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Planar microcavity-integrated hot-electron
photodetector

Cheng Zhang,®® Kai Wu,?® Yaohui Zhan,®® Vincenzo Giannini® and Xiaofeng Li**®

Hot-electron photodetectors are attracting increasing interest due to their capability in below-bandgap
photodetection without employing classic semiconductor junctions. Despite the high absorption in
metallic nanostructures via plasmonic resonance, the fabrication of such devices is challenging and costly
due to the use of high-dimensional sub-wavelength nanostructures. In this study, we propose a planar
microcavity-integrated hot-electron photodetector (MC-HE PD), in which the TCO/semiconductor/metal
(TCO: transparent conductive oxide) structure is sandwiched between two asymmetrically distributed
Bragg reflectors (DBRs) and a lossless buffer layer. Finite-element simulations demonstrate that the
resonant wavelength and the absorption efficiency of the device can be manipulated conveniently by tailor-
ing the buffer layer thickness and the number of top DBR pairs. By benefitting from the largely increased
electric field at the resonance frequency, the absorption in the metal can reach 92%, which is a 21-fold
enhancement compared to the reference without a microcavity. Analytical probability-based electrical
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calculations further show that the unbiased responsivity can be up to 239 nA mW™, which is more than
an order of magnitude larger than that of the reference. Furthermore, the MC-HE PD not only exhibits a
superior photoelectron conversion ability compared to the approach with corrugated metal, but also
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1. Introduction

Hot-electron photodetectors have recently attracted significant
attention due to the advantages of detecting photon energy
well below the semiconductor band edge, operating in room
temperature, and providing a highly controllable detection
wavelength on resonance.'™ Besides photodetection, hot elec-
trons can be directly harnessed for a broad range of appli-
cations, e.g., photovoltaics,'®'” photocatalysis,"®'® and surface
imaging.>®*' Indeed, the hot electrons arising from surface
plasmonic decay can be collectively harnessed to generate a
photocurrent, provided that the incident photon energy is
high enough to overcome the Schottky barrier.> In 2011,
Knight et al. proposed the concept of using an active plasmo-
nic nanoantenna that combines light harvesting and electrical
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achieves the ability to tune the near infrared multiband by employing a thicker buffer layer.

conversion together to detect long-wavelength light well below
the band edge of the semiconductor." Among the various
designs, the metallic nanostructures including nanorods,"?
nanowires," gratings,>” and waveguides® have been proven to
be efficient. For example, a distinct enhancement in photo-
responsivity was achieved in the deep-trench/thin-metal active
antennas largely due to the high optical absorption as a result
of the cavity effect;® an ultrathin metamaterial perfect absorber
can result in near-unity optical absorption in the hot-electron
photodetector with a very high photoresponsivity.” In addition,
an alternative approach is to employ the metal-insulator—
metal (M-I-M) structure, which reshapes one of the metallic
contacts into a plasmonic antenna so that the incident electro-
magnetic energy can be trapped efficiently for photocurrent
generation.” Our recent study shows as well that a multi-
layered conformal grating can improve the responsivity to be
3 times that based on a conventional grating system due to the
strong and highly asymmetrical optical absorption between
the top and bottom metal layers."°

However, it is generally challenging and costly to fabricate
these metallic nanostructures on a sub-wavelength scale.>” To
develop low-cost photodetection technology, a cheap fabrica-
tion process is desired, which suggests the use of conventional

