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Abstract:

Nanowires bring new possibilities to the field of hot-carrier photovoltaics by providing flexibility in combining materials for band 
engineering and using nanophotonic effects to control light absorption. Previously, an open-circuit voltage beyond the Shockley-Queisser limit 
was demonstrated in hot-carrier devices based on InAs-InP-InAs nanowire heterostructures. However, in these first experiments, the location 
of light absorption, and therefore the precise mechanism of hot-carrier extraction, was uncontrolled. In this letter, we combine plasmonic 
nanoantennas with InAs-InP-InAs nanowire devices to enhance light absorption within a subwavelength region near an InP energy barrier that 
serves as an energy filter. From photon energy- and irradiance-dependent photocurrent and photovoltage measurements, we find that 
photocurrent generation is dominated by internal photoemission of non-thermalized hot electrons when the photoexcited electron energy is 
above the barrier, and by photo-thermionic emission when the energy is below the barrier. We estimate that an internal quantum efficiency up 
to 0.5–1.2% is achieved. Insights from this study provide guidelines to improve internal quantum efficiencies based on nanowire 
heterostructures. 

Keywords: Hot electron, plasmonic, III-V nanowire heterostructure, photo-thermionic, internal photoemission, solar energy conversion 

When semiconductors are excited by electromagnetic waves with 
photon energy h larger than the band gap, mobile electron-hole 
pairs are generated. As a result, there is an excess of electrons (holes) 
in the conduction (valence) band with nonequilibrium energy 
distributions. When h is sufficiently larger than the band gap, the 
photoexcited electrons and holes have higher kinetic energies than 
the lattice thermal energy, and they are thus called hot carriers, 
whether their energy distributions are thermalized or non-
thermalized.1  

The working principle of conventional solar cells and 
photodetectors are based on isothermal processes.2 For example, in 
conventional p-n junction solar cells, carriers reach lattice 
temperature before they are separated, through fast thermalization 
and cooling processes while they drift across the depletion region. 
As a result, if h is significantly larger than the band gap, a big part 
of the photon energy is inherently lost as heat and the conversion 
efficiency in single-junction cells is bounded by the Shockley-
Queisser limit3,4. Moreover, in p-i-n and Schottky photodiodes that 
collect quasi-equilibrium photo-carriers, the photocurrent signal 
recovery time can last as long as the carrier recombination lifetime5 
and limit their application in high-speed photodetection6.

These limits to the performance of conventional solar cells and 
photodetectors can potentially be circumvented by extracting photo-
generated hot carriers before they fully equilibrate with the lattice 
and even within carriers. Thermodynamic analysis has shown that a 
solar conversion efficiency larger than the Shockley-Queisser 
efficiency can be achieved by utilizing narrow band energy filters to 
separately extract hot electrons and holes that are equilibrated 
among themselves but not with the lattice7–9. Such narrow band 
energy filters have been realized based on double-barrier resonant 
tunneling semiconductor quantum wells10,11 and in quantum dots 
embedded in nanowires12. In the latter, a near-ideal thermal-to-
electric energy conversion efficiency was demonstrated.12  A more 
common way to harness the kinetic energy of hot carriers is to 
extract them across an energy barrier, for example in semiconductor 
heterostructures, metal-semiconductor Schottky diode13, and metal-
insulator-metal structure14,15. An energy barrier embedded into a 

one-dimensional nanowire is expected to offer the best efficiency at 
maximum power.16 

However, hot-carrier devices have been observed to have low 
internal quantum efficiencies for reasons including distribution of 
carriers at low-energy states, rapid carrier relaxation, carrier 
reflection by the barrier due to the lateral momentum conservation 
restriction, and cancellation by the reverse current13–15,17–19. Thus, a 
better control over and understanding of hot-carrier extraction is 
needed. 

