mechanism. Under this mechanism, when there is no insulator,
the tunneling probability for the charge carriers is 1 (T, = 1).
As the thickness of the insulator increases, this probability
drops according to the relationship T, = exp(—xd¢p,'’?), where
 is a constant that depends on the electron effective mass in
the insulator, d is the insulator thickness, and ¢, is the offset
between the semiconductor and insulator conduction bands
(see Figure 4a for illustrations of these variables).”> We used

1995

the same values for T, for holes and electrons, which can be
justified for n-Si/HfO, interfaces.’

The model outputs the current—voltage response of the
system as a function of the tunneling probability and therefore
the HfO, thickness (Figure 3b). The simulated current—
voltage plots in Figure 3b qualitatively matched the
experimental trends: the insulator layer with an intermediate
tunneling probability (corresponding to ~2.5 nm thick HfO,)
led to the optimal performance. The model allowed us to shed
light on the mechanism responsible for the photovoltage
enhancement of MIS photoelectrocatalysts with a particular
insulator thickness. We found that in the limit of low insulator
thickness (below ~2.5 nm), the performance of the MIS
system was limited by the large flux of electrons that can easily
tunnel through the thin insulator to the electrocatalyst and
recombine with the holes. On the other hand, for greater than
2.5 nm thickness, the electron recombination current becomes
negligible; however, the hole current is impeded by the thicker
insulator, which ultimately lowers the photovoltage. Overall,
these initial modeling and experimental results demonstrate
that by optimization of the insulator layer thickness, the e”/h*

https://doi.org/10.1021/acs.accounts.1c00072
Acc. Chem. Res. 2021, 54, 1992—-2002
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obtained from Mott—Schottky plots and V. was determined by comparing to an Ir/p*-Si electrocatalyst control. (b) n was obtained by measuring
the performance as a function of light intensity, while ¢, was calculated from eq 8. (c) Experimental and modeled current—voltage plots
demonstrate excellent agreement between experiment and modeling for Ir/2.0 nm HfO,/n-Si, Ir/n-Si, and Ir/p*-Si electrocatalytic control.
Adapted with permission from ref 2. Copyright 2020 John Wiley and Sons.

fluxes can be optimized so that the recombination losses are
minimized.

These studies demonstrated that the behavior of MIS
systems (Figure 3a) can be captured by this rather complex
system of equations that required numerical solutions (Figure
3b). We have also shown that in the limit of low insulator
thickness (up to the ideal thickness), the system behavior can
also be adequately described by a simpler analytical approach,
where the diode equations (eqs 1 and 2) are augmented by
recognizing that the insulator layer effectively serves as an
additional barrier that decreases the electron dark saturation
current (J,). The expression for J, in MIS systems is**

_ aw2 _qb, o —ocddy!/?
J, = A*T exp[ kT)ep( xdg ") )

The second exponential term in eq 3 is the above-mentioned
probability of electrons tunneling through an insulator layer.
We reiterate that this expression can describe MIS systems in a
thin insulator regime where the hole current ( Jon in eq 1) is not
affected significantly by the insulator.”’

An analytical expression for the photovoltage (V)
generated by a MIS system (in the limit of low insulator
thickness) as a function of the net current (J,..) can be easily

obtained by substituting eq 3 into eq 1,"*'"*
Joh = e Joh = e
Vil o L g oot KTy b et 4,
? J. q A*T kT
+ ocdq%l/z}
4)

Jop e o
This expression is valid when ™ > 1, which is met for

s

essentially all relevant operating conditions. The maximum
photovoltage is obtained when the net current is 0. This
voltage is labeled as the open-circuit photovoltage (V.
Von(Jnee = 0)). Equation 4 suggests that in addition to the
properties of the insulator layer that affect the tunneling
probability (d, ¢.), the photovoltage is also impacted by the
ideality factor (n), the barrier height (¢,), and the photo-

current (]Ph)'