planar systems.”>** However, a planar system without a
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delicate design always shows a weak light-trapping capability.
It is therefore highly desirable to investigate the design of a
planar photodetection system with strong optical absorption
and a high photoconversion efficiency. Inspired by the fact
that a strongly enhanced optical field can be achieved in an
asymmetric Fabry-Perot (FP) cavity,”>>® we report a planar
microcavity-integrated hot-electron photodetector (MC-HE
PD), where the core electrical section, i.e., TCO/semiconductor/
metal (TCO/S/M, TCO: transparent conductive oxide), is sand-
wiched between the partially transmitting top and highly
reflective bottom distributed Bragg reflectors (DBRs). A buffer
layer is employed to control the FP resonance towards the
target wavelength. It is noted that the semiconductor used
here is intrinsic, which makes the device substantially
different from the conventional metal/semiconductor (M/S)
systems based on Schottky junctions and it could be operated
under the same working principles as those reported in ref.
9-12. The barrier height (pg) is expected to be decreased
through the replacement of the insulator with a wide-bandgap
semiconductor with a larger electron affinity y (pg = W — y, W:
the work function), which extends the detectable wavelength
range, facilitates electron transport through the barrier, and
thus improves the photoresponsivity. Electromagnetic simu-
lation shows that more than 92% of the incident light can be
preferentially absorbed by the metal layer under resonance,
showing a 21-fold absorption enhancement compared to that
of the reference without a microcavity. Such strongly asym-
metric optical absorption between the two electrodes (TCO
and metal) leads to a high and unidirectional photocurrent.
Analytical probability-based electrical calculations further
demonstrate that the photoresponsivity can be up to 239
nA mW ™! at zero bias voltage, which is more than an order
of magnitude larger than that based on the planar system
without a microcavity. Moreover, the planar hot-electron
photodetection system exhibits strong tunability for the
operating wavelength, a superior photoelectron conversion
ability compared to the other approaches with corrugated
metal layers, and multiband selectivity in the near-infrared
band by employing a thicker buffer layer. Therefore, it is
expected to be a promising low-cost, highly sensitive candidate
for multiband photodetection applications based on hot-
electron injection.

2. Microcavity-integrated hot-
electron photodetectors (MC-HE PDs)

Based on the understanding of microcavity resonance,”>>® we

combine strong field confinement by the microcavity with hot-
electron photodetection to realize a planar MC-HE PD with
high photoresponsivity. The schematic diagram of the pro-
posed MC-HE PD is shown in Fig. 1(a), which shows that it is
composed of the silica substrate, bottom DBR, buffer layer,
TCO/S/M stack, and top DBR. When targeting at a wavelength
of 850 nm, the top (bottom) DBR consists of 2 (10) pairs of
SizN,4/SiO, (Ti0O,/Si0O,) and each layer has an optical thickness

10324 | Nanoscale, 2016, 8, 10323-10329

Nanoscale

@ (b)
& [ e —
a2
=
A + 05 \
Q
=
3 0 R e
= —
Buffer \
4 hv
[~y
a
-
h+.
Substrate —
Ag Zn0O

Fig. 1 (a) Schematic diagram of the planar microcavity-integrated hot-
electron photodetector. (b) Energy band diagram for the TCO/S/M
structure with a barrier height of ¢g. Hot electrons are generated in
either contact and collected by the opposite electrode.

of a quarter of the central wavelength. The thicknesses of the
TCO (ITO), semiconductor (ZnO), metal (Ag), and buffer
(SizNy,) layers are 20, 5, 20, and 193 nm, respectively. The
potential barrier for the ZnO/Ag interface is ~0.6 eV.”>*° A bias
potential across the device is simulated and the light is inci-
dent normally to the device. Fig. 1(b) shows the energy band
diagram of the TCO/S/M device with a barrier height of ¢g.*"*?
The performance of the MC-HE PD can be determined by con-
sidering the following consecutive steps:*""** (1) the gene-
ration of energetic hot electrons upon the absorption of
photon energy, (2) the diffusion to the interface without losing
energy in an inelastic collision, (3) the injection into the semi-
conductor, (4) the propagation across the semiconductor
without inelastic collisions, and (5) the collection by the
opposite electrode. In the end, the total photocurrent is the
difference in the counter-propagating electrons flowing from
both This
absorption and band alignment are essential to obtain high
photoresponsivity.'**?