Semiconductor nanowires offer many desirable properties for hot-
carrier devices compared to the planar structures typically used to 
date. First, due to strain relaxation, a larger selection of materials 
can be combined with high interface quality in nanowires than is 
possible in planar structures.20 Therefore, the energy barrier and 
electron effective mass can potentially be tuned to optimize power 
conversion efficiency.21,22 Secondly, carrier relaxation through 
carrier-phonon and carrier-carrier scattering can be less rapid in 
nanowires and nanowire heterostructures23–25. Finally, photonic 
effects in nanoscale semiconductors and metals offer unique design 
opportunities to concentrate light into deep-subwavelength 
volumes26,27, and create hotter or higher concentration of hot carriers.

Recently, hot-carrier devices have been realized based on single 
nanowires with InAs-InP-InAs hetero-structures.28,29 The InP 
energy barrier was used to extract hot electrons and reflect holes that 
were generated asymmetrically around the barrier due to photonic 
and plasmonic resonance effects. An open-circuit voltage exceeding 
the Shockley-Queisser limit of the low band gap InAs absorber was 
demonstrated, which provides convincing evidence that hot-carrier 
energy conversion contributed to the voltage generation in these 
devices.28 In addition, a new photo-detection functionality with the 
polarity of the photo-current and photo-voltage changing with 
wavelengths was realized based on a similar structure, but with 
double InP barriers.29 However, in these experiments the position 
and distribution of light absorption in the nanowire relative to the 
energy filter were not controlled, which makes it difficult to evaluate 
and optimize the hot-carrier extraction, a pre-requisite to improving 
internal quantum efficiency. 
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Here, we address these challenges by using plasmonic 
nanoantennas to control the position of maximum light absorption 
in the vicinity of an InP energy barrier in InAs nanowires. 
Comparative photocurrent measurements of the same devices first 
without and then with the plasmonic nanoantenna demonstrate that 
the antenna localizes and enhances the optical absorption, in 
agreement with finite-difference-time-domain (FDTD) simulations. 
The hot electrons generated in the InAs segment located in the 
narrow gap of the nanoantenna are subsequently extracted across the 
InP energy barrier. We study the dependence of the photocurrent and 
photovoltage on the photon energy and the irradiance of the incident 
light. When electrons are photoexcited to an energy above the barrier, 
we find strong evidence that the photocurrent primarily arises from 
the extraction of hot electrons that have not encountered a significant 
energy loss due to inelastic scattering. In contrast, when electrons 
are photoexcited to an energy below the barrier, the photocurrent 
shows a significantly different dependence on the irradiance of the 
incident light and can be attributed to photo-thermionic emission.   

InAs-InP-InAs nanowire heterostructures were grown by 
chemical beam epitaxy on (111)B InAs substrates using Au aerosols 
as seed particles.30 The nanowires have wurtzite (WZ) crystal 
structures30, 61 ± 7 nm diameters, and 67 ± 5 nm InP segment 
lengths. The nanowire-metal plasmonic nanoantenna devices (Fig. 
1(a, b)) were fabricated as follows. First, the nanowires were 
deposited onto a n-doped Si substrate covered by 200 nm SiO2. 
Suitable nanowires were identified by scanning electron microscopy 
and selected for device fabrication. To add source/drain contacts to 
the selected nanowires, the samples were spin-coated with resist 
(poly(methyl methacrylate), PMMA) and electron beam lithography 
(EBL) was used to create openings for the contacts. The InAs 
nanowire contact area was etched in a mixture of (NH4)2Sx and H2O 
1:20 for 1 min at 40 °C before a film of 25 nm Ni and 75 nm Au was 
evaporated onto the sample, which was then lifted off in acetone. In 
a separate step plasmonic antennas were added by repeating the EBL 
and evaporation of a film of 15 nm Ni and 65 nm Au. Measurements 
were conducted on the same devices before and after the plasmonic 
antennas were added. We perform dc photocurrent-voltage 
measurements based on the circuitry shown in Fig. 1(c) using laser 
pulses with photon energy h ranging from 0.85 to 1.35 eV and an 
approximately 30 meV FWHM spectral bandwidth that are 
generated by a supercontinuum laser with 82 MHz repetition and 
spectrally selected by a monochromator. The final laser pulse 
duration is estimated to be ~ 10 ps by considering the bandwidth and 
spectral broadening in optical fibers that are used in the experiment. 
Fig. 1(d) shows the approximate band alignment between InAs and 
InP reported by DFT calculation.31,32 The FDTD simulations are 
performed with commercial software Lumerical 3D 
Electromagnetic Simulator. 