1996

B PERFORMANCE LIMITS AND NONIDEALITIES IN
MIS PHOTOELECTROCATALYSTS

Following this initial work, we wanted to understand how the
measured photovoltage compared to the fundamental perform-
ance limits of these MIS systems. In this context, it is also
critical to quantify how, in addition to the above-discussed
properties of the insulator layer (d, ¢,), other parameters in eq
4 (the ideality factor (n), the barrier height (¢,), and the
photocurrent (J,;)) impact the performance of MIS systems.
To quantify these parameters, we performed studies using a
MIS system consisting of Ir electrocatalysts on HfO,/n-Si. The
data in Figure Sa show the measured photovoltage for these Ir/
HfO,/n-Si photoelectrocatalysts as a function of insulator
thickness.” Similar to the previous Ni-based MIS systems, the
optimal HfO, thickness was 2.0 nm, yielding a photovoltage of
~480 mV, which is ~160 mV higher than Ir/n-Si samples
without HfO,.

The upper photovoltage limit for a MIS system is the flat-
band potential (Vy), which is also known as the built-in
potential. This is the applied voltage or generated photovoltage
required to reach the state where the semiconductor bands no
longer bend (i, become flat, see Figure 4b). Assuming
negligible contributions from the insulator, the flat-band
potential is theoretically defined by the Fermi levels of the
metal (E,) and the semiconductor (E,) (see Figure 4b):

Vfb = Em - Es (5)

A common method to experimentally quantify the flat-band
potential is based on the Mott—Schottky equation, which for
an n-type semiconductor takes the following form:***

2

2
1 kT
|l =—Z |ly-v, - =
[Csc) EOgSAZqND( : ® ) (6)

vl
A, g, and &, and are the surface area of the junction, vacuum
permittivity, and semiconductor relative permittivity, respec-
tively. By measuring the capacitance (C,.) of the MIS system as
a function of applied voltage (V,), we can extract from eq 6 the
flat-band potential and semiconductor doping density (Np).
The data in Figure Sa show that Vy, for all Ir/HfO,/n-Si MIS
samples was ~630 mV; that is, the insulator layer thickness did
not affect the flat-band potential in accordance with eq S. This

https://doi.org/10.1021/acs.accounts.1c00072
Acc. Chem. Res. 2021, 54, 1992—-2002


https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00072?fig=fig5&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00072?rel=cite-as&ref=PDF&jav=VoR

Accounts of Chemical Research

pubs.acs.org/accounts

(a)

700

jvi V/b
600
<
£E500
(0]
5
*= 400 Voc
- ,
>
300 Vec,
200

10* 10° 102 10" 10°

exp(-ad¢;/ 2)

n=1

n=13

(b)

20
2
Jph (mA/cm®)

30 40

Figure 6. (a) Modeled (lines) and experimental (stars) photovoltages and flat-band potential as a function of the tunneling probability for the Ir/
HfO,/n-Si MIS samples. The model lines were obtained using eq 9 and the data from Figure S. The blue star represents the experimental data
point for the Ir/HfO,/n-Si system with the optimal 2 nm HfO,, and the green star represents the Ir/n-Si system without an insulator. The blue and
green arrows correspond to the ~70 mV V.., associated with nonidealities in the system as described in the text. The black arrow represents
additional Vi, totaling 80 mV. The gray star represents a system that achieves the photovoltage upper limit of the flat-band potential, which can
be obtained if the tunnel probability is less than 0.0001 (assuming no changes to J,;,). (b) Modeled Vi as a function of photocurrent and ideality
factor. The dashed line represents the photocurrent observed experimentally for Ir/HfO,/n-Si photoelectrocatalysts.

analysis showed that despite optimizing the insulator thickness,
the maximum measured photovoltage of 480 mV is
significantly lower than the flat-band potential; i.e., there was
~150 mV of losses in the system that could not be addressed
by tuning the insulator thickness.”