Based on the optical constants from Palik’s work,** the

electrodes. reveals that asymmetrical optical

optical simulations are performed by solving Maxwell’s
equations via the finite-element method.>> Besides, rigorous
coupled-wave analysis (RCWA) is employed to study the optical
dispersion characteristics due to its fast response.’® The
absorption efficiency (Paps) is defined as:*”

— ﬁerh(x7yaz7 j“)dV

P, abs (/1) P

(1)

where Py, is the incident power and Q. is the absorbed power
volume-density inside the device with volume V. Q. is calcu-
lated under Poynting’s theorem:

1
Qn(x.y.2,2) =  eiw|E(x.3,2,2)|” (2)
where o is the angular frequency, ¢; is the imaginary part of

the material permittivity, and E(x, y, z) is the electric field at
position (x, y, 2).
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3. Absorption and photoconversion
of the MC-HE PD

In the MC-HE PD, the incident light is mostly absorbed by the
Ag and ITO layers at the target wavelength. To explore the reso-
nance tunability of the device, we focus on how to control the
overall absorption of the device in terms of adjusting the
number of top DBR pairs and the thickness of the buffer layer.
The corresponding results are displayed in Fig. 2(a) and (b),
respectively. Fig. 2(a) shows that: (1) the planar microcavity can
absorb almost the entire incident energy under resonance; (2)
the number of top DBR pairs has a weak impact on the
resonant wavelength, but greatly modifies the absorption
efficiency. This is because a highly-reflective top DBR prevents
the light incidence from penetrating into the microcavity and
leads to a low absorption;*® however, a lowly-reflective top DBR
cannot form a good microcavity to well confine the light.
Therefore, the design of the top DBR is a crucial factor to
obtain the highest optical performance. On the other hand,
Fig. 2(b) indicates that the buffer thickness is another key
parameter which is used to tune the resonance.”” There is a
very wide tunable range for the resonance, ie., 700 nm-
1000 nm, by varying the buffer layer thickness. However, as
shown in Fig. 2(b), the resonant wavelength does not show a
linear dependence on the buffer thickness due to the cavity
and material dispersions.

At the detection wavelength of 850 nm, the absorption
efficiency versus the number of top DBR pairs and the buffer
layer thickness is illustrated in Fig. 2(c) and (d), respectively. It
is clear that there is an absorption peak of ~98.5% when
2 pairs of top DBR layers are used; on increasing the layer
number, the absorption drops to a very low value (<10%). On
the contrary, the absorption efficiency at resonance exhibits a
typical periodic dependence on the thickness of the buffer
layer, i.e., a period of A/2n ~ 227 nm (n = 1.87 for the buffer
index at a wavelength of 850 nm).
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Fig. 2 The contour maps of the total absorption as a function of the
incident wavelength and (a) the top DBR pair number and (b) the buffer
layer thickness. Total absorption versus (c) the number of top DBR pairs
and (d) the buffer layer thickness at the targeted wavelength of 850 nm.
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The detailed optical responses of the MC-HE PD are illus-
trated in Fig. 3(a). It is shown that at the resonance frequency
most of the light is absorbed by the Ag layer (P5y = 92.4%) and
the parasitic absorption in the ITO layer is tiny (Pyro = 6.1%).>?
Comparably, in this case, the reflection loss of the device is
negligible (R = 1.2%). However, for the off-resonance cases,
R ~ 100% is observed as a result of the highly reflective nature
of DBRs (without the microcavity coupling),*® leading to an
extremely low absorption. For reference, the spectral responses
of the planar TCO/S/M stacks without a microcavity are plotted
in Fig. 3(b). Due to the thin thicknesses of ITO and Ag, most of
the light is reflected at the surface or transmitted through the
device, leaving a very small portion of the incident energy for
photocurrent generation. Quantified examination of the
absorption by the Ag layer indicates that a 21-fold absorption
enhancement is achieved in the microcavity-integrated device
(92.4%) compared to the reference (4.18%).