In this letter we report data from nine devices, denoted Device I – 
IX. The scanning electron micrographs and photocurrent 
measurements of device II and IV are included in the Supplementary 
Information. 

Figure 1 Hot-carrier device and measurement (a, b) Scanning 
electron micrographs of InAs-InP-InAs heterostructure nanowires 
with source-drain contacts and (a) a dipole nanoantenna (Device I) 
and (b) a bow-tie nanoantenna (Device II). The InP segments, 
serving as energy barriers for energy-selective hot-carrier extraction, 
are false colored in blue. The purpose of the nanoantenna is to 
concentrate light absorption into a nanowire volume in the vicinity 
of one side of the energy barrier33,34. (c) Schematic illustration of the 
hot-carrier device. (d) Schematics of the band alignment of WZ InAs 
and InP based on band structure parameters from ref.31,32. The 

arrows indicate the electron transition upon interband absorption of 
photons. Specifically, the red arrow indicates that a minimum 
photon energy h  = 0.95 eV is needed to excite electrons with 
energy larger than the conduction band barrier (see main text for 
details). 

Figure 2 Photocurrent measurements and FDTD simulations for 
Device I without (top row) and with (bottom row) the dipole 
plasmonic nanoantenna, showing that the plasmonic nanoantenna 
localizes and enhances optical absorption under TE light. (a, e) 
Experimentally measured ISC as a function of photon energy h for 
TM ( //NW) and TE ( NW) polarized light. ISC is measured by 𝐸 𝐸
setting the bias voltage V = 0. The same device was characterized 
(a) before and (e) after adding the plasmonic antenna in a separate 
fabrication step. Inset: polarization dependent ISC measured at h = 
(a) 1.25 and (e) 1.20 eV. The error bars represent uncertainties in 
ISC/ irradiance due to time-dependent fluctuations of the measured 
ISC caused by fluctuations of charges in the device and light 
irradiance, and measurement noise.  (b, f) FDTD simulation of the 
absorption efficiency in the nanowire segments between the metal 
contacts as a function of h for TM and TE polarized light. The 
dielectric functions of InAs, InP, and Au are obtained from ref. [35–

37]. The absorption efficiency is defined as the absorbed power (W) 
divided by the product of the irradiance of the incident light (Wm-2) 
and the cross-section of the nanowire segment (m2). Inset: schematic 
illustration of the photocurrent-voltage measurement circuitry.  (c, d 
and g, h) FDTD simulation of the profile at h = 1.25 eV for TM |𝐸|2

and TE polarized light. The device structures are outlined by black 
lines. 

We first performed reference photocurrent measurement on 
nanowire devices before adding the metal nanoantenna (Fig. 2a). In 
this case, the measured short-circuit current ISC under linearly 
polarized transverse-magnetic (TM) light was larger than under 
transverse-electric (TE) light for the entire spectral range (h = 0.85 
- 1.35 eV). The observed anisotropic photocurrent generation is 
consistent with the anisotropic light absorption shown by the FDTD 
simulation in Fig. 2 (b-d). The enhancement of the TM-polarized 
light field in the nanowire and near the nanowire-metal contacts can 
be attributed to leaky-mode resonance38,39 and plasmonic effects27, 
respectively. 

