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ABSTRACT: When high-energy photons are absorbed in a
semiconductor or metal, electrons and holes are generated
with excess kinetic energy, so-called hot carriers. This extra
energy is dissipated, for example, by phonon emission, which
results in sample heating. Recovery of hot carriers is important
for detectors, sensors, and power convertors; however, the
design and implementation of these devices is difficult due to
strict requirements on the device geometry, angle of
illumination, and incident photon wavelength. Here, we
present for the first time a simple, angle-independent device
based on transparent conducting electrodes that allows for the generation and collection of hot carriers. We show experimental
photocurrent generation from both monochromatic and broadband light sources, show uniform absorption for incident
illumination at up to 60° from the surface normal, and find an expected open-circuit voltage in the range 1.5−3.0 V. Under solar
illumination, the device is 1 order of magnitude more efficient than previous metal−insulator−metal designs, and power
conversion efficiencies >10% are predicted with optimized structures. This approach opens the door to new hot carrier collection
devices and detectors based on transparent conducting electrodes.
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The generation of electrons with sufficiently high kinetic
energies, so-called hot electrons, is important to the

operation of many semiconductor devices and detectors. For
example, Gunn diodes, which display negative differential
resistance, operate based on hot electrons generated by strong
electric fields.1 Alternatively, hot carrier generation in photo-
voltaic applications typically leads to energy loss. High-energy
photons create hot carriers within the semiconductor, which
relax to the bandgap through the emission of phonons and
carrier collisions within pico- to nanoseconds. This carrier
cooling (or thermalization) process accounts for a ∼46% loss in
the overall efficiency of a photovoltaic device when
illuminated by the solar spectrum, reducing the maximum
efficiency of a single junction device to ∼33%. Indirect
approaches to recovering this loss include the use of
multijunction devices2−4 or semiconducting nanostructures
capable of generating multiple carriers from a single photon.5−9

Although multijunction devices have shown great potential, the
direct collection of hot electrons in semiconductor solar cells
has proven difficult.10−12

Metal−semiconductor (M−S) interfaces have also been
explored for hot carrier devices.13−21 When a metal is
illuminated, the electrons in the Fermi gas absorb the incident
photons and generate hot electrons with energy higher than the
Fermi level. The hot electrons can be injected into the
semiconductor, which forms a Schottky junction with the
metal, resulting in a Schottky photodetector that is capable of

generating current from photons with energy insufficient to
generate carriers within the bulk semiconductor. By exploiting
localized plasmonic resonances, a silicon−gold device was
found to yield an internal quantum efficiency (IQE) of 0.01−
0.20% in the near-IR,13−15 and recently an enhanced photo-
response was found for 1.25 μm illumination using an Au
metamaterial absorber on Si.17 Similarly, in the visible
wavelength range (400−700 nm), all-solid-state devices based
on TiO2−Au/Ag nanospheres have been reported to exhibit
external quantum efficiency (EQE) of 0.4%−6.0%.18,20,22 To
further elucidate the physical mechanisms involved, a first-
principles calculation was recently used to provide a more
comprehensive theoretical description of the hot carrier
generation process in Ag nanoparticles.21

An alternative, semiconductor-free approach can be achieved
based on a metal−insulator−metal (M−I−M) structure. Earlier
work on M−I−M diodes showed promising results for power
conversion and transmission based on the rectification property
of these diodes under illumination in the microwave and IR
wavelength range.23,24 Although operation at optical frequen-
cies has proven difficult, low efficiency rectification has been
shown by exploiting plasmonic nanogaps.25 Recently, a hot-
carrier-based M−I−M device was proposed by F. Wang et al.
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using a simple Au−Al2O3−Au junction.26 To create anisotropic
absorption, a Kretschmann prism coupling configuration was
used to couple the incident light into a surface-plasmon-
polariton (SPP) mode with the field intensity peaked at the
interface between one of the Au films and air. The absorption
occurs predominantly in the top Au layer, leading to
preferential hot carrier flow from the top Au layer to the
bottom one. However, due to this coupling mechanism, SPP
modes can only be excited for a particular angle of incidence,
which depends on the illumination wavelength. Therefore, for
normal incidence illumination, the predicted optimized
efficiency is reduced from 2.7% to ∼0.12% under AM 1.5G
illumination.
Here, we demonstrate a new hot carrier device based on a

transparent conducting oxide (TCO) electrode that enables hot
carrier generation and collection independent of incident
illumination angle. The device consists of a simple TCO−
insulator−metal (TCO−I−M) structure and requires no
special coupling mechanism for the incident light. The hot
carrier generation yields a wavelength dependent open circuit
voltage (in the range of 1.5−3.0 V), and the device can be
applied either for power generation or as a photodetector that
is almost independent of applied bias voltage within ±0.2 V.
Because the TCO’s absorption is minimal, ∼80% of the
incident light is absorbed in the metal layer and in the vicinity
of the oxide interface, leading to highly anisotropic hot carrier

flow and predicted power conversion efficiencies >10% under
optimal conditions.