To understand why these systems fail to reach the upper
performance limits, we analyzed the impact of the insulator on
the barrier height and ideality factor, which also affect the
photovoltage (eq 4). For an ideal system (n = 1), the ideal
barrier height (¢ qca) can be determined from the flat-band
potential (see Figure 4b):

kT . N,
Ppged = Voo + Vo=V + —In—=

q D (7)

Here, V, is the offset between the semiconductor Fermi level
and conduction band edge (see Figure 4a). It is a function of
the doping density (Np) and the effective density of states in
the semiconductor conduction band (N). The values for
@Prv,dea and V,, can be computed, via eq 7, using the measured
Vg and Np from the previous Mott—Schottky analysis. These
are plotted in Figure Sa.

Compared to ideal systems, the presence of nonidealities (n
> 1) causes the barrier height in MIS systems to be lower than
the ideal barrier height according to the following expres-
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sion:
+ ( )Vn
(8)

We quantify the ideality factor for our Ir/HfO,/n-Si systems
by varying the light intensity (changing J,;,) and measuring the
open-circuit photovoltage (V,.).”*”*>*° Based on eq 4, a plot
of V. vs In(J,) yields a line with a slope that is related to the
ideality factor and an intercept that is related to the dark
saturation current (J).”'” The ideality factors measured using
this approach as well as the resulting barrier height (calculated
using eq 8) are reported in Figure Sb. The results demonstrate
that there are significant nonidealities (n > 1) in these Ir/
HfO,/n-Si systems that lower the barrier height (¢y)
compared to the ideal value (¢} ;4..). For example, the sample

_ ¢b,ideal

n—1
b, —

n n

1997

with optimal photovoltage (2.0 nm HfO,) exhibits an ideality
factor of 1.74, yielding a barrier height of 0.63 eV, which is 0.27
eV lower than the ideal barrier height of 0.9 eV.

Although there are several possible sources of nonidealities,
they are typically attributed to defects at the semiconductor/
insulator interface in MIS systems.” These defects can result in
significant charge build-up at the interface, which causes a
voltage drop in the insulator (V; in Figure 4c).*”” As illustrated
in Figure 4c, the charge build-up lowers the barrier height
relative to the ideal value as some of the voltage is lost as a
voltage drop in the insulator (ie., ¢y, = Pyjgea — Vi)-

We also modeled the current—voltage behavior of these Ir/
HfO,/n-Si photoelectrocatalysts performing OER. Here, we
employed the Butler—Volmer equation to approximate the
dark electrocatalytic reaction of the Ir/p*-Si sample. We then
used egs 1, 3, and 8 with the experimentally measured ideality
factors and barrier heights from Fi§ure Sb to model the
photovoltage as a function of current.” The data in Figure Sc
show that the model closely matches the experimental data for
samples with and without HfO,.

B QUANTIFYING LOSSES WITH A NEW METRIC:
Vlosses

Given the presence of nonidealities and decreased barrier
heights, it is desirable to quantify the extent to which these
different factors impact the photovoltage losses. To quantify
the losses, we introduce a new metric, V) ., which is the
difference between a system’s flat-band potential (i.e., the
upper photovoltage limit) and its generated open-circuit
photovoltage. This difference will be zero for a system without
losses (ie., negligible recombination). The analytical ex-
pression for V., in MIS systems can be obtained by algebraic
manipulation of eqs 4, 5, 7, and 8:

A*T?
n
Jon

_dy
kt

Vi

— 1/2
osses Vfb - - 0(61(2

©)
The four main parameters that impact the performance of

these systems are the photocurrent (J,;), the properties of the
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Figure 7. (a) Components that contribute to the photovoltage and the losses relative to the upper limit of the flat-band potential for the Ir/HfO,/
n-Si system. (b) Experimental photocurrent (relative to bare Si) for samples with Pt nanoparticles either deposited on the Si or embedded in the Si.
Reproduced with permission from ref 4. Copyright 2017 American Chemical Society.

insulator (d and ¢,), the presence of nonidealities (1), and the
semiconductor doping density (related to V,). We note that
the Richardson constant (A*) is not a tunable parameter but is
rather an inherent property for a given semiconductor.