Besides the absorption efficiency, the spatial distribution of
the hot electrons also plays an important role in determining
the photoconversion procedure.*® This is because the gener-
ated hot electrons encounter different kinds of losses during
the carrier transport process and these losses are always
strongly space-dependent. The spatial distributions of the
resistive losses (absorbed power volume-density) in the two
devices are illustrated in the inset of Fig. 3(b). Due to the pre-
ferential absorption by the Ag layer in the MC-HE PD, the
number of hot electrons generated in the Ag layer is greatly
larger than that in the ITO layer, causing a strong hot-electron
flow from Ag to ITO. Although the power absorption is
decreased gradually towards the M/S interface, the probability
for the hot electrons to arrive at the M/S interface is relatively
large due to the thin thickness of Ag (20 nm).>* In contrast, for
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Fig. 3 The detailed optical responses in (a) the MC-HE PD and (b) the
reference device without a microcavity. The spatial distributions of the
resistive losses (absorbed power volume—density) are shown in the inset
of (b). The responsivities versus (c) the wavelength and (d) the electrical
voltage (at 2 = 850 nm) in the MC-HE PD and the reference without a
microcavity. The probabilities of the upward and downward trans-
missions of the hot electrons as a function of the applied bias voltage
are shown in the inset of (d).
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the reference device, the number of hot electrons generated in
both electrodes is equivalently small, giving rise to a low
photocurrent.

With the spatial distributions of the hot electrons, the elec-
trical response of the device can be determined by addressing
the transport process carefully. Based on the assumption of an
isotropic initial momentum distribution of the hot
electrons, ™" only half of them will diffuse towards the M/S
interface. The probability that a hot electron reaches the semi-
conductor without losing energy in an inelastic collision is
quantified by taking account of the mean free path (MFP) of
energetic electrons in solids:**

1 d(z)
P = | ew {‘ze\coswﬂdg ®)

where d is the shortest distance from the initial position of the
hot electrons to the M/S interface, A. is the MFP of the hot elec-
trons in Ag/ITO,"**" and @ is the electron diffusion angle. The
flux of the electrons reaching the interface is expressed as:
[ Qrh(z)
N =N,
ph J P

in

Py(z)dz (4)

where N, is the incident photon flux. The internal quantum
efficiency () is defined as the probability that the electrons
accumulated at the boundary will successfully tunnel across
the interface and finally be collected by the opposite electrode.
Based on the assumption of a constant electron density of
states (EDOS),” #; is calculated using the probability of the elec-
trons to climb across the barrier (P,), propagate through the
semiconductor (P;), and transmit into the other electrode (P,):

Eph
n = E—J P,P;P,(E)dE (5)
ph

B

where Ey, is the incident photon energy. The general formulas
for the calculations of P,, P;, and P, can be found in the
ESI of ref. 9. Therefore, the total photocurrent density can be
written as:

Inet = [Jrro—ag —Jag—110|

(6)

= e‘NAgHITO X 1 Ag—1TO — NITOHAg X 1 1T0—Ag

where Nag_.1ro (Nrto—ag) is the flux of the hot electrons reach-
ing the M/S (TCO/S) interface, and njag—rro (i ro—ag) is the
internal quantum efficiency of the hot electrons from Ag to
TCO (TCO to Ag). It should be noted that the photocurrent
direction is the reverse of the electron flowing direction due to
the negative charge of the electron, ie., Jiro—ag (Jag—1m0)
corresponds to Nag—rro & 7iag—110 (Nrro—ag & 7i,rro-ag)-
Following the procedures described above, the wavelength-
dependent photoresponsivities of the MC-HE PD and the
planar reference without a microcavity are shown in Fig. 3(c).
It is apparent that the absorption and responsivity spectra are
highly similar, indicating that prominent absorption is a requi-
site for a good electrical performance. A strong photoresponse
peak of ~239 nA mW " is predicted at the resonant wavelength

10326 | Nanoscale, 2016, 8, 10323-10329

Nanoscale

of 850 nm in the MC-HE PD, which is more than an order of
magnitude larger than that of the reference (11 nA mw™%).
A spectral width of ~13 nm (full width at half maximum,
FWHM) is observed for the resonance, which is sharp enough
for high-sensitivity and narrow-band photodetection/sensing
applications.'® Nevertheless, the spectral response of the refer-
ence device is almost flat, showing that no cavity resonance
has been excited.

