Downloaded via UNIV OF MICHIGAN ANN ARBOR on September 5, 2020 at 17:05:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

. LE T TE R g y @ Cite This: ACS Energy Lett. 2019, 4, 2632-2638 http://pubs.acs.org/journal/aelccp

Guidelines for Optimizing the Performance of
Metal—Insulator—Semiconductor (MIS)
Photoelectrocatalytic Systems by Tuning the
Insulator Thickness

Joseph Quinn,” John Hemmerling, and Suljo Linic*

Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan 48109, United States
Catalysis Science and Technology Institute, University of Michigan, Ann Arbor, Michigan 48109, United States

© Supporting Information

ABSTRACT: Layered metal—insulator—semiconductor (MIS) mate-

rials represent a promising platform for photoelectrocatalytic 205

chemical transformations including solar water splitting. The o

introduction of insulators in these materials was motivated by the E 0.4

need to improve the stability of many inherently unstable semi- £ —High Barrier System
conductors with desirable optical properties. Recently, it has been 5,

demonstrated that insulators, in addition to improving the stability, £

can also improve performance. Specifically, it was shown that the O,': \\ —Low Barrier System
generated photovoltage of some MIS systems is highly affected by §_ hE W02 . pSi-HfO,-Al-Pt

optimizing insulator thickness. In this study, we quantify the extent to
which insulator tuning can be used to optimize photovoltage. This is
shown experimentally by comparing the performance of two systems
with inherently different barrier heights but, otherwise, identical
optical and electrocatalytic properties for the hydrogen evolution
reaction (HER). These photocathodes contained a p-type Si light absorber, an HfO, insulator, and a layered Ti—Pt or Al—
Pt electrocatalyst. A comprehensive model was developed to illuminate the underlying processes governing performance
and guide the design of MIS systems.
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T ypical photoelectrochemical water splitting systems the photovoltage that the semiconductor provides by reducing
consist of a semiconductor light absorber and a the parasitic recombination losses in the electrocatalyst.
chemically attached electrocatalyst.”> This system For a semiconductor/electrocatalyst system to generate high
converts solar to chemical energy through a series of steps, photovoltage, a high interfacial built-in potential difference
including (1) absorption of photons by the semiconductor to between a semiconductor and the attached electrocatalyst is
form electron—hole pairs in the semiconductor, (2) migration required. This built-in potential is fundamentally governed by
of energetic charge carriers from the semiconductor to the the inherent differences in the electronic Fermi levels between
electrocatalyst, and (3) the reduction and oxidation reactions the semiconductor and metal (semiconductor Fermi level and
induced by these charge carriers at the electrocatalytic sites. To metal work function). The built-in potential (Vi; in Figure 1a)
maximize the efficiency of this overall process, various creates an interfacial electric field, leading to a potential barrier
strategies have been developed to minimize energetic losses (the barrier height (¢, in Figure 1b)) for the flow of majority
in each of these steps. For example, to maximize photon carriers across the interface. Under illumination, this electric
absorption, tandem (dual) semiconductors can be used to field drives energized minority carriers toward the electro-
capture a larger portion of the solar spectrum compared to catalyst and majority carriers in the opposite direction,
single absorber systems 4 Recombination losses during the therefore preventing their parasitic recombination. While, in
charge carrier migration step can be minimized by decreasing principal, the barrier height is calculated as the difference
the charge carrier migration distance or by focusing light between the isolated semiconductor valence band edge and the
absorption at the semiconductor surface with the use of
plasmonics.”™® Losses associated with the reduction and Received: July 26, 2019
oxidation half-reactions can be reduced by improving the Accepted: October 8, 2019
electrocatalytic activity of electrocatalysts” "' or maximizing Published: October 8, 2019
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Figure 1. Semiconductor energy band diagrams. (a) Schematic of a noninteracting p-type semiconductor (silicon) and a low work function
metal (4.3 eV) energy diagrams. (b) Schematic of p-type silicon coupled to the metal at equilibrium under no illumination; the potential
barrier for majority carriers is called the barrier height ¢y, and is dependent on the metal work function. (c) Schematic of an equilibrated
MIS interface. The insulator creates an energetic barrier for electrons and holes (¢b, and ¢,).
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Figure 2. STEM cross-sectional micrographs and insulator thicknesses of the photocathode systems. (a) STEM cross section of the pSi-
HfO,—Al-Pt sample with 15 ALD cycles. (b) STEM cross section of the pSi-HfO,—Ti—Pt sample with 15 ALD cycles. (c) Insulator
thickness-to-ALD cycle relationship for the pSi-HfO,—Al—Pt samples. (d) Insulator thickness-to-ALD cycle relationship for the pSi-HfO,—

Ti—Pt samples.

metal Fermi level, various studies have shown that the presence
of surface states at the interface causes experimentally
measured barrier heights to be significantly lower, thus
diminishing generated photovoltage.'”"* Additionally, many
semiconductor—electrocatalyst pairs suffer from an inherently
low difference in the respective Fermi level positions and
therefore form low barrier heights.