Using eq 9, we can quantify the losses in MIS systems and
suggest ways to achieve a photovoltage that approaches the
upper limits. The data in Figure 6a show the photovoltage as a
function of the insulator tunneling probability and the ideality
factor for our Ir/HfO,/n-Si systems as calculated using eq 9.
The other parameters were measured as described above. The
stars in the plot refer to the measured experimental data. The
ideality factors of 1, 1.3, and 1.74 correspond to an ideal
system, the experimental Ir/n-Si system (i.e., 0 nm HfO,), and
the experimental 2 nm HfO, system, respectively. For both, Ir/
n-Si and Ir/2 nm-HfO,/n-Si, the photovoltage losses
associated with nonidealities (i.e., the difference between the
performance of an ideal and a nonideal system) are ~70 mV,
as indicated by the blue and green arrows in Figure 6a. In other
words, a photovoltage enhancement of ~70 mV is possible by
removing nonidealities from these MIS systems.

Figure 6a also shows that even if all nonidealities were
eliminated (n = 1), the optimal thickness of 2 nm HfO, would
generate a photovoltage that is still ~80 mV below the flat-
band potential (i.e., Vjyses = 80 mV). Based on eq 9, the V] .,
can theoretically be eliminated by using an insulator with a
tunnel probability (T,) less than 0.0001 (gray star in Figure
6a). This tunneling probability can be achieved with a HfO,
layer of ~3 nm; however, as we previously established, a thick
HfO, insulator leads to additional photovoltage drops because
the hole transport is impeded. This analysis suggests that HfO,
may not be suitable to maximize photovoltage, and insulators
with better selectivity toward hole transport compared to the
electron transport are necessary to further improve the
performance.

Besides the dominant role of the insulator physical thickness
and tunneling probabilities as well as system nonidealities,
there are also losses associated with the photocurrent and light
absorption in the semiconductor (]Ph in eq 9). The maximum
photocurrent that can be obtained for Si under 1-sun
illumination is ~44 mA/cm?® However, parasitic light
absorption and reflection from the catalyst layer significantly
lowers the photocurrent. The photocurrent for our samples
was ~24 mA/cm? leading to photovoltage losses of 20—30
mV associated with the poor utilization of light (Figure 6b).
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B OUTLOOK AND FUTURE PROSPECTS

As described herein, there has been considerable interest in
developing MIS photoelectrocatalysts throughout the past
decade. The initial interest in the introduction of insulators was
primarily driven by the desire to enhance the stability of
various semiconductors under corrosive water splitting
conditions. We have described our recent work aimed at
shedding light on the connections between the introduction of
an insulator and the performance of MIS systems. This work
has allowed us to identify different parameters that play critical
roles in the performance of these systems. Furthermore,
through experimental measurements and modeling, we can
identify the best approaches that can be employed to improve
the performance of these systems. For example, our work on
planar Ir/HfO,/n-Si systems has shown that the introduction
of a HfO, insulator and optimization of its thickness results in
significantly increased photovoltage (in this case by ~160
mV). We also learned that these increases in photovoltage are
not sufficient to approach the upper performance limits of the
flat-band potential (in this case, the maximum measured
photovoltage was ~150 mV lower than flat-band). We showed
that these additional losses can be minimized by a combination
of improving light absorption by the semiconductor (up to 30
mV under 1-sun illumination), removing nonidealities (up to
70 mV), and incorporating a different insulator with an
improved carrier selectivity (up to 150 mV). Figure 7a
illustrates the extent to which each of these factors can improve
the photovoltage up to the flat-band potential.

It is critical to understand how to engineer MIS systems that
can exhibit these improvements. In terms of maximizing light
absorption in the semiconductor, there are several useful
strategies such as texturing the surface, introducing an
antireflection coating, and incorporating plasmonic metal
nanoparticles.”>>*>%****=5! Eor example, our group demon-
strated that by embedding nanoparticle electrocatalysts in a
semiconductor as opposed to dispersing them on the
semiconductor’s surface, the light reflection and parasitic
light absorption by the metal are minimized.” In this particular
example, 150 nm diameter Pt nanoparticles were embedded
into p-type Si, and the system was analyzed for photo-
electrochemical HER activity. As shown in Figure 7b, the
embedded nanoparticle system increases the light-limited
photocurrent by ~24% compared to the nonembedded system
and by ~15% compared to bare Si. Furthermore, this strategy
of embedding nanoparticles can introduce unique catalytic
active sites. A fundamental understanding of the catalysis and
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measurin§ rates is another important focus in the liter-
ature.”> ™"

