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Abstract: While the field of plasmonics has grown significantly in recent
years, the relatively high losses and limited material choices have remained
a challenge for the development of many device concepts. The decay of
plasmons into hot carrier excitations is one of the main loss mechanisms;
however, this process offers an opportunity for the direct utilization of loss
if excited carriers can be collected prior to thermalization. From a materials
point-of-view, noble metals (especially gold and silver) are almost
exclusively employed in these hot carrier plasmonic devices; nevertheless,
many other materials may offer advantages for collecting these hot carriers.
In this manuscript, we present results for 16 materials ranging from pure
metals and alloys to nanowires and graphene and show their potential
applicability for hot carrier excitation and extraction. By considering the
expected hot carrier distributions based on the electron density of states for
the materials, we predict the preferred hot carrier type for collection and
their expected performance under different illumination conditions. By
considering materials not traditionally used in plasmonics, we find many
promising alternative materials for the emerging field of hot carrier
plasmonics.
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1. Introduction

Hot carrier effects in metals have drawn significant attention recently because of their
promising applications in photodetection, energy-harvesting, hot-carrier-induced chemistry,
etc. [1-4]. Hot carrier collection enables utilization of energy that is usually lost in a
conventional semiconductor device due to thermalization (i.e. phonon generation and heat
dissipation resulting from absorption of high energy photons) and sub-bandgap photon loss
(i.e. lack of absorption of low energy photons). This energy can be extracted through the hot
carrier generation in a metal and the subsequent injection of the carrier into a semiconductor
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(M-S) [4-8] or a counter-electrode (M-I-M) [9-11]. In order to achieve high efficiency hot
carrier injection, significant light absorption is required in the metal, which is achievable by
coupling incident light into surface plasmons (SP)—the collective oscillation of free electrons
near the metal surface [2, 12, 13]. The improved absorption contributes greatly to the
enhancement of hot carrier generation and consequently increases the device efficiency.
Therefore, surface plasmons effects are often employed for hot carrier generation.

While most hot carrier devices to-date have used Au or Ag nanostructures, due to their
chemical stability and well-studied plasmonic properties, other materials might have potential
advantages from the perspective of hot carrier generation following absorption. The hot
carrier injection efficiency depends not only on the light absorption, which is made possible
by surface plasmon excitation, but also on the hot carrier energy distribution upon excitation,
resulting from the decay of the surface plasmons [14, 15]. The hot carrier energy distribution
is critical for the collection of carriers because only the hot carriers with sufficiently high
energy and momentum are able to traverse the barrier established at the interface between the
metal and the semiconductor or oxide. The hot carrier energy distribution immediately after
photon absorption is determined by the initial states of electrons in the Fermi gas and the
incident photon energy. Here we present the hot carrier energy distributions in various
materials (including metals, alloys, and nanostructures) based on the electron density of states
(EDOS) determined by first principle calculations or experiments from the literature. We
compare these distributions to the idealized distributions that would optimize the hot carrier
injection. These results are meant to outline materials and nanostructures that might be more
suitable for hot carrier collection and to provide an alternative perspective on choosing
plasmonic materials when the goal is hot carrier generation.

In this manuscript we present the hot carrier distributions for electrons and holes in a
variety of pure metals (Au, Ag, Cu, Al, Fe, Pt, Ti, and Y), alloys (Ag-Cu, Al-Ga, Au-Pt, and
Al-Cu), and nanostructures (Ag and Au nanowires, carbon nanotubes, and graphene). In order
to determine the expected hot carrier distributions, we first assume complete absorption
within the material through perfect coupling of the incident light into surface plasmons. This
assumption serves to eliminate the influence of the optical absorption on the resulting carrier
distribution and allows us to focus solely on the influence of the EDOS. Further, nearly
perfect absorption has been experimentally achieved in a number of plasmonic and
metamaterial structures [4, 8, 16, 17]. Secondly, EDOS data are taken from the literature [18—
30]. Combining the EDOS with the Fermi distribution function yields the transition
probability and hence the resulting hot carrier distribution. Alternatively, the transition
probability under illumination can be calculated from first principles using Fermi’s golden
rule for the transition, governed by quantum mechanical selection rules. However, the EDOS
method turns out to have worked well to describe the performance of previous hot carrier
devices [9, 10] and will be used here to evaluate the potential of different materials for hot
carrier devices.