Adding the gold dipole (Device I) or bow-tie (Device II) 
nanoantennas greatly increased ISC under TE-polarized light, 
making it much larger than under TM-polarized for hv < 1.25 eV 
(Fig. 2e). Furthermore, as shown in Fig. 2(e) inset, the polarization 
dependence was completely changed upon adding the antenna. This 
experimental result is consistent with the FDTD simulation in that 
the light absorption is strongly enhanced under TE-polarized light 
(Fig. 2(f-h)), in particular locally in the gap of the nanoantennas. The 
FDTD simulation of Device I and II shows that the absorption 
efficiency increases by a factor of ~30 within the nanowire segment 
between the metal contacts for the studied spectrum and by a factor 
of more than 100 locally within the gap of the nanoantennas. In 
comparison, the |ISC| enhancement varies significantly with hv (from 
~5 to ~100 in Device I). The main reason is that the in devices 
without nanoantennas, the light absorption is not localized near the 
InP barrier, such that photocurrent can be generated through 
alternative mechanisms instead of internal photoemission across the 
InP barrier. Therefore, ISC in devices without nanoantennas exhibits 
a different dependency on photon energy and significant variations 
between devices.In addition, the polarity of ISC corresponds to a net 
flow of electrons from the nanoantenna towards the barrier, 
consistent with the physical picture that photoexcited hot electrons 
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(instead of hot holes) are dominantly extracted across the barrier as 
a result of the smaller electron effective mass in InAs, which will be 
discussed in detail later on. We observe similar ISC increase after 
adding nanoantennas and correlations between the polarity of ISC 
with the antenna-barrier direction in a total of eight devices (see 
supplementary information (SI) for Devices II and IV - IX). 

It is worth noting that although the nanoantennas are in physical 
contact with the nanowires due to EBL misalignment and proximity 
effect, the native oxides on the nanowires usually create a large 
contact resistance (> 100 k)40. In addition, the nanoantennas are 
not electrically connected otherwise. Therefore, we expect that hot 
carriers generated in the Au nanoantennas will unlikely transfer into 
the nanowires and that the photocurrent is primarily contributed by 
photo-carriers generated by interband absorption in InAs for hv 
larger than the InAs band gap. This assumption is further confirmed 
as the experimentally measured ISC and open-circuit spectrum can 
be well explained by the transport of photoexcited hot carriers in 
InAs, which are discussed throughout the rest of the letter. 

So far, we have shown that by adding nanoantennas to the 
nanowire devices, the absorption of TE-polarized light is strongly 
enhanced in the gap of the nanoantenna, which can be controlled to 
achieve high asymmetry relative to the InP barrier. In the following 
we will investigate the energy distribution and extraction process of 
the photoexcited electrons in such nanowire-nanoantenna devices 
under TE-polarized light based on the ISC and the open-circuit 
voltage VOC measurements. 

We find that ISC per irradiance increases with h  (Fig. 3(a)). 
However, ISC exhibits significantly different dependence on the 
irradiance for large and small h   ISC increases linearly with 
irradiance for h > 1 eV (Fig. 3(b)) and nonlinearly for h < 1 eV 
(Fig.3(c)). In the following, we will interpret this experimental result 
based on the semiclassical three-step model discussed in the 
following, where the photocurrent generation process is separated 
into: (1) hot-carrier excitation, (2) hot-carrier transport to the barrier 
interface, and (3) hot-carrier emission over the barrier (Fig. 3d).14 
19,41

Figure 3 ISC dependence on photon energy and irradiance for Device 
I: (a) ISC measured as a function of h at two irradiances. The 
experimental data (dots) is fitted with Eq. 3, which is based on the 
internal photoemission theory (dashed line). (b) ISC increases 
nonlinearly with irradiance for h = 0.80, 0.85, and 0.90 eV and (c) 
linearly with irradiance for h = 1.1, 1.2, and 1.3 eV. (d) Schematics 
of the three-step photoemission model: (1) hot-carrier excitation, (2) 
hot-carrier transport to the barrier interface, and (3) hot-carrier 
emission over the barrier. The error bar in (a-c) represents the time-
dependent fluctuations of the measured ISC.   