There are multiple approaches proposed to address the
problem of a poor barrier height between an electrocatalyst
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and semiconductor. Methods include the fabrication of a p—n
junction within the semiconductor beneath the electrocatalyst
layer, which generates large electric fields in the semiconductor
that force the separation of charge carriers.*™>' Another
approach is to introduce two metal layers at the semiconductor
electrocatalyst junction. In this system, the inner metal layer
that is in direct contact with a semiconductor sets the
interfacial built-in potential and has the desired work function,
while the outer layer serves as an active electrocatalyst.””” >’
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Figure 3. Electrochemical performance of the photocathodes in light-driven HER. (a,b) Linear sweep voltammograms of the pSi-HfO,—Al—
Pt and pSi-HfO,—Ti—Pt electrodes at various insulator thicknesses. (a) The photovoltage of the pSi-HfO,—Al-Pt samples improves with
insulator thickness up to 1.9 nm and decreases thereafter. The photovoltage for the highest-performing insulator thickness is 517 mV. (b)
The pSi-HfO,—Ti—Pt samples show improving photovoltage up to 2.6 nm, after which it decreases. The photovoltage for the highest-
performing insulator thickness is 514 mV. (c) V,, for the pSi-HfO,—Al—Pt and pSi-HfO,—Ti—Pt samples plotted as a function of increasing

insulator thickness.

We have recently demonstrated another strategy to address the
problem of a poor barrier height in order to 6generate a high
photovoltage for a variety of semiconductors.”® This approach
involves the use of a metal(electrocatalyst)—insulator—semi-
conductor (MIS) system, which had previously been used in a
variety of recent photoelectrochemical studies.””>* In this
approach, the insulator—we focused on insulators that
conduct charge via a tunneling mechanism—changes the
semiconductor band energetics by creating an additional
barrier for both electrons and holes, as shown in Figure Ilc.
We showed that in these systems by tuning the thickness of the
insulator layer it was possible to control the flux of charge
carriers from the semiconductor to the electrocatalyst and by
doing so minimize the recombination losses and optimize the
generated photovoltage, ie., the insulator improved the
photovoltage of the system that had an inherently poor
semiconductor/electrocatalyst barrier height by reducing
recombination. We note that the insulators in these systems
are also employed to protect the semiconductor from the
corrosive electrolyte environment.'”**3*~**

In this contribution, we attempt to quantify the extent to
which tuning the insulator thickness can improve photovoltage.
Specifically, we investigate if tuning the insulator thickness
enables a system with an inherently poor barrier height to
perform as well as a system with a better inherent barrier
height. We perform our analysis by way of a concrete example
of the H, evolution reaction (HER) on an illuminated p-type
silicon (pSi) semiconductor covered with thin layers of the
HfO, insulator and an additional metal bilayer (Al—Pt and Ti—
Pt). In these systems, HfO, acts as a tunnel insulator, Al and Ti
are metals with different work functions that control the
inherent interfacial barrier height, while Pt is an excellent HER
electrocatalyst. We show that by modulating the insulator
thickness we are able to achieve a photovoltage of 514 mV for
Ti—Pt and 517 for the Al—-Pt samples, which is among the
highest reported for pSi.'* Insulator tuning was critical to
enable the performance of the poor barrier system (pSi-HfO,—
Ti—Pt) to approach that of the higher barrier system (pSi-
HfO,—Al-Pt). We support the underlying physical mecha-
nisms by a comprehensive mathematical model, which also
allowed us to make a number of general conclusions that
quantify the expected impact of insulator thickness on the
performance of the MIS photoelectrocatalysts.
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Our experimental systems consisted of pSi covered with an
HfO, insulator layer of varying thickness. The HfO, was
deposited with atomic layer deposition (ALD), and the
thickness was varied by modifying the number of ALD cycles.
We reiterate that the HfO, insulator transports charge between
the semiconductor and electrocatalyst via a tunneling
mechanism.**® The HfO,-coated pSi was covered with two
metal layers. In one system, we used Al and Pt, and in the other
system, we used Ti and Pt. On the basis of the tabulated work
function values, Al (work function of ~4.06—4.26 V') is
expected to form a higher barrier with pSi compared to that
with Ti (work function of ~4.33 eV**). Each individual metal
(S nm in thickness) was deposited using e-beam evaporation.