Device Fabrication. The device is fabricated by depositing
an ITO layer of 30 nm thickness on a BK 7 glass substrate with
a stainless-steel shadow mask, which has 4 × 4 aligned
horizontal strips of 300 μm width. The sputtering is performed
in an AJA sputtering unit at a rate of 70 Å/min with 200 W RF
power. The amorphous Al2O3 layer is deposited in a Beneq
TFS 500 Atomic Layer Deposition (ALD) system at 150 Å/
min. 55 operation cycles (resulting in approximately 5 nm of
Al2O3) are used to ensure accurate and conformal coverage of
Al2O3 over the underlying surface. The topmost 80 nm gold
layer and 2 nm Ti adhesion layer are deposited with another
shadow mask with the 4 × 4 vertically aligned strips in a
Temescal electron beam deposition system to form a cross
junction for the device. Lastly, electrical contact is made to the
ITO by attaching a wire to the surface using Chemtronics
CW2400 Epoxy A and B mixture. The other contact is realized
by directly connecting a probe to the gold electrode.

Experimental Setup. The optical absorption measurement
is conducted by using a 6 in. Labsphere integrating sphere and a
Thermo Oriel xenon lamp as the light source. The white light
from the lamp is separated into different wavelengths with a
SPEX 500 M spectrometer. The photocurrent measurement is
performed under chopped illumination of a monochromatic
collimated beam from a Fianium WhiteLase Supercontinuum
laser source. For the electrical measurement, the sample is

Figure 1. Schematic of the hot carrier device and calculated performance. (a) Cross section of the device under normal incidence illumination. The
color scale represents the spatially varying light absorption profile calculated by finite difference time domain simulation under AM 1.5G
illumination. (b) Schematic of the hot carrier generation and injection through the insulating barrier while illuminated. (c) Calculated light
absorption in the ITO layer, the Au layer, and the total absorption. (d) Calculated photocurrent under AM1.5G illumination and applied bias. The
electron density of states is assumed to be parabolic for the calculation.
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connected to a Keithley 2400 SourceMeter, acting as a voltage
source and current meter, and to a SR830 DSP lock-in
amplifier.
Device Design and Modeling. The performance of a hot

carrier device can be determined by considering the following
processes: (i) photon absorption, (ii) hot carrier generation,
(iii) hot carrier propagation, and (iv) subsequent collection.
The detailed modeling for each process15,26−35 is elaborated in
Supporting Information Note 1. Figure 1 shows the predicted
performance of a simple planar structure consisting of indium
tin oxide (30 nm)−aluminum oxide (5 nm)−gold (80 nm)
under illumination. The indium tin oxide (ITO) acts as the
transparent conductor and the aluminum oxide (Al2O3) is used
as the thin insulating barrier to separate ITO and Au. For
illumination wavelengths between 300 and 600 nm, absorption
predominantly occurs in the Au, leading to a highly anisotropic
absorption profile (Figure 1a, c). This exponential decay in the
Au promotes electrons in the Fermi gas to higher energy states,
simultaneously leaving behind empty hole states. This process
leads to preferential hot carrier generation near the Au−Al2O3
interface. These hot carriers will subsequently diffuse, during
which time they are scattered by the electron gas. The time
scale of the electron−electron interaction is ∼500 fs18,36 for
gold; thereafter, these carriers thermally relax producing heat by
electron−phonon scattering. Therefore, only a fraction of the
carriers find their way to the Au−Al2O3 interface. Depending
upon the energy and momentum of the carriers that reach the
interface, they will either traverse or tunnel through the
insulating barrier, ultimately being collected as photocurrent at
the ITO electrode (Figure 1b). Because of the preferential
absorption in Au, the carriers predominately flow from Au to
ITO with a voltage established by the energy barrier between
the two electrodes. Thus, for the hot carrier device, the
electrodes function as the light absorber, carrier emitter, and
carrier collector simultaneously.
Once the absorption is calculated within the device, the

optoelectronic response can be determined. The photo-
current−voltage (I−V) characteristic for the device is obtained
by the summation of the four current contributions arising from
the hot electrons and hot holes from both electrodes
(Supporting Information Note 1)

= − −

+

− − −

−

I V I V I V I V

I V

( ) ( ) ( ) ( )