(1) Excitation. In the first step, hot carriers are excited in the 
nanowire. The spatial distribution of hot-carrier generation can be 
readily obtained from the FDTD simulation. The energy distribution 
of electrons and holes excited through interband absorption of 
photons with a given energy h can be inferred from the electronic 
band structure based on the energy conservation relation Ee(k) – Eh 
(k) = h. In Fig. 4(a, b) the approximate band structure of WZ InAs 
calculated based on k•p theory32 and the energy distribution of 
photoexcited electrons and holes for h = 1.24 eV are shown. Within 
this approximation, the energy distribution of the photoexcited 
electrons and holes are separated into three groups as a result of the 
heavy hole, crystal field split-off hole, and light hole valence bands. 
Due to the large effective mass and density of states of the heavy-
hole band, the majority of the photoexcited electrons initially obtain 

most of the photon energy in excess of the band gap, while the 
majority of the photoexcited holes lies near the band edge and below 
the barrier in the valence band, as show in Fig. 4(b).  

Figure 4. (a) Electronic band structure of WZ InAs calculated based 
on k•p theory with parameters from ref.32 except that the conduction 
band energy Ec is reduced by 0.1 eV to obtain WZ InAs band gap Eg 
= 0.37 eV in the range observed in previous transport42 and scanning 
tunneling spectroscopy43 experiments. The black arrows indicate 
interband transitions for h = 1.24. (b) Distribution of photoexcited 
electrons and holes for h = 1.24 eV calculated based on the band 
structure and energy conservation of the interband absorption 
process. (c) The calculated energy dependent barrier transmission 
function for electrons (blue) and holes (red).  The electron and hole 
barrier energies (dotted line) are Eb = 0.56 eV and Ebv = 0.38 eV,31 
respectively.  

(2) Transport. In the second step, as the hot carriers transport 
towards the barrier interface, inelastic scattering will gradually lead 
to thermalization among the carriers and with the lattice. For 
photoexcited electrons or holes that arrive at the barrier interface 
without encountering any significant energy loss, their emission 
over the barrier is usually referred to as internal photoemission.13,19 
Thus, if the scattering rate is independent of carrier density, ISC can 
be expected to increase linearly with the generation rate of hot 
electrons or holes. In contrast, if the hot carriers near the barrier are 
thermalized, the photocurrent is generated through emission of 
electrons occupying high energy states (photo-thermionic emission). 
In this case, ISC is expected to increase exponentially with the 
effective temperature of the hot electrons (~ exp[(-Eb)/kTe]) and to 
have a nonlinear dependence on the incident light intensity. 

(3) Emission. Finally, in the third step, the emission of hot 
electrons and holes over the barrier is characterized by the barrier’s 
transmission probability T(Ee,h). Given the InP barrier thickness of 
> 60 nm, we can effectively rule out tunneling. Therefore, for 
internal photoemission, we can estimate that a minimum h = 0.95, 
2.30, 1.60 and 0.82 eV is needed for the emission of electrons, heavy 
holes, crystal field split-off holes, and light holes, respectively, 
based on the barrier heights (Eb = 0.56 eV for electrons and Ebh = 
0.38 eV for holes as obtained from Ref. 31) and the calculated 
electronic band structure (Fig. 4(a)). While internal photoemission 
of light holes is possible for the entire spectral range in the 
experiment (0.85 - 1.35 eV), the observed polarity of ISC suggests 
that the light-hole contribution is small compared to that of electrons, 
consistent with the light holes’ small density of states. In the 
theoretical discussions below we will therefore focus on electron 
emission and disregard hole emission. We calculate T(Ee,h) by 
summing up the transmission probability of each 1D subband, which 
is obtained by solving the Schrödinger’s equation22 (see SI for 
details). As we assume that the lateral momentum needs to be 
conserved, T(Ee,h) shows a slow increase instead of a step function 
at Ee = Eb and Eh = Ebh, as shown in Fig. 4(c). 