To characterize the fabricated materials, we performed
scanning transmission electron microscopy (STEM) on cross
sections of the pSi-HfO,—Al-Pt and pSi-HfO,—Ti—Pt
samples. Representative micrographs of pSi-HfO,—Al—Pt and
pSi-HfO,—Ti—Pt samples are shown Figure 2a,b, respectively.
The image shows well-defined layers of the pSi semiconductor,
an amorphous HfO, insulator, and metal bilayers. Additional
microscopic characterization is provided in the Supporting
Information. By taking cross sections of additional samples, the
relationship between the insulator thickness and the number of
ALD cycles can be characterized. For each metal bilayer
system, all imaged and experimentally tested samples with the
same insulator thickness originate from the same pSi wafer.
This data is presented in Figure 2¢,d for the pSi-HfO,—Al-Pt
and pSi-HfO,—Ti—Pt samples, respectively; the error bars
account for thickness variation within the imaged samples.

The pSi-HfO,—Ti—Pt and pSi-HfO,—Al—Pt electrodes were
tested in photoelectrochemical HER to determine the effect of
the HfO, insulator thickness on the generated photovoltage. A
three-electrode cell was used with a Pt wire counter electrode
and an Hg/HgSO, reference electrode. The electrolyte
consisted of 1 M perchloric acid with H, bubbling into the
electrolyte throughout the experiments. The electrodes were
illuminated with a halogen lamp at an intensity of 100 mW/
cm? (~1 sun). We define generated photovoltage as the
difference in the open-circuit potential “V,.” (the point where
the current density crosses zero) between a working photo-
cathode and 0 V vs RHE (corroborated by measuring the
hydrogen evolution potential for a Pt wire). Additional
photoelectrochemical details are provided in the Supporting
Information.
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Figure 4. Modeled open-circuit voltage (V,.) and charge carrier flux diagrams for a pSi-HfO,—metal system. (a) Modeled V, as a function of
insulator thickness for MIS systems with various effective metal work functions. The experimental results of the pSi-HfO,—Al—Pt and pSi-
HfO,—Ti—Pt electrodes are also provided for comparison. (b,c) Individual charge carrier fluxes for (b) a low barrier (high effective metal
work function of 4.3 eV) and (c) a high barrier (low effective metal work function of 4.2 €V). The red, green, and blue lines represent hole,
net, and electron currents, respectively. The dashed lines are calculated for a zero-thickness insulator, while the solid lines represent an
insulator thickness that provides a near-optimum V,. of 500 mV. For (b), a 1.3 nm insulator raises V, from 400 to 500 mV. For (c), an
insulator of 0.26 nm raises V. from 490 to 500 mV. The applied voltage is referenced vs the solution redox potential, E,. The gray and black
vertical lines indicate majority carrier currents at V. for the zero-thickness and optimized cases, respectively, which lead directly to

recombination.

In Figure 3, we show linear sweep voltammograms generated
by the two photoelectrocatalyst systems for various HfO,
thicknesses. The data in Figure 3 show that for systems that
do not contain the HfO, insulator the Al-containing sample
achieves a higher V. (285 mV) and therefore a higher
photovoltage compared to the Ti-containing sample (167
mV). While both of these samples likely suffer from a high
degree of Fermi level pinning associated with a direct metal—
silicon contact, the larger photovoltage generated by the pSi-Al
samples implies that they have a higher inherent barrier height
compared to the pSi-Ti samples. This result is not unexpected
considering that Al has an inherently lower work function than
Ti by ~70—270 meV."”*® The difference in the barrier heights
between the pSi-HfO,—Al-Pt and pSi-HfO,—Ti—Pt systems
was corroborated by a series of Mott—Schottky experiments
described in the Supporting Information, where the median
barrier height for the Al-containing samples was ~100 meV
higher than that for the Ti-containing samples.

The data in Figure 3 also show that the presence of thin
HfO, insulator layers improves the performance of both
photoelectrocatalysts dramatically. For the pSi-HfO,—Al-Pt
electrodes, V.. improves with an increasing HfO, insulator
thickness from 0 to 1.9 nm to a maximum of 517 mV. After
this point, increasing insulator thickness decreases the
generated photovoltage. This decrease is caused by impedi-
ments to minority carrier transport due to an increasing
resistance to the charge carrier tunneling. Interestingly, the
data also show that the insulator thickness tuning has an even
stronger effect on the pSi-HfO,—Ti—Pt system compared to
the pSi-HfO,—AI—Pt system. In this system, the V_ increases
with insulator thickness up to 2.6 nm, after which it starts
declining. The V. of the optimized pSi-HfO,—Ti—Pt sample
was nearly identical to that of the AI-Pt sample.