2. Simple models for the hot carrier distribution

The simple model of a metal consists of free electrons moving through a metallic ion lattice,
resulting in the well-known parabolic electron density of states (Fig. 1(a)), D(E)e< JE ,
where D(E) is the electron density of states as a function of the electron energy. Upon

photon excitation with energy E,, an electron in the Fermi gas is promoted from E-E,; to a
higher energy state E. The transition probability is proportional to the multiplication of the
joint density of states, which is the product of the densities of states at the initial and final
energies, and their respective distribution functions:

P(E) < D(E~E,,)f(E~E,)D(E)1~ f(E))
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where f(E) is the Fermi distribution function.

Upon monochromatic illumination (A = 600 nm), a nearly uniform hot carrier distribution
is generated based on the parabolic EDOS (Fig. 1(b)). This uniform distribution is not ideal
for hot carrier collection, because many of the carriers will not have enough energy to
overcome the interface barrier, @5. Hence a large fraction of hot carriers with low energy
would be lost.

Under broadband AM1.5G solar illumination, both the hot electron and hole distributions
are concentrated close to the Fermi energy, Er (Fig. 1(c)). The resulting distribution is
obtained because all incident photons (regardless of energy) can yield hot carrier distributions
near the Fermi energy; however, only high energy photons result in hot carrier distributions
far from the Fermi energy. Thus, this distribution profile is even less favorable for hot carrier
injection than the distribution yielded by monochromatic light, because a smaller fraction of
the carriers have the required high energy needed for injection.
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Fig. 1. Calculations of hot carrier distributions based on the ideal free electron model. (a)
Parabolic EDOS as a function of energy (electron energy minus Fermi energy) where Ef is
~11.7 eV for a metal like Al. EDOS is relatively flat for carriers with energies within + 4 eV of
the Fermi energy. (b) Hot carrier energy distribution upon excitation by 600 nm illumination
(2.07 eV). Nearly uniform distributions for both hot electrons and holes are obtained. (c) Hot
carrier energy distribution under broadband illumination (i.e. AM1.5G solar spectrum). The
distribution is centralized near the Fermi level for both carriers, which is less favorable for hot
carrier injection.

While the parabolic EDOS model is often used to describe an ideal metal, real materials
usually do not exhibit the ideal parabolic EDOS behavior owing to band overlapping, various
crystallographic orientations, nanoscale confinement, etc. Instead, a more complicated EDOS
is commonly observed, which may contain peaks in the hot carrier distributions. Because
different materials depart from the parabolic EDOS in different ways, it is important to
understand how these changes effect the resulting hot carrier distributions.

To improve the hot carrier distributions, we consider a shifted parabolic EDOS model,
where a parabolic EDOS is still used; however, the band edge is assumed to be just below the
Fermi level (~0.15 eV below, see Fig. 2(a)). This model was first presented to describe
experimental photoemission results obtained from thin metallic films on Ge [31] and results in
an excited electron energy distribution with a single peak for hot carriers, arising from the
excitation of electrons close to the Fermi energy. This model results in a high concentration of
Fermi gas electrons within an extremely narrow energy range close to the Fermi level at
thermal equilibrium. Thus, the excited hot electrons are also distributed within a narrow
energy range (Fig. 2(b)). The peaked distribution is beneficial for hot electron injection,
provided the barrier height @, is appropriately chosen for the input illumination spectrum.
For example, for @, <3 eV, the hot electrons excited by 400 nm photons will be able to get
over the barrier and create photocurrent, as they possess energy greater than 3 eV (Fig. 2(b)).