The estimated threshold for the internal photoemission of 
electrons at h = 0.95 eV is consistent with the transition between 
nonlinear and linear dependence of ISC on the irradiance observed in 
the experiment (Fig. 3 (b, c)). We therefore infer that ISC arises 
dominantly from internal photoemission for hv ≥ 0.95 eV and we 
can model ISC based on the three-step model as

, Eq. 3𝐼𝑆𝐶(ℎ𝜈) =
𝑒
2∬𝑄(𝑥,𝐸𝑒)𝑒

―𝑥
Λ 𝑇(𝐸𝑒)𝑑𝑥𝑑𝐸

where Q (x, Ee) represents the generation rate of hot electrons with 
energy Ee per length at distance x from the barrier. The factor of 1/2 
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describes that only half of the photoexcited electrons are expected to 

transport toward the barrier, and  characterizes the decay of hot 𝑒
―𝑥
Λ

electrons from their initial high energy states Ee with inelastic 
scattering length . 

We find a good agreement between Eq. 3 and the measured ISC by 
using, as the only fitting parameter,  = 14.0 ± 0.5 nm for Device I 
(Fig. 3(a)). By fitting ISC of Device II and IV, we found  = 30.0 ± 
2.3 and 34.8 ± 3.0 nm (see SI). The calculation reveals that the strong 
photon energy dependence of ISC can be largely attributed to the 
dependence of the transmission probability on Ee. For Ee ≈ Eb (0.56 
eV), the electron velocity is around 2×106 m/s and  corresponds to 
an inelastic scattering time on the order of ≈ 10 fs, which is on the 
same order of magnitude as the electron-electron scattering time 
measured in bulk III-V semiconductors using high excitation photon 
energy.1,44 Based on the FDTD simulation of the optical absorption, 
the internal quantum efficiency is estimated to be up to 0.5 – 1.2 % 
for Device I, II, and IV at larger hv. 

Important for hot-carrier photovoltaic applications, the high 
kinetic energy of hot electrons is expected to result in a large open-
circuit voltage VOC. In the case of internal photoemission, the 
maximally achievable open-circuit voltage VOC,max is the 
electrostatic potential required to raise the effective barrier height to 
reflect electrons with the highest energy Ee,max, as indicated in Fig. 
5(a). In this simple picture, VOC,max can be expressed as 

eVOC,max = Ee,max – Eb, Eq. 4

independent of the irradiance of incident light, as observed 
previously in metal-insulator-metal devices. However, a VOC 

close to VOC,max can only be obtained when  the dark current and the 
reverse current due to hole emission, and light absorption on the 
opposite side of the barrier, are negligible. 

We extracted VOC for three devices from photocurrent-voltage 
measurements (Fig.5 (b)). For h = 1.0 – 1.2 eV, VOC increases 
roughly linear with h, consistent with VOC,max in Eq. 4 (Fig. 5(c)). 
Moreover, the measured VOC is insensitive to the optical irradiance, 
which is varied by more than an order of magnitude (Fig. 5(d)). 

Fig.5 Open circuit voltage: (a) Schematics of the open-circuit 
condition described by Eq. 4. (b) Photocurrent-voltage measurement 
for h = 1.0, 1.1, 1.2, and 1.3 eV. (c) Experimentally measured VOC 
(Device I, II, III) and (Ee-Eb)/e as a function of h. (d) VOC (Device 
II) as a function of incident light irradiance normalized by the 
maximum irradiance for each h. The error bars in (c, d) represent 
the uncertainties in the extracted VOC due to time-dependent current 
fluctuations.   