Fig. 3(d) plots the responsivities of the hot-electron photo-
detectors with and without a microcavity as a function of the
electric voltage. When the positive contact is connected to TCO
and the negative to the silver layer, it is called forward electric
bias. The results indicate that forward (reverse) bias greatly
enhances (degrades) the responsivity of the performances for
both devices. Taking the MC-HE PD as the example, the
responsivity is 307 nA mW ™" at V = 0.8 V, showing an incre-
ment of 68 nA mW ' compared to that at V = 0 V; while if V is
decreased to —0.86 V, no photocurrent can be obtained with a
responsivity of close to 0 nA mW™". Such a clear onset in the
photocurrent is closely related to the highest point in the
barrier that allows significantly more hot electrons to travel
across the barrier, which is increased with higher reverse elec-
tric bias. The total transmission probabilities of the hot elec-
trons towards the top (upward, Ag — ITO) and bottom
(downward, ITO — Ag) contacts as a function of the electric
bias are plotted in the inset of Fig. 3(d). It is clear that applying
a forward bias contributes to a higher upward transmission
probability since the kinetic energy of the electrons in the
semiconductor is promoted and thus so is the transmission
probability of P,.>* As most of the hot electrons are generated
in the Ag layer in the bottom, this can give rise to a net photo-
current from the top to bottom contacts as long as there is a
high upward transmission probability even when the reverse
bias is applied.

We now investigate the influence of the Ag thickness on the
optical and electrical responses in the MC-HE PD. It should be
noted that, for each Ag thickness a complete screening of the
number of top DBR pairs and the buffer layer thickness has
been carried out using RCWA to identify the optically
“optimal” design, which gives rise to a maximal absorption in
the TCO/S/M stack. The calculated optical responses (absorp-
tion, reflection, and transmission) against the Ag thickness are
shown in Fig. 4. It is found that almost all of the incoming
light can be absorbed in the device even with an ultrathin Ag
layer (e.g., 5 nm), if we properly control the number of top DBR
pairs and the buffer layer thickness.”® The physical reason for
this lies in the microcavity resonance providing very good field
confinement of the incident light, forming a strong coupling
with the TCO/S/M layers and resulting in high absorption.***
It is further observed that with increasing Ag thickness, the
absorption in ITO is decreased gradually, which results in a
steadily enhanced net absorption, ie., Pxo~Prro (see the
magenta curve). However, the electrical simulation indicates
that higher asymmetric absorption does not certainly lead to a
high responsivity (see the blue curve, which however shows a
peak at the Ag thickness of 10 nm). This is rational since a

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The detailed optical responses in the optically optimized
configurations for each metal thickness at 4 = 850 nm. The corres-
ponding net optical absorption and the device responsivity versus Ag
thickness are shown as well. The inset shows the designed number of
top DBR pairs at each metal thickness.

metal film with a thickness beyond the MFP of the electrons
could dramatically degrade the internal electron transpor-
tation efficiency.’ We also find that a lower number of top DBR
pairs is required to achieve an optimal system absorption, if a
thicker Ag layer is used (see the inset of Fig. 4). This is because
a thicker bottom Ag film provides stronger optical reflection,
which allows the top DBR to have relatively lower reflection
(i.e., fewer DBR pairs).

Furthermore, we would like to demonstrate that the
concept can be extended to the infrared band with an energy
far below the band gap of the semiconductor. Since the net
photocurrent is mainly determined by the upward trans-
mission of the hot electrons from Ag to ITO, the absorption
spectra for the 10 nm Ag layer of the designed MC-HE PD at
the operating wavelengths of 1250, 1350, 1450, 1550, and
1650 nm are plotted in Fig. 5(a). It is clear that ~90% of the
light is absorbed by Ag for all of the considered wavelengths,
which is close to the value of the system operating at the wave-
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Fig. 5 (a) The absorption spectra for the 10 nm Ag layer for the operat-

ing wavelengths of 1250, 1350, 1450, 1550, and 1650 nm in the designed
MC-HE PD; (b) the responsivities of the MC-HE PD and the conventional
grating systems (the inset).
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length of 850 nm. The corresponding responsivities of the
unbiased MC-HE PD are shown in Fig. 5(b) where the results
of the conventional grating systems are shown for comparison
(see the inset)."> Notably, although the absorption efficiencies
at the various operating wavelengths are similar, the responsiv-
ities towards the longer wavelengths are gradually decreased
since the energy-dependent internal transmission probability
is decreased.>® Moreover, in microcavity design the planar
system exhibits obvious advantages for hot-electron photocon-
version compared to the grating-based counterparts, e.g., at A =
1550 nm, the responsivity of the MC-HE PD is 17.3 nA mW ',
which is ~2.5 times that of the grating system (ie.,
7 nA mw ).