Under broadband AM1.5G illumination, the modified EDOS model also yields a better
distribution than the parabolic EDOS. As shown in Fig. 2(d), the distribution is more highly
weighted towards higher energies rather than centralized near the Fermi level. Moreover, this
distribution can be further improved by additional modifications to the EDOS profile.
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Specifically, it is desirable to have an EDOS increase more steeply as a function of energy. As
mentioned in the above analysis, the large concentration of Fermi gas electrons very close to
the Fermi level is modeled by an effective conduction band edge just below the Fermi energy;
however, the resulting hot electron energy distribution also relies on the density of the
unoccupied energy states one photon energy above the Fermi level. Therefore, if the density
of the unoccupied states is larger, the final distribution would be pushed further into the
higher energy range under broadband illumination. Thus, we consider two additional EDOS

models that increase more steeply with energy than the parabolic model (\/E ): E* and
exp(E) . Figure 2(c) shows these two other EDOS models, both of which yield a narrowband
equilibrium electron distribution just below the Fermi level; however, above the Fermi level,
the density of vacant states increase faster with energy than JE (ie. as E* or exp(E)).

Though the peaked distributions under monochromatic light illumination for the three models
are expected to be similar, the much larger number of vacant states in the latter two models
further increases the probability of transitions into higher energy states, pushing the energy
distribution of hot electrons further into the higher energy range when under broadband solar
illumination (Fig. 2(d)). While the above EDOS models have been described for the hot
electron distributions, similar expressions hold for hot hole distributions; however, for the
ideal hole case, a narrowband of occupied electron states exist below the Fermi level and few
vacant states exist above it.
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Fig. 2. Calculation of hot carrier distributions based on the modified EDOS models. (a) Ideal
parabolic EDOS with the Fermi level extremely close to the band edge, leaving a large
concentration of Fermi gas electrons within a narrow energy range below the Fermi energy. (b)
Hot electron energy distribution under illumination by monochromatic light using the EDOS of
(a). The hot carrier distribution has a peak that shifts toward higher energy as the energy of the
absorbed photon increases. (c) Alternative EDOS distributions yielding higher densities of
vacancy states above the Fermi level. Three models (EDOS varies as ~/E , ~E°, or ~exp(E))
are considered for the modified EDOS. (d) The resulting hot electron distributions under
AM1.5G illumination shift toward higher energies for EDOS functions that increase more
rapidly with E. Distributions with a larger fraction of high energy carriers are more favorable
for hot electron extraction under broad-band illumination.

3. Hot carrier distributions in real metals

The hot carrier distributions for real metals may vary significantly from the simple models
presented in section 2. Metals are the most commonly used materials for exciting surface
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plasmons to generate hot carriers due to their high free carrier densities, and Ag [18], Al [19],
Au [20] and Cu [21] are among the most extensively studied metals for plasmonics. However,
with the exception of Al, the EDOS profiles for these metals do not resemble either the ideal
parabolic EDOS or any of the modified EDOS. Instead, large numbers of occupied states are
found below the Fermi level (Fig. 3). The departure of the EDOS from the simple models
suggests that the hot carrier distributions generated from photo-excitation may also vary
significantly from the idealized models.
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Fig. 3. EDOS and hot carrier distributions for common plasmonic materials: Ag, Al, Au and
Cu. (a) EDOS for these four materials. Except Al, all of these materials exhibit a much higher
density of states below the Fermi level. Under monochromatic illumination, hot carrier
distributions are created from incident photons with wavelengths: (b) 1.5 um (0.83 eV), (c) 700
nm (1.78 eV), and (d) 400 nm (3.11 eV). Low photon energies yield relatively uniform hot
carrier distributions for all four metals; however, upon higher energy illumination, peaks begin
to appear due to high densities of occupied states below the Fermi level for Ag, Au, and Cu.
Under 700 nm illumination Au and Cu are more efficient in hole extraction than electron
extraction because the distribution of hot holes is peaked further from the Fermi level.

The generated hot carrier distribution depends not only on the EDOS, but also on the
energy of the incident photons. Usually in a silicon-based M-S hot carrier device, the sub-
bandgap photons are in the near-IR range with relatively low energy. As shown in Fig. 3(b),
the 0.83 eV (1.5 pm) photons generate both hot electron and hole distributions almost
uniformly above and below the Fermi energy. This nearly uniform response is because close
to the Fermi level (i.e. within one photon energy), the EDOS is relatively flat in these metals.
However, a higher photon energy of 1.78 eV (700 nm) yields a different distribution for Au
and Cu because the relatively large density of states far below the Fermi energy comes into
play, contributing significantly to the electron transition process. For these metals, the large
concentration of Fermi gas electrons about one photon energy below the Fermi level is a
result of band overlapping (d-band) [15, 32]. Therefore, a distinct peak occurs in the hot
electron distribution just above the Fermi level (Fig. 3(c)). Similarly, a peak in the hot carrier
distribution also appears in Ag (Fig. 3(d)) if the photon energy is much higher (>3 eV), but
the 1.78 eV photons do not have enough energy to excite this transition (Fig. 3(c)). Al on the
contrary, has an EDOS that is closest to an ideal parabola, resulting in a uniform hot carrier
distribution for all wavelengths considered.