( )
e
Au ITO

e
ITO Au

h
Au ITO

h
ITO Au

(1)

where the four current components denote the directional hot
electron and hole flows (Ie and Ih) between the two electrodes
(Au and ITO). The currents depend on the incident spectrum,
spatially dependent absorption, bias voltage, electron density of
states (EDOS), bandgap of the oxide, barrier height (ΦB), and
the mean-free-paths (MFP) of the carriers. The barrier height
at the interface is 0.4 eV for the calculation of optimal
performance26 and the MFPs of Au and ITO are obtained from
the literature.26,27,37−39 Figure 1d shows the calculated I−V
response under AM 1.5G solar illumination. For V < 0, the
photocurrent increases slowly with increasing negative bias,
indicating that most of the current comes from hot electrons
flowing from the Au to ITO. These electrons have high enough
energy to directly traverse the barrier. Alternatively, for V > 0,
the total current drops faster with increasing bias. In this region,
the barrier height seen by the hot electrons in Au is increased
and tunneling becomes necessary for those electrons with lower
energy (ΦB < ξ < ΦB + qV), thus causing a faster decrease in
the current. With larger bias, the current flow becomes negative
as reverse electron flow from the ITO to the Au dominates the
total current. Meanwhile, the hot electrons generated in Au will
find no empty states in ITO to occupy. The contribution to the
currents due to the hot holes is also considered; however, their
contribution is negligible due to the much larger energy barrier
experienced by the hot holes. The overall power conversion
efficiency (PCE) is calculated to be 0.95%, which is eight times
the value of a planar Au−Al2O3−Au junction under normal
incidence illumination.26 For monochromatic illumination at
shorter wavelengths, the PCE can reach 3.1% (Supporting
Information Table 1), which is comparable to the results of the
planar Au−Al2O3−Au junction with the Kretchmann SPP
prism coupling;26 however, no special coupling mechanism is
necessary for the TCO-based structure.
Another important parameter associated with the I−V

characteristic is the fill factor (FF), defined by FF =
(ImaxVmax)/(IscVoc), where Imax and Vmax are the current and
voltage at max power and Isc and Voc are the short circuit
current and open circuit voltage, respectively. A larger fill factor
corresponds to a more rectangular I−V curve, and hence a
higher efficiency device. In our device, the fill factor (Figure 1d)
can be improved by modifying the EDOS. To determine the
effect of EDOS modification on the device characteristic, two
simple models were considered. First, for the above
calculations, the EDOS in the metal is assumed to be parabolic,

Figure 2. Experimental characterization of the hot carrier device. (a) Photoresponse of the device with respect to the incident wavelength. The
photoresponse (left axis) mimics the absorption spectrum (right axis), but the peaks occur at different wavelengths due to the internal carrier
emission efficiency, which increases as the wavelengths gets shorter. Inset shows the device cross-junction under 5× optical magnification using a
monochrome CCD (false colored for clarity). (b) Photoresponse under biased white light illumination. (c) Photocurrent changes linearly with
incident white light power, indicating that the hot carrier generation is a linear process.
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as it would be for a free electron gas. Under this assumption,
the generated hot electrons (holes) possess a nearly uniform
energy distribution above (below) the Fermi level. Therefore, a
large fraction of the hot carriers have an energy lower than the
barrier height, which makes traversing the barrier less probable.
The efficiency can be further improved if the electrons in the
Fermi gas before excitation possess a nonparabolic EDOS. For
the second model, we consider the EDOS to have a peak
distribution of carriers close to but below the Fermi level, as
described below. For most metals, the EDOS is not perfectly
parabolic and depends on the crystallography and film
thickness. The resulting EDOS may also contain many peaks
due to the overlapping bands. For hot carrier generation and
collection, the ideal case occurs when most of the electrons in
the Fermi gas possess an energy in the vicinity of the Fermi
level, ξf, before excitation, which is thought to occur in some
noble metals.33 After illumination, almost all excited hot
electrons would be distributed in a narrow energy range above
the barrier height (Supporting Information Figure 1a). For this
case, nearly all hot electrons can traverse the barrier even under
positive bias, and the fill factor in the power generation region
is significantly improved from 19% to 44% (Supporting
Information Figure 1b). In this model, we modify the EDOS
by assigning an effective conduction bandedge to be 0.15 eV
below the Fermi level.33 As a result, the PCE improves to 2.33%
under AM1.5G solar illumination and reaches 10.7% at short
wavelength illumination (Supporting Information Table 2).
More substantial EDOS modification may be possible through
the utilization of silicide alloys or by exploiting quantum
confinement effects in nanoscale materials.40,41

Photoresponse under Monochromatic and Broad-
band Illumination. The photoresponse of the device was
experimentally determined over a wavelength range of 400−
700 nm and was found to exhibit increased photocurrent for
short wavelengths (Figure 2a). The enhanced photoresponse is
due to the large absorption at the Au surface relative to the
absorption in the ITO. The photoresponse is consistent with
the simulated light absorption spectrum, which is also observed
in Au−Si photodetectors.13−15,18 The photoresponse and the
absorption differ slightly because the photoresponse depends
on both the hot carrier emission/collection and the absorption.
Under white light illumination, the hot carrier device is found
to generate nearly constant current under both forward and
reverse bias (Figure 2b), as expected. Further, hot carrier
generation is shown to be a single photon−hot carrier

interaction by the linearity of the photocurrent with incident
light power for both white light and monochromatic light
illumination. (Figures 2c and 3c).