The data in Figure 3 show that, while both metal bilayer
systems (Al—Pt and Ti—Pt) benefit from the insulator
thickness tuning, the performance of the system with a
moderate barrier (pSi-HfO,—Ti—Pt) improves to a greater
extent than the performance of the system with an inherently
higher barrier (pSi-HfO,—Al—Pt). The data show that by
tuning of the insulator thickness we are able to improve the

2635

performance of a fundamentally poor barrier system so that it
matches the optimized performance of the system with an
inherently superior barrier height.

To further investigate the behavior of these systems, we
developed, following previous contributions,”**’ a mathemat-
ical model that can describe the underlying physical processes
taking place on layered MIS photoelectrocatalysts. A detailed
description of the model is provided in the Supporting
Information and in the previous contributions. In short,
electrochemical reaction rates on the electrocatalyst are
described by the Butler—Volmer equation. This determines
the electric potential required for the electrocatalyst (in this
case, the top layer of Pt) to reach a specific current. The model
captures the interaction of light with a semiconductor by
solving Poisson’s equation (which governs the semiconductor
electrostatics) and charge carrier continuity equations for both
charge carriers (electrons and holes). The charge carrier
continuity equations track the flux of charge carriers
throughout the semiconductor by capturing the absorption,
recombination, and diffusion processes in the semiconductor.
The boundary condition for the flux of charge carriers between
the semiconductor and electrocatalyst is described using the
following equations®®*~>!

J, = k(g = ) exp(~ad [,)
J, = ko(n, — ) exp(—ad,[¢)) 1)

In this equation, ], and ], are the interfacial electron and hole
currents, respectively. The net current is J, — J,. k, and k, are
the charge transfer rate coefficients for electrons and holes
(these depend on the density of states in the semiconductor
and metal), and we assumed the same value in this system, as is
generally the case.”®*’ n, and p, are the electron and hole
concentrations at the illuminated semiconductor surface at an
applied potential, while 7, and p, represent the surface carrier
concentrations in equilibrium in the dark. The exponential
terms represent the tunneling probabilities through the
insulator for electrons and holes, which are dependent on a
constant (), insulator thickness (d), and the semiconductor—
insulator energetic barrier for electrons and holes (¢, and ¢,),
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which are depicted in Figure lc. Previous studies using HfO,
films on silicon have shown a ¢, of 1.1 eV.* In this work, we
assume a symmetric barrier, i.e., ¢, = ¢,, though the degree of
symmetry is the subject of future studies. Because the solutions
to Poisson’s and continuity equations are interdependent,
these are solved iteratively to determine the potential and
charge carrier concentration profiles through the semi-
conductor. These profiles are useful because they can be
used to calculate the current—voltage relationship (i.e., the
performance) of an MIS system.

By modifying physical design parameters of the system in
the model, we can determine their effect on the overall
performance. The specific variables that were investigated were
(1) inner metal effective work function (which adjusts the
barrier height) and (2) insulator thickness. The insulator
thickness (d) impacts charge carrier fluxes by exponentially
decreasing the tunneling probability term (eq 1). The effective
inner metal work function directly affects 7, and p, the
semiconductor (interfacial) surface carrier concentrations in
equilibrium in the dark, as shown in the following
equationSZ(”A'9

—q(¢, — &)
k,T

o (¢, — ¢)
B = P &P kT

T, = My eXP[

)

where ny,, and py are the electron and hole concentrations
in the semiconductor bulk, ¢, is the effective work function of
the inner metal, and ¢, is the isolated semiconductor Fermi
level. We note that eq 2 essentially captures the change in
barrier height as a function of the inner metal with different
work functions. We note that we use the terminology “effective
work function” because, as discussed above, Schottky-based
junctions often show a lower barrier height than expected
(given the metal work function) due to imperfections at the
interface.