Because the EDOS is not symmetric about the Fermi energy for many materials, different
materials will perform better for electron or hole extraction. For Au and Cu, the peaks in the
hot carrier distributions are much further from the Fermi level for hot holes than for hot
electrons. Thus, hot hole extraction is much more favorable because they are more likely to
have enough energy to traverse the energy barrier and be collected in the counter-electrode.
This observation agrees with the results derived from first principles calculations [15].
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Although the above metals are most widely used in plasmonics, they might not be the best
for the purpose of hot carrier generation. Here we explore several other metals and
demonstrate their potential for hot carrier effects (Fig. 4). Included are transition metals and
rare-carth metals, which involve more complicated EDOS profiles due to their complex band
structures. For Pt [22], due to the large number of occupied states below the Fermi level, the
peak for hot holes is still much further from the Fermi level than that for hot electrons,
making it better suited for hot hole collection than hot electron collection. For the other metals
listed here, a high EDOS appears on both sides of the Fermi level. Ti [23] works fairly well
for both carrier types. Y [24] appears better for hot electron collection under 700 nm
illumination but generates similar distributions for hot electrons and holes under 400 nm
illumination. A different effect occurs in Fe [19], where hot electrons are more easily
collected under 400 nm illumination, but 700 nm illumination favors the hot hole collection.
In general, one needs to consider both the EDOS profile and the photon excitation energy to
determine which carrier type is most efficiently injected/collected.
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Fig. 4. EDOS and hot carrier distributions for Fe, Pt, Ti and Y. (a) More complex EDOS
profiles are obtained for these metals as a result of their more complicated band structures. Hot
carrier distributions are excited by (b) 1.5 um (0.83 eV), (¢) 700 nm (1.78 eV), and (d) 400 nm
(3.11 eV) illumination. More complex patterns in the hot carrier distributions are observed, and
the relative positions of peaks (and hence the preferred carrier collection types) depend on the
incident photon energy.

4. Hot carrier distributions in alloys

Unlike pure metals, alloys enable the engineering the EDOS through the control over
synthesis conditions. The compositions and crystallographic orientations can be varied,
enabling more complexity and tunability than pure metals. Figure 5 shows the EDOS of an
Ag-Cu alloy (Ag»7Cuy) [25], which is very different than the EDOS of either Ag or Cu
individually (Fig. 3). Thus, the hot carrier distributions of the alloy are also significantly
different than either of the pure metals. When excited by 700 nm wavelength light, the Ag-Cu
alloy better supports hot electron collection because the hot electron distribution’s peak is
further away from the Fermi level. This behavior is in contrast to the uniform hot carrier
distribution of Ag or the preferred hot hole collection in Cu at this illumination wavelength.
For the Al-Ga alloy (equiatomic composition) [26], the distributions are relatively flat but
slightly favor hot hole collection. For Au-Pt alloy (Au atoms sitting in the most stable hollow
FCC positions on the Pt (111) lattice) [22], the EDOS is close to the ideally modified profile
for holes, where there is high density for occupied states below the Fermi level, but low
density for vacant states above the Fermi level. This profile would best facilitate hot hole
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extraction regardless of the photon energy because the hot hole distribution peak will always
be as far as possible from the Fermi energy.

The biggest advantage of using alloys is that it provides tunability of hot carrier
generation, so one can engineer the EDOS of an alloy according to one’s needs. For instance,
in Al-Cu alloy (AICus) [27], the occupied states with large density are pushed further away
from the Fermi level in the EDOS profile compared with the Cu EDOS. Though this
distribution is not beneficial for broadband illumination, it favors the hot hole extraction for
higher energy photons than Cu, which might prove useful for short wavelength photodetection
if the barrier height is appropriately chosen.
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Fig. 5. EDOS and hot carrier distributions for various alloys. (a) The EDOS of alloys can be
engineered so that they differ significantly from their component metals. Hot carrier energy
distribution upon excitation by (b) 1.5 pm, (c) 700 nm, and (d) 400 nm illumination. As in pure
metals, the peaks in the distribution vary with both material choice and photon excitation
energy. By varying the alloy composition, a range of EDOS possibilities is expected for each
of the alloys.