However, for h   eV, we observe a large variation of VOC 
between devices where some of them exhibit a clear deviation from 
Eq. 4 (Fig. 5 (c)). We attribute the breakdown of the approximation 
in Eq. 4 to the increased importance of optical absorption outside the 
nanoantenna region at larger h. First, it can be observed in Fig. 2 
(a) and Fig. S1 (e,f) in the SI that, in the absence of the nanoantenna, 
ISC has an onset at h      eV under TE-polarized light. In 
addition, ISC of Device I shows an opposite polarity after the 
nanoantenna was added (Fig. 2 (d)), which indicates that the optical 
absorption outside the nanoantenna region creates a current in the 
opposite direction from the absorption within the gap of the 
nanoantenna, such that a VOC lower than VOC,max can be expected. In 
comparison, ISC of Device II has the same polarity with and without 
nanoantenna, which is consistent with its larger VOC that is in good 
agreement with Eq. 4 up to h   eV. Based on the device 

structures and the simulated absorption profiles of Device I and II 
(Fig. S3), their opposite ISC polarity before the nanoantennas were 
added cannot be explained by only considering internal 
photoemission across the InP energy barrier, especially as the 
inelastic scattering lengths extracted here are only around tens of 
nanometers. Instead, as discussed earlier, the opposite polarity 
indicates that light absorption away from the InP barrier can result 
in photocurrent generation through alternative mechanisms. For 
example, photo-excited electrons and holes can be separated by 
electric fields resulting from unintentional inhomogeneous doping46 
and Schottky contacts between the nanowire and the source/ drain 
contact47.At even higher h, we expect reverse photocurrent due to 
hole excitations and photoexcitation in the InP barrier to also reduce 
VOC from the maximum value given in Eq. 4. 

So far we have shown that for h > 1 eV, hot electrons are excited 
to energies above the InP barrier. The dependencies of ISC and VOC 
on h and irradiance reveal that they are dominantly generated 
through extracting hot electrons before these encounter any 
significant energy loss through inelastic scattering. The measured 
ISC and VOC are in good agreements with theoretical predictions 
based on the internal photoemission effect.    

However, the internal photoemission effect doesn’t account for ISC 

generated with incident light with h < 1 eV. Instead, the observed 
nonlinear dependence of the ISC on the irradiance in this photon 
energy range (Fig. 3b) is consistent with the photo-thermionic 
effect.18 For h < 1 eV, photoexcited electrons initially do not have 
enough energy to surmount the energy barrier, yet some high-energy 
states are occupied after the energy is redistributed through electron-
electron scattering. When the electrons are equilibrated, the energy 
distribution will follow Fermi-Dirac statistics with a well-defined 
electron temperature Te (which may be much higher than the lattice 
temperature) and quasi-Fermi level EF,e

48. Photocurrent generated 
through thermionic emission can be expected to be proportional to 
Te

2exp[(EF,e-Eb)/kTe]49, which can have a highly nonlinear 
dependence on the irradiance. 

For the light irradiance used in this study, we expect the mean 
temperature increase in the nanowire due to light absorption to be 
very small (< 1 K) taking into account thermal conduction to the 
metal contacts and the substrate.50 However, due to the large excess 
photon energy and the laser pulse width of ~10 ps, for light 
irradiance of 103 to 105 Wm-2 used in this study (this roughly 
corresponds to a photoexcited charge carrier density of 1016 – 1018 
cm-3, considering an absorption efficiency between 5 – 10 in the gap 
of the nanoantennas), we expect the electron temperature to rise by 
up to a few hundred Kelvin within a few ps after the absorption of 
the laser pulse1,51,52. The actual temperature evolution as a function 
of time and space will require elaborate experiment and simulation, 
and is outside the scope of this study.