Wavelength-Dependent Hot Carrier Generation and
Collection. The I−V characteristic under monochromatic
illumination is determined, showing both voltage independent
photoresponse for small bias (|V| < 0.2 V) and, for larger bias,
an open circuit voltage (Voc) that varies with incident photon
energy, as expected for an M−I−M hot carrier device (Figure
3a and b). The experimental photoresponse is found to be in
good agreement with the model presented here (Figure 3b)
throughout the ±0.2 V bias range. Under larger bias, the
measurements were unstable due to increased noise and
electrical device breakdown. When the theoretical model is
extended to higher bias, a wavelength dependent Voc is
predicated, which is an order of magnitude larger than previous
results, suggesting improved application as a wavelength
sensitive hot carrier detector.42

The stable photoresponse under bias variation (±0.2 V)
shows that this device can also be used in situations where the
voltage changes due to (i) variation in potential during
operation, (ii) source fluctuations or noise, or (iii) power
interruptions. This voltage stability has not been observed in
previous M−I−M hot carrier devices.
In order to achieve the idealized photoresponse shown in

Figure 1d, several additional considerations need to be made.
First, the barrier height ΦB∼ 0.4 eV in our simulation is
optimized. In reality, the barrier height and the bandgap of the
Al2O3 film strongly depend on the details of the interface,
which may vary significantly with the fabrication methods and
surface treatment even for similar interfaces.26,39 The barrier
height extracted from our dark I−V measurements by applying
the Fowler-Nordheim model43 is found to be 20 meV
(Supporting Information Figure 3 and Note 2). The much
lower barrier height, which probably arises from interface
effects such as surface traps, defects, and interface dipoles,44−46

dramatically increases thermionic emission from the bottom
electrode, reducing the overall current and the ultimate
efficiency.26 Second, surface recombination44,45 at the interface
on both sides due to trap states would significantly increase the
loss of the carriers, which necessitates the incorporation of loss
of carriers in the calculation to fit the experimental data (Figure
3b). Third, the inelastic scattering with the Fermi gas could
cause additional energy loss of the hot carriers, allowing fewer
of them to reach the interface with sufficient energy.

Figure 3. Photoresponse under monochromatic light illumination. (a) Calculated photoresponse showing the Voc increase with incident photon
energy, as expected for a hot carrier device. (b) Zoom of the photoresponse−voltage relation (between −0.2 V to +0.2 V, shaded region in (a)) of
the device under monochromatic illumination (400, 500, 600, and 700 nm). Markers represent experimental data, while solid lines represent fits
from the hot carrier device model. (c) Photocurrent changes linearly with incident power for each illumination wavelength, further confirming the
linearity of the hot carrier generation process.
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Device Dependence on Incident Illumination Angle.
The absorption of the device is found to be nearly independent
of illumination angle over the entire visible spectrum (Figure
4). This effect is because the absorption mechanism does not
rely on surface plasmon coupling, which critically depends on
the incident angle of illumination. Instead the absorption is
determined by the skin-depth the metal. An integrating sphere
setup is used to determine the angular dependence of the
absorption for each wavelength. Large absorption occurs at
short wavelengths, with Au absorbing most of the light. The
broad range angular response shows the device’s advantage over
structures that require additional coupling mechanisms (e.g.,
prism coupling), which depend on illumination angle and
wavelength. This angular independence is beneficial for solar
illumination because light is incident from all angles throughout
the course of a day. This device could also be used under
concentrated solar light where sunlight is focused with a lens or
mirror. Slight differences between the experimental and
simulated results (using FDTD) are likely due to differences
in the optical properties of the ITO between the experiment
and the simulation.
In summary, we have demonstrated hot carrier generation

and collection in a simple, planar TCO−insulator−metal
configuration. The device has an angle-independent response
and is shown to function as a wavelength dependent detector in
terms of photocurrent and Voc over the entire visible range. Hot

carrier generation and collection is verified experimentally
under monochromatic and white light illumination, and the
device is shown to operate as a photodetector that is insensitive
to applied bias over a range of −0.2 to 0.2 V. As a power
conversion device, Voc’s in the range of 1.5−3.0 V are expected.
Device simulations are in agreement with experimental results
and provide a pathway to power conversion efficiencies >10%.
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