5. Hot carrier distributions in nanostructures

Nanostructure confinement is an alternative approach to modifying the EDOS of a metal. As
the dimensions of the structure are reduced to the nanometer scale or even smaller, the
electron wavefunctions change dramatically, consequently changing the EDOS [33]. A recent
theoretical work using the kinetic DFT method has also systematically studied the influence
of the metal nanocrystal confinement on the plasmonic absorption and hot carrier generation
[34]. This effect provides another possibility for tuning hot carrier generation. Figure 6 shows
the EDOS of Ag and Au nanowires (monoatomic wires anchored on a MoS, monolayer) [28],
which is dramatically different from their bulk counterparts. 700 nm illumination, which
yields a uniform hot carrier distribution in Ag, gives rise to distinctive peaks in the
distribution of both carrier types for the Ag nanowire, as a result of a new peak induced close
to the Fermi level in its EDOS profile. For the Au nanowire, a more complex EDOS is found
below the Fermi level resulting in multiple peaks in the hot carrier distribution, for both
electrons and holes. Compared to bulk Au, more occupied states exist just below the Fermi
level in the nanowire structure, which enables lower energy photons to excite the carriers into
the peak distribution. Generally, the nanoscale confined metals behave completely differently
than bulk metals in terms of hot carrier generation, and specific designs should be considered
independently.
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Fig. 6. EDOS and hot carrier distributions for monoatomic nanowires of Ag and Au. (a)
Nanowire EDOS show more complicated behavior than their bulk counterparts. Similarly, the
generated hot carrier distributions upon excitation by (b) 1.5 um, (¢) 700 nm, and (d) 400 nm
illumination show multiple peaks instead of a more uniform distribution or a single peak, as is
found in the bulk. Generally, nanoscale confined metals have different hot carrier distributions,
and specific designs should be considered for different applications.

In addition to nanostructured metals, some non-metallic nanostructures could also be a
promising option for hot carrier generation. Carbon-nanotubes (CNTs) and graphene have
been extensively studied for various applications, and interest has recently emerged in hot
carrier effects [35-37]. Through the modification of geometry, dimensions, and doping, CNTs
and graphene are able to transform their EDOS profile to a great extent, showing promise for
applications in hot carrier generation.

As shown in Fig. 7(a), the CNTs (zig-zag single-wall CNT (11, 0) with a single vacancy)
[29] have an EDOS that exhibits a narrowly peaked density of states around the Fermi energy,
resulting in one peak in the hot carrier distribution at an energy of 2.49 eV (under 500 nm
illumination, Fig. 7(d)) and another very close to the Fermi level. Because the central peak
concentrates nearly half of the total excited carriers in a very small energy range, this
distribution is not as favorable for hot carrier extraction; however, it is still more advantages
than a uniform distribution from the perspective of the flexibility of barrier height choice. In

this particular case, as long as @, < 2.49 eV, the hot carriers in the main peak would all be

collected, independent of the barrier height; whereas with a uniform distribution, the barrier
height would significantly influence the extraction efficiency. Graphene [30], on the contrary,
has almost no states at the Fermi level, but has narrow peaks in the EDOS on both sides of the
Fermi level when illuminated at 500 nm. Consequently, a distinct narrow peak distribution is
yielded for both hot electrons and holes, which facilitates the extraction of both carriers.
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Fig. 7. EDOS and hot carrier distributions for CNT and graphene. (a) EDOS are nearly
symmetric for both materials and have distinctive narrow peaks. Hot carrier energy distribution
upon excitation by (b) 1.5 pum, (¢) 700 nm, and (d) 500 nm illumination show narrow peaks,
which are favorable for hot carrier injection. We note that the EDOS of CNT and graphene are
extremely sensitive to changes in geometry, dimensions, doping, etc., which add additional
flexibility to tuning the EDOS profile.
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6. Hot carrier distributions under broadband illumination