Based on the photocurrent measurements (Fig. 3(a-c)), we observe 
that photo-thermionic emission has a much lower internal quantum 
efficiency compared to internal photoemission. At h = 0.95 eV, 
where the internal photoemission is expected to be vanishingly small, 
the internal quantum efficiency is estimated to be less than 0.05 % 
for 6.7×104 Wm-2 irradiance. Based on the thermionic emission 
equation, we can expect to increase the efficiency by implementing 
a lower energy barrier. In addition one can implement strategies to 
increase Te and EF,e, such as reducing the energy loss pathways and 
increasing the light intensity. However, it’s worth mentioning that 
the irradiance used in this study is already larger than the typical 
solar irradiance on Earth’s surface53.
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We want to point out that although internal photoemission based 
on multiphoton absorption can also lead to a nonlinear photocurrent 
dependence on the light irradiance,54 but can be readily 
distinguished from the photo-thermionic effect based on VOC 
measurements because the energy distribution of the photoexcited 
carriers would be very different.55 For instance, based on Eq. 4 we 
would expect a large VOC as a result of the high kinetic energy of 
electrons generated through two-photon absorptions (Ee ~ 
(2h  Egme/mh) based on the effective mass approximation). 
However, we observe minuscule VOC for all three devices in the 
experiment (Fig. 5(c)). 

In summary, we realized an optical hot-carrier device based on an 
InAs-InP-InAs heterostructure nanowire equipped with a metal 
plasmonic nanoantenna. The nanoantenna enhances light absorption 
over a broad spectrum and allows to define the location of hot carrier 
generation in a subwavelength region. This is not only important for 
achieving highly asymmetric light absorption as a pre-requisite to 
increasing internal quantum efficiency, but also enables us to 
understand the extraction process of hot electrons based on the 
photocurrent-voltage measurements. We observed that when the 
energy of photoexcited electrons is larger than the energy barrier, 
they dominantly contribute to the photocurrent through internal 
photoemission. On the contrary, photocurrent created by 
photoexcited electrons with less energy than the barrier shows 
nonlinear power dependence characteristic of photo-thermionic 
emission. 

The findings in this study provide helpful guidelines to increase 
ISC and VOC in hot-carrier devices based on nanowire 
heterostructures. The enhancement of ISC observed in the present 
study is most likely bounded by experimental limitations. If 
nanoantennas can be made with sharper features, smoother surfaces, 
and smaller gaps, light-field enhancement in the gap of the 
nanoantenna is expected to increase by several orders of 
magnitude.56–58 Moreover, the internal quantum efficiency can 
likely be improved by reducing losses in each step of the three-step 
internal photoemission model14,19,41, which, as we have shown, 
provides a prediction consistent with the measured ISC. First, half of 

the photoexcited electrons initially transporting away from the 
barrier may be collected by implementing an additional barrier. 
Second, the electron relaxation length extracted here (tens of nm) 
provides an estimate of the requirement to concentrate the light field 
near the barrier in order to reduce loss due to inelastic scattering in 
such nanowire systems. Such strong concentration can potentially 
be realized by taking advantage of nanophotonic effects. Finally, we 
can remedy the loss caused by the reflection of electrons with energy 
near or lower the energy barrier by reducing InP segment length, and 
engineering the band alignment59 and effective mass of the 
heterostructure to optimize the transmission probability for a given 
input light spectrum. Therefore, in an ideal device, the ISC 
enhancement may surpass what was observed in this study by 
several orders of magnitude. As for VOC, we demonstrated values 
that are close to the theoretical upper limit for a range of h. We 
expect that by carefully engineering light absorption outside the 
nanoantenna region, VOC equal to the upper limit can be realized for 
the full range of h when photocurrent is dominantly generated 
through internal photoemission and as long as light absorption in the 
barrier is negligible. 

Supplementary information

Additional materials including photocurrent measurements and 
analysis of Device II and IV, and details of the calculation of 
electron transmission probability across an energy barrier in a 
nanowire, are available in the supplementary information. 
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