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Abstract. The use of hot electrons arising from the nonradiative decay of surface plasmons (SPs)
is increasingly attracting interests in photodetection, photovoltaics, photocatalysis, and surface
imaging. Nevertheless, the quantum efficiency of the hot-electron devices has to be improved to
promote the practical applications. We propose an architecture of conformal TCO/semiconduc-
tor/metal nanowire (NW) array for hot-electron photodetection with a tunable optical response
across the visible and near-infrared bands. The wavelength, strength, and bandwidth of the plas-
monic resonance are tailored by controlling the lattice periodicity and topology. Finite-element
simulation demonstrates that the near-perfect, polarization-insensitive, and ultranarrow-band
optical absorption can be achieved in the conformal NW system. By the excitation of localized
SPs, a strong field concentrates at the top corner of the NWs with a high hot-electrons generation
rate. The analytical probability-based electrical calculation further shows that the SPs-enhanced
photoresponsivity can be more than five times larger than that of the flat reference. © 2016 Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOIL: [UII1T7/IJPH.d.042507]
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1 Introduction

Hot electrons directly generated from the nonradiative decay of surface plasmons (SPs) can be
harnessed to enable a broad range of applications, such as photodetection,lH3 photovoltaics, B3
photocatalysis,B and surface imaging.P0 In terms of photodetection, hot-electron photode-
tectors have the advantages in detecting the light with energy well below the semiconductor band
edge, room-temperature operation, and highly controllable resonant wavelength. In 2011, the
active nanoantenna that unites the light harvesting and conversion was reported to extend
the spectral response to photon energies slightly higher than the Schottky barrier height, breaking
the band limitation of Si material.¥ The new concept of hot-electron photodetectors is further
demonstrated in various metallic nanostructures including nanorods,u nanowires (NWs),B gra-
tings,}H and waveguides.! However, for an alternative approach of hot electron collection based
on the metal-insulator—metal (MIM) junctions, the efficiency of hot electron generation still
remains low. Recently, the improved photoemission of hot electrons has been demonstrated
by exciting the SPs within a planar MIM device,8 and structuring one of the metallic contacts
into a plasmonic strip was explored to enhance light absorption in the near-surface region.? Our
previous study showed that the multilayered conformal grating can lead to a strong and highly
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asymmetrical optical absorption between the top and bottom metal layers and therefore improves
the responsivity by three times of that based on the conventional grating system.HI

For high-performance photodetection application, the characteristics of high, tunable, polari-
zation-insensitive, and narrowband photoresponse are urgently desired. In this study, we propose
the plasmonic hot-electron photodetectors under the periodic configuration consisted of con-
formal TCO/semiconductor/metal (TCO/S/M, TCO: transparent conductive oxide) NWs. The
symmetrical design ensures a perfect polarization-insensitivity of the device, fulfilling a key
requirement for practical photodetection technology.ﬂ Because the semiconductor used here
is intrinsic, the device behaves as a modified MIM structure and therefore is substantially differ-
ent from the conventional Schottky junction formed at the metal/semiconductor interface (where
the semiconductor normally highly doped). The main benefit through replacing insulator with
the wide-bandgap semiconductor is the decreased barrier height (®g), which extends the detect-
able wavelength range, increases the tunneling probability through the semiconductor, and thus
improves the photoresponsivity. Due to the low absorption coefficient of TCO, the parasitic
absorption in the contrary electrode is minimal, therefor the metal on the other side is replaced.
In the conformal NWs, the metal is periodically corrugated, which excites tunable SP resonances
across the visible and near-infrared (NIR) by controlling the periodicity and topology of NW
anray.EI The interaction of incident light with the nanostructured metal generates a strong electric
field within the near field, therefore improves the optical absorption. Electromagnetic simulation
further predicts a near-perfect optical absorption in the metallic cladding layer under plasmonic
resonances, contributing to a high efficiency of hot electron photoemission and large unidirec-
tional photocurrent. In addition, the full width at half maximum (FWHM) is as narrow as 5 nm
(7.4 meV) at the resonance of 4 =913 nm, which is even half narrower compared with the
previous report. The analytical probability-based electrical calculation shows that the SPs-
enhanced photoresponsivity can be up to 56 nA/mW (unbiased), which is more than five
times larger than that of the planar reference (11 nA/mW).