We have shown hot carrier distributions in various materials and nanostructures under
monochromatic illumination. These results are summarized in Table 1 for illumination
wavelengths of 400 nm, 700 nm, and 1500 nm. If both carrier types show a relatively flat
distribution, both carrier types are considered suitable for collection. If there are peaks in the
distribution, we compare the separation between the main peak and the Fermi level to
determine which carrier type is better suited for extraction. Of course, the actual collection
efficiencies will also depend upon the interface barrier height, which depends on the details of
the device under consideration. This table is meant to provide rough guidance for the choice
of the preferred carrier type for extraction.

Table 1. Summary of expected hot carrier collection efficiencies for electrons and holes
under illumination (400 nm, 700 nm, or 1.5 pm) for the materials considered in this
manuscript. Checkmarks suggest, as a rough guide, that a particular carrier type is

preferred for collection. If both electrons and holes have a checkmark, both carrier types
are expected to be collected. The actual collection efficiencies will also depend upon the
interface barrier height, which depends on the details of the device under consideration.

Ilumination 400 nm 700 nm 1500 nm
wavelength:
Carriers efficiently Hot Hot Hot Hot Hot Hot
collected: electrons holes electrons holes electrons holes
Pure metals
Ag v v v v v
Al v v v v v v
Au v v v v
Cu 4 v v v
Fe v v v v v
Pt v v v v
Ti v v v v v
Y v v v 7
Alloys
Ag-Cu 4 v v v
Al-Ga v v v v v v
Au-Pt v v v
Al-Cu v v v v v
Nanostructures
Ag nanowire 4 v v v
Au nanowire v v 4 v
CNT v v v v v v
Graphene v v v 4 v v
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Fig. 8. Hot carrier distributions for different materials under AM1.5G illumination. In (a), (b)
and (c), hot holes distributions are weighted further from the Fermi level, indicating suitability
for hot hole extraction. In (d) and (e), comparable distributions for both carriers are found. In
(f) and (g), hot electrons are slightly preferred due to an overall larger fraction of excited
electrons further from the Fermi level.

Under broadband illumination, the hot carrier distributions are similarly varied depending
on the material choice. As indicated in Fig. 1(c), the ideal parabolic EDOS model does not
yield a preferable distribution because both carriers will be predominantly concentrated near
the Fermi level. The modified EDOS models (Fig. 2(d)) extend the generated hot electron
distributions to a higher energy range due to the concentrated electrons in the Fermi gas close
to the Fermi level and large density of vacant states above the Fermi level (or vice versa for
hot hole generation). For real materials, the EDOS is much more complicated. Figure 8
demonstrates the hot carrier distributions in several of the materials presented in this
manuscript under broadband solar illumination. For Cu, Al-Cu alloy and Au nanowires (Figs.
8(a)-8(c)), hot electrons are still predominantly generated close to the Fermi level, as in the
ideal parabolic EDOS case. However, hot holes are shifted further from the Fermi level,
which results from the much larger EDOS below the Fermi level than above the Fermi level.
The hot hole collection is hence more favorable in these materials. For Fe and Ag-Cu alloys
(Figs. 8(d) and 8(e)), both carriers spread into the higher energy range due to the relatively
symmetric and large EDOS profile about the Fermi level. These materials can thus be utilized
equally well for collection of both carrier types. For graphene and Y (Figs. 8(f) and 8(g)), hot
electrons are distributed further from the Fermi level, owing to the larger EDOS above the
Fermi level in the two materials, which renders slightly more efficient hot electron extraction.

7. Conclusions

In conclusion, we have described a variety of alternative materials that can be used in hot
carrier plasmonics. We have calculated the excited hot carrier energy distributions for a
variety of materials and nanostructures based on their EDOS and have compared these results
with simplified cases that are commonly used in the literature. We have shown preferred hot
carrier extraction for electrons or holes depends on the chosen material and illumination
wavelength. As expected, these materials have demonstrated great variability in their hot
carrier generation profiles, showing the usefulness of different materials for specific
applications. The design principles for hot carrier plasmonics are indeed different from those
in traditional plasmonics and alternative material choices will be important as the field
progresses.
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