To illustrate how these variables affect the performance, the
dependence of increasing insulator thickness on V. was
modeled for systems with different effective work functions.
The data in Figure 4a show the modeled behavior of
photoelectrocatalysts with inner metal effective work functions
ranging from 4.1 to 4.5 eV. In the limit of a very low work
function (in this case ~4.1 eV), V,. is high regardless of
insulator thickness. We note that we are not addressing
performance losses at higher currents, where relatively high
thickness insulators lead to minority charge carrier transport
resistance losses. In these systems, due to an inherently high
barrier height, the open-circuit voltage cannot be improved
significantly by introduction of the insulator as it is already
close to the maximum V. that the semiconductor can
generate. The data in Figure 4a show that systems with
moderate work functions (4.2—4.4 eV) can reach the near-
maximum photovoltage that the system can provide by
properly tuning the insulator thickness. Finally, the data also
show that for inner metals with very poor work function, 4.5+
eV, the inherently poor performance cannot be completely
overcome by an introduction of insulators due to high
recombination losses for any insulator thickness.

The modeling results shed light on some of the performance
differences between the Al—Pt and Ti—Pt bilayer systems. The
data in Figure 4a show that high barrier systems (work
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functions < 4.3 eV) reach a near-maximum open-circuit
voltage at lower insulator thicknesses compared to moderate
barrier systems (work functions > 4.3 eV). This is consistent
with the experimental results, which are also shown in Figure
4a (labeled at distinct data points) for comparison, where the
Al-Pt samples show optimized performance at an HfO,
thickness of 1.9 nm while the Ti—Pt samples show optimal
performance at 2.6 nm. For very thick insulators, the model
cannot be applied to experimental systems, where charge
carriers no longer transfer via a direct tunneling mechanism.

To determine the underlying factors that govern the
relationships between the insulator thickness and V., we
studied the impact of insulator thickness on the fluxes of
minority (electrons) and majority (holes) charge carriers.
Figure 4b shows the charge carrier fluxes for a MIS system with
a lower inherent barrier height (the inner metal work function
of 4.3 eV). The dashed lines show the fluxes of individual
charge carriers calculated for an unoptimized case (zero-
insulator thickness), while solid lines show the fluxes for an
optimized insulator thickness case (insulator thicknesses that
lead to a near-maximum V,_ at S00 mV). The data show that
for a zero-thickness insulator there are high fluxes for both
charge carriers at open-circuit voltage (400 mV). The high
majority carrier current is caused by a smaller electric field
driving majority carriers away from the interface (ie., p, from
eq 2 is low, resulting in a high J, from eq 1). In this case,
essentially the band bending in the semiconductor is small.
The high flux of majority carriers leads to a high degree of
electron—hole recombination (depicted by the gray line in
Figure 4b) at V,.. By introducing the insulator and tuning its
thickness, the losses due to the electron—hole recombination
in the electrocatalyst are minimized. This is accomplished by
creating an additional barrier for the flow of charge between
the semiconductor and electrocatalyst (i.e., the energetic
barrier of the insulator) whose thickness allows us to tune the
flow of charge carriers. The data in Figure 4c show that for this
case an insulator thickness of 1.3 nm results in near-maximum
photovoltage at 500 mV.

Figure 4c shows the charge carrier fluxes for a higher barrier
system (low effective work function metal, 4.2 V). For this
system, the zero-insulator thickness case (dashed lines) already
has very low majority carrier fluxes due to a high electric field.
This leads to a high V. of 490 mV. These electrodes, with
inherently desirable barrier heights, require lower insulator
thicknesses (0.26 nm) to minimize majority carrier recombi-
nation and reach the maximum V. of 500 mV.

Our analyses show that insulator tuning enabled a low
barrier system (pSi-HfO,—Ti—Pt) to achieve a photovoltage of
514 mV, which was similar to the performance of a higher
barrier system (pSi-HfO,—Al—Pt) that had a photovoltage of
517 mV. The insulator thickness optimization was different for
the various metal bilayer systems, with the Ti—Pt system
achieving an optimized performance at 2.6 nm while the Al-Pt
system had an optimized thickness at 1.9 nm. A model was
developed to provide a physical description of the MIS
interface. The modeling results suggest that the optimized
insulator thickness and overall performance of the system are
functions of the initial barrier height. The variance in insulator
thickness optimization is due to differences in the level of
majority carrier recombination at low insulator thickness. The
low barrier systems require a thicker insulator to minimize
majority carrier recombination currents compared to a higher
barrier system. The work suggests that a simultaneous analysis
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ACS Energy Lett. 2019, 4, 2632—-2638



ACS Energy Letters

[ Letter |

of the barrier height and insulator thickness can be leveraged to
optimize performance in the design of MIS structures. These
results could be particularly useful for semiconductors that
have difficulties forming high barriers (e.g, high-band-gap
metal oxide semiconductors that cannot form p—n junctions).
These systems could implement the use of metal bilayers to
create barriers as high as possible while mitigating remaining
majority carrier recombination with insulator thickness
optimization.
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