2 Device Configuration and Method

The schematic diagram of the conformal NW array hot-electron photodetector as well as the side
and cross-sectional views of one NW unit are shown in Figs. [(aHI(c]. The device is composed
of a two-dimensional (2-D) square array (with period A) of conformally configured NWs, which
have the indium-doped tin oxide (ITO) cylinder core (with radius r), the ultrathin zinc oxide
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Fig. 1 The schematic diagram of (a) the conformal NW array hot-electron photodetector, (b) side
and (c) cross-sectional views of one NW unit. (d) Energy band diagram for the TCO/S/M barrier
structure under a bias of V.
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(ZnO) shell (with thickness s = 4 nm), and the silver cladding layer (with thickness 6 = 60 nm)
on the ITO substrate. Here, s = 4 nm is used to ensure a high probability for the generated hot
electrons in metal layers to tunnel through the ultrathin semiconductor intermediate layer. The
NW depth is set to be H = 500 nm, in order to excite the localized SP modes. B3

Figure [[(d] shows the band diagram of the TCO/S/M junction under a bias of V,,, in which
E ¢ metal (Ef1c0) and g are the Fermi level of Ag (ITO) and the barrier height (~0.6 eV) for Ag/
ZnO interface, M respectively. Once the SPs are excited, the incident electromagnetic energy is
efficiently coupled into the plasmonic system, generating hot electrons in the metal layer. The
hot electron cannot be generated in the ITO due to its relatively low electron concentration in the
considered photon energy range.Im For hot electrons with energies exceeding the M/S band oft-
set, they have the probabilities to (1) diffuse to the M/S interface without losing energy in an
inelastic collision, (2) climb across the M/S barrier, (3) travel through the semiconductor without
inelastic collisions, and (4) be collected by the bottom ITO contact. Nevertheless, for hot elec-
trons with energies below the barrier height, the tunneling probability is much smaller according
to the Wentzel-Kramers—Brillouin calculation, contributing to the neglectable photocurrent.B

Based on the optical constants from Palik,B the optical response of the proposed conformal
NWs under normal incidence is analyzed in detail by solving the Maxwell equations via the full-
wave finite-element method.B The electrical performance of the photodetectors is evaluated by
the analytical probability-based calculation using the optically resolved electron generation
profile B

3 Optoelectronic Performance

We first examine the possibility of realizing a high and narrow-band light harvesting as well as
the resonance tunability for hot-electron photodetection across various spectral bands in terms of
the conformal NW array design. It should be noted that the overall optical performance is regu-
lated by the net absorption of the device (P,), which is the absorption difference by the cladding
Ag and the core ITO layers (Ppeq = Pag — Prro)- Pnee map versus the incident wavelength and
the NW period is given in Fig. P(a), where a relatively small ITO core is considered (» = 20 nm).
It is clear that: (1) P, under resonance can be extremely high (close to 100%), showing that the
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Fig. 2 The contour maps of net absorption as a function of the incident wavelength and NW period
A with (@) r =20 nm and (c) r = 100 nm. (b) The net absorption spectra for r from 20 to 100 nm
with A = 700 nm. (d) The detailed optical absorption and reflection responses in the conformal
NWs with r = 100 nm and A = 880 nm.
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Ag cladding can absorb nearly all the electromagnetic energy under plasmonic resonance; (2) a
weak hybrid plasmon mode appears at shorter wavelength of the strong plasmonic
resonance;28 (3) the plasmonic resonance can be tuned readily by adjusting the NW period,E
i.e., a larger NW separation enables a longer-wavelength photodetection. However, Fig. also
exhibits that solely adjusting the NW period can hardly obtain the constantly high P, which is
gradually degraded with increasing A. Plotted in Fig. exhibits that the plasmonic resonance
can also be controlled by varying the ITO core radius r, i.e., a larger ITO core redshifts the
resonance, however, it is accompanied with the broadened and weakened absorption peak.
Therefore, a more reliable design should be based on controlling both the period as well as
the NW size simultaneously.

Employing a large r = 100 nm, P, map versus the wavelength and A is re-examined in
Fig. B(c), which illustrates a strong and extremely narrow plasmonic band again, but occurring
at the longer-wavelength region. For example, under A = 880 nm and r = 100 nm, Fig.
indicates the spectral responses of the Ag absorption, the ITO absorption, and the device overall
reflection. It is found that: (1) under resonance, 97.2% of the incident light is absorbed by the Ag
layer and the parasitic absorption by ITO is tiny, leading to a highly efficient photoemission of
hot electrons; (2) the reflection loss of the device is negligible under resonance, while it can be
~95% for off-resonance situations since the whole device surface is covered by the Ag layer; (3)
the FWHM of the conformal NW hot-electron photodetector is ~5 nm (7.4 meV), which is even
half narrower compared with the previous report..d

To better understand the plasmonic resonance nature as well as its contribution to the gen-
eration and collection processes of hot electrons in the conformal NW photodetector, it is nec-
essary to examine the spatial characteristics of the hot-electron generation rate (G), which is
defined asEl

G(x,y.z.0) = &|E(x. y,z.0)[*/(2h), (1

where one absorbed photon is assumed to excite one electron-hole pair, ¢; is the imaginary part of
dielectric permittivity,  is the angular frequency of incident light, E is the electric field at posi-
tion (x,y, z), and % is the reduced Planck constant.