Next, we would like to indicate that multiband photodetec-
tion can be readily realized in the proposed MC-HE PD by
tuning the cavity resonances. This is because in the one-
dimensional photonic crystal a thicker defect layer can lead to
more high-order defect modes propagating within the forbid-
den band,”™** enabling multiband hot-electron photodetec-
tion. The contour maps of the reflection and total absorption
as a function of the incident wavelength & buffer layer thick-
ness are shown in Fig. 6(a) and (b), respectively. Since the
buffer layer considered is relatively thick, multiple resonant
bands can be clearly seen from these two figures. Choosing a
buffer thickness of 2000 nm, the reflection and total absorp-
tion spectra of the MC-HE PD are displayed in Fig. 6(c), where
the dashed curve plots the reflection spectrum of the bottom
DBR. Three sharp resonances are manifested by the distinct
dips at 772, 846 and 938 nm in the reflection spectrum. These
resonances are located within the photonic crystal bandgap of
the bottom DBR, showing the role of the cavity effect in
forming the specific resonances. Furthermore, almost the
entire incident energy can be absorbed at each resonance,
especially at the two longer wavelengths. The responsivity
spectra of the MC-HE PD are shown in Fig. 6(d), which shows
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that the responsivities at the three resonances can be compar-
able to that of the device with a resonance at 4 = 850 nm.

Finally, we examine the performance of the MC-HE PD
under oblique incidences, with which both the transverse elec-
tric (TE) and transverse magnetic (TM) incidences have to be
considered. Fig. 7(a) and (b) show the contour maps of total
absorption as a function of the incident wavelength and angle
(0) for TE and TM incidences, respectively. According to the
Fabry-Perot (FP) cavity theory, the resonance wavelength will
blueshift as the incident angle increases, which is consistent
with the result in Fig. 7(a) and (b). The optical absorption
efficiency is weakened gradually since less solar intensity (I) is
incident into the device, based on Lambert’s cosine law (I ~
cos #). The unpolarized incidences calculated by taking the
average of TE and TM incidences (i.e., TE/2 + TM/2) under the
incident angles of 20° and 60° are illustrated in Fig. 7(c) and
(d), respectively. When 6 = 20°, the peak absorption efficiency
in Ag is slightly decreased to 90%, which is just slightly lower
than that under normal incidence (92.4%). It is worth noting
that the large absorption enhancement in the microcavity can
be sustained over a wide range of incident angles, e.g., at
0 = 60°, Py, = 64.6%, showing a more than 14-fold absorption
enhancement compared to the 4.18% result for the reference.
As a result, the predicated photoresponsivity will show only a
slight decrement under a wide range of incident angles.

4. Conclusion

We have presented the design of planar hot-electron photode-
tectors formed by integrating the TCO/semiconductor/metal
structure into an asymmetric microcavity consisting of two
DBRs and a buffer layer. It is found that the buffer layer thick-
ness and the number of top DBR pairs determine the resonant
wavelength and the absorption efficiency of the device, respect-
ively. More than 98% of the incoming light is absorbed in the
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device with 2-pairs of top DBR and a 193 nm buffer layer. For
the absorption in Ag, finite-element simulations demonstrate
a 21-fold enhancement in the microcavity-integrated device as
compared to the absorption of 4.18% in the reference device.
The examination of the spatial profile of the resistive losses
reveals a highly asymmetrical generation of the hot electrons
in the electrodes, leading to a strongly unidirectional photo-
current. Our electrical calculations further predict that the
unbiased responsivity can be up to 239 nA mW™", which is
more than an order of magnitude larger than that of the
planar reference without a microcavity. In addition, at the
infrared wavelength A = 1550 nm, the responsivity can be ~2.5
times larger than that based on the conventional grating
design. Further study indicates that perfect absorption can be
maintained in the device with an ultrathin metal thickness,
and multiband photodetection can be realized by modulating
the cavity configuration.
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