In addition to the management of light reflections and
absorption, significant efforts need to focus on identifying the
physical sources of nonidealities. In general, an insulator
introduces additional interfaces, which are often sources of
defect states that can result in significant charge build-up and a
voltage drop in the insulator. The presence of these interfacial
defect states will show up as a nonideality in the models
discussed above. The common approaches to address these
defects include annealing or chemical treatments aimed at
removing the defect states.””*** In addition to interfacial
defects, nonidealities can result from image force lowering,
barrier height inhomogeneity, recombination in the semi-
conductor depletion region, and field emission.” While these
nonidealities may be negligible for some MIS systems,
including the ones discussed above, removing these sources
of nonidealities would require alternative approaches for
different systems.

Our results also show that systems incorporating an
insulator with improved e /h" selectivity can generate
photovoltages that approach the upper limits. To this end,
novel insulators with better e or h* selectivity, depending on
the desired half-reaction, should be explored. Indeed, this
strategy has been implemented in high-efficiency photovoltaics,
and the charge carrier selectivity may be improved by
introducing dopant ions to the insulator or by utilizin%
alternative transition metal oxides such as MoO, or V,0,.”
We note that even with a perfectly selective insulator, the
photovoltage may remain slightly below the flat-band potential
as other recombination mechanisms (e.g., radiative recombi-
nation, Shockley—Read—Hall recombination, or recombina-
tion at the back contact) may become dominant and limit the
performance.”

Despite the importance of the flat-band potential, only a few
studies have explored methods to increase it. One way to
achieve a higher flat-band potential is to increase the doping
density of semiconductors, although one must be aware that
the doping density can also influence the photocurrent and the
minority carrier diffusion length.” Furthermore, if the doping
density becomes too large, this can introduce alternative
recombination pathways from field emission and Auger
recombination.*’ The flat-band potential can also be increased
by incorporating metals or metal oxides with high (for n-Si)
and low (for p-Si) work functions.

We have discussed above the work on protecting and
improving Si by introducing insulator layers. Moving forward,
significant effort should be dedicated to implementation of
MIS concepts to wider band gap semiconductors. Some groups
have studied the performance of MIS architecture for Ni/
TiO,/BiVO,>® and graded MoS,/c-TiO,/GalnP,”” MIS
systems; however, the important fundamental concepts of
photovoltage, flat-band potential, and barrier height were not
analyzed. p-Type Cu,O (band gap ~2.1 eV) is a suitable
option for coupling with n-Si in a tandem configuration. Good
performance has been achieved by forming pn heterojunctions,
but MIS junctions with Cu,O have not yet been demon-
strated.”®

More research should also focus on incorporating Si into
practical tandem water splitting systems. So far, the STH
efficiency of Si coupled to a wide band gap semiconductor in a
tandem configuration is below 5%, and the semiconductors are
electrically connected with wires.”””® A more integrated
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design consists of Si in direct contact with a wide band gap
semiconductor. Attempts at fabricating fully integrated tandem
structures utilizing Si have not generated enough voltage to
split water®* ™ until very recently.'”®” Important consid-
erations for these integrated tandem systems are the design of
the interfaces between the semiconductors and the light
absorption and photocurrent matching between the semi-
conductors. Since Si is the bottom absorber in the tandem
configuration, photons will enter the Si through the backside,
and the high-energy photons will be greferentially absorbed by
the wide-band gap semiconductor.”” Thus, the photocurrent
through Si in the tandem configuration will be significantly
lower compared to 1-sun illumination used in experiments. We
note that the lower photocurrent will modestly lower the
photovoltage by ~20 mV compared to a sample with 1-sun
illumination (Figure 6b). The above discussions and results of
our Account should help enable the overarching goal in the
water splitting community to develop stable, efficient, and
economical tandem solar water splitting systems.
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