Figure illustrates the three-dimensional (3-D) spatial distribution of G in one unit of the
conformal NW hot-electron photodetector, where the system parameters are inherited from
Fig. and the incident light is polarized along the x axis. It is clear that most hot electrons
are generated in the locations close to the top part of NWs, revealing a strong field concentration
resulting from the excitation of localized SPs.H To unveil the spatial generation profile inside the
NWs, the corresponding cross-sectional generation pattern in the yz plane is shown in Fig. B(b].
We observe the highest G at the top corners of NWs, indicating that the electric field is strongly
bounded to the Ag/air interface without noticeable penetration into the ITO layer. This promising
feature leads to a strongly asymmetrical optical absorption as mentioned previously. Under such
a specific optical property, very few hot electrons are generated in ITO, leading to a neglectable
reverse electron flow from ITO to the cladding Ag layer.

4 Z
* \L"" 0 G (a.u.) 1 I—.y

Fig. 3 (a) The 3-D spatial and (b) corresponding 2-D cross-sectional (in the y z plane) distributions
of the hot electron generation rate G in the conformal NWs.
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The optoelectronic response of the conformal NWs hot-electron photodetector can be pre-
dicted by addressing the detailed transport process of the generated hot electrons inside the pho-
todetection system. However, it is very challenging to conduct a thorough 3-D electronic
simulation for the conformal and multilayered NW array system by mimicking the microscopic
processes such as the hot-electron diffusion and tunneling . However, a reasonable compromise
is to simplify the calculation by cutting the 3-D system into many 2-D cross-sections (through
the central axis of the NW), and the overall electrical performance takes the spatial integration.
Such a discretization treatment can well approximate the actual response of the 3-D device as
long as the number of cross-sectional planes is large enough. In this study, planes with an angular
separation of 5 deg are used, i.e., 72 planes in total.

Based on the assumption of an isotropic initial momentum distribution of hot electrons,B the
probability that a hot electron ballistically reaches the M/S interface without losing energy in an
inelas%c collision can be expressed by considering the mean free-path (MFP) of hot electrons in
solids!

1 d
P =— ———|d 2
: 2ﬂ/exp< A, COS 0) o @

where 6 is the moving angle, 8, and 6, are the accepting angles (i.e., only the hot electrons
confined which are possible to reach the M/S interface), d is the distance from the initial position
of hot electrons to the M/S interface, and 4. is the MFP of an electron in Ag. To calculate Py,
each cross-sectional plane is divided into several sections. The spatial distribution of P; in a
given plane, e.g., with an angle of 30 deg to the y axis, is shown in Fig. [i(a}, where only the
conformal Ag cladding is considered since the hot electron generations in ITO can be neglected
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Fig. 4 (a) Probability of hot electrons in the Ag cladding to successfully arrive at the M/S interface,
where a specific cross-section is selected. (b) Photoresponsivity as a function of the forward elec-
trical bias. The IQE versus the forward electrical bias and the corresponding band diagrams at
reverse/zero/forward voltages are inserted.
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as mentioned above. It can be clearly seen that: (1) high probabilities with the peak value of 0.75
appear at the bottom inner corners of the Ag cladding layer, which is the result of the large
accepting angle (270 deg) for electrons to diffuse to the interface; (2) at the inner edges
near the M/S interface, the probability is close to 0.5 and decreased gradually with increasing
the distance away from the interface under a longer diffusion distance and a smaller accepting
angle B From this point of view, using a thinner Ag surrounding layer to excite the localized SPs
facilitates the hot electrons to successfully diffuse to the interface for the photocurrent
generation.

The transmission probability for hot electrons to tunnel through the ultrathin semiconductor
intermediate layer and be collected by the bottom contact is described by considering the under-
lying physical processes such as the reflections between two interfaces, the scattering loss during
the traversal through the semiconductor. The detailed description of the transport process and the
corresponding general model can be found in Ref. f], which has been proved to be accurate
enough to show a good consistence to the experiment. The internal quantum efficiency
(IQE) can then be obtained by the probability of hot electrons that tunnel through the barrier
(P,), propagate through the semiconductor (P3), and transmit into the bottom contact (P4) with
the assumption of a constant density of states for the excited electrons

7
=5 PyP3P,(E)dE, 3)
ph
PB
where Ej;, is the incident photon energy. Because the quantity of P, and P, is different for each
energy E above the Fermi level of the metal, which ranges from 0 to E,. In addition, P is also
affected by the applied voltage. So we take E = E, and unbiased case for an example.
According to the general formulas in the ESI of Ref. [}, P, = 0.0165, P, = 0.2375. The P;
can be estimated with the mean free path of electrons in ZnO (/,,) to be exp(—“lﬂ) ~18

With the spatial distribution of hot electron generation, the probability to reach the M/S inter-
face and the IQE, we can calculate the total photocurrent and the photoresponsivity. Figure F(b])
plots the calculated photoresponsivity of the hot-electron photodetectors as a function of the
electrical bias. It is shown that the unbiased photoresponsivity of the device is as high as
56 nA/mW, which is more than five times larger than that of the planar reference
(11 nA/mW according to our calculation). To further improve the photoresponsivity, a forward
electric bias can be applied, where the positive terminal is connected to the bottom ITO contact
and the negative to the Ag cladding. With a bias of 0.8 V, the photoresponsivity is shown to be up
to 75 nA/mW, which is attributed to the promoted kinetic energy of hot electrons in the semi-
conductor (results in a higher transmission probability as shown in the inset).E The responsivity
of ~80 nA/mW is ~2 times of that based on the multilayered conformal grating system.l In
addition, it is comparable to that of the plasmonic NWs with a Schottky/Ohmic interface and the
optimized plasmonic-crystal-hot-electron-based Schottky photodetectorsum However, the
reverse bias greatly degrades the performance due to the elevated barrier height, preventing elec-
trons from tunneling through the barrier® When the reverse bias is large enough to satisfy the
condition that: |V, > (E,, — ®g)/e, few hot electrons can tune through the barrier. Here,
Epn = 1.36 eV, @3 = 0.6 eV, so the onset voltage is thus expected to be 0.76 eV, as seen
in Fig. (B}

Next, as the NW depth is an important parameter to consider, we investigate the effect of
the NW depth on the optical performance of the device. Fixing NW period A and ITO core radius
r at 880 and 100 nm, respectively, the optical absorption spectral of P, as a function of the
NW depth from 300 to 700 nm are illustrated in Fig. p(a). It is apparent that the optical absorp-
tion in Ag can be improved with the increase of height from 300 to 500 nm. The largest value can
be achieved at H = 500 nm. Further increasing the height, the light coupling effects are weak-
ened, leading to a decreased absorbance. In addition, the resonances redshift as the height
increases.

Finally, since the fabricated structure usually have rounded corner depending on the dimen-
sion, the rounded corners of different fillet radius (fr) are considered in the NWs. Figure
shows the effect of the rounded corner on the optical absorption in Ag. It is clear that the
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Fig. 5 Absorption spectra of P,y under different NW height (a) fillet radius (b) in the fabricated
conformal NWs with r = 100 nm and A = 880 nm. The insets in (b) are the 3-D spatial distribution
and the corresponding cross-sectional distribution of G in the yz plane.

resonance blue-shifts and the peak absorption is slightly decreased as the fillet radius increases,
showing a fabrication tolerance. For example, at fr = 60 nm, the peak absorption is 77%, which
is decreased by ~20% comparing to that of the sharp corner (fr = 0). In addition, the 3-D spatial
distribution and the corresponding cross-sectional distribution of G in the yz plane are illustrated
in the inset with the same scale as that in Fig. . Same as that of the NWs with sharp corner, a
strong field concentrates at the top corners of NWs, which claims that the rounded corner has
little effect on the absorption distribution.

4 Conclusion

In summary, we have presented the design of a narrowband, tunable, and polarization-insensitive
hot-electron photodetectors by introducing the conformal TCO/S/M NW array configuration. It
is found that the plasmonic resonance as well as the corresponding strength and bandwidth can
be readily tailored by the lattice periodicity and NW core radius. The detection wavelength under
plasmonic resonance is shown to be tuned from the visible to NIR band. At the plasmonic res-
onance, more than 97% of incident light is absorbed by the surrounding Ag layer, leading to a
strong and highly asymmetrical optical absorption between the two contacts and enabling a high
unidirectional photocurrent. The spatial distribution of hot electron generation rate suggests a
strong field localization at the top corners of the NWs, attributed to the excitation of the localized
SPs. By addressing the detailed hot-electron transport process inside the device, it is predicted
that the unbiased photoresponsivity can be up to 56 nA/mW, which is more than five times of
that based on the planar